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Preface

Air pollution has been a major transboundary problem and a matter of global concern
for decades. High concentrations of different air pollutants may be particularly harm-
ful to residents of major city areas, where numerous anthropogenic activities (primari-
ly heavy traffic, domestic and public heating, and various industrial activities), strong-
ly influence the quality of air. Consequently, air quality monitoring programs become
a part of urban areas monitoring network and strict air quality standards in urban are-
as were in the focus of interest of environmental pollution studies in the last decade of
the 20t century. Although there are many books on the subject, the one in front of you
will hopefully fulfill some of the gaps in the area of air quality monitoring and model-
ing, and be of help to graduate students, professionals and researchers. The authors,
all of them experts in their field, have been invited by the publisher, and also some
recommendations have been given to them mainly concerning technical details of the
text, the views and statements they express in the book is their own responsibility.

The book is divided in five different sections.

The first section discusses mathematical models and computing techniques used in air
pollution monitoring and forecasting. The chapter by Aceves-Fernandez Marco Anto-
nio et al., presents and compares the advantages and disadvantages of some airborne
pollution forecasting methods using soft computing techniques, that include neuro-
fuzzy inference methods, fuzzy clustering techniques and support vector machines,
while the chapter on urban air pollution modeling, by Anjali Srivastava and B. Padma
S. Rao, is a general overview of the air quality modeling that provides a useful support
to decision making processes incorporating environmental policies and management
process. The chapter focuses on urban air models, physical, mathematical and statisti-
cal, on local to regional scale. An interesting approach is presented in the next chapter
on artificial neural network (ANN) models for prediction of ozone concentrations, by
Ignacio Garcia et al.. The authors consider to the great flexibility, efficiency and accu-
racy of the models that, since having a large number of features similar to those of the
brain, are capable to learn and thus perform tasks based on training or initial experi-
ence. The model is applied to the study of tropospheric ozone, as the main component
of photochemical smog, in the Metropolitan Zone of Guadalajara, Mexico.
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In the chapter presenting a meandering dispersion model applied to air pollution by
Gervasio A. Degrazia et al., the authors discuss the turbulence parameterization tech-
nique that can be employed in Lagrangian stochastic dispersion models to describe the
air pollution dispersion in the low wind velocity stable conditions, using two classical
approaches to obtain the turbulent velocity variances and the decorrelation time
scales: Taylor statistical diffusion theory based on the observed turbulent velocity
spectra, and the Hanna (1982) approach based on analyses of field experiments, theo-
retical considerations and second-order closure model.

Also, in this section Sandra Godoy and the co-workers in their chapter deal with the
stochastic approach to the mechanisms of bio aerosols dispersion is atmospheric
transport, as a phenomenon that cause serious social, health and economic conse-
quences. Finally, the chapter on particle dispersion within a deep open cast coal mine,
by Sumanth Chinthala & Mukesh Khare, presents a comprehensive overview of the
dispersion mechanisms in the deep open pit coal mines considering the topographic,
thermal and meteorological factors.

The second section presents two chapters on air pollution models and application.
First chapter on Mathematical modeling of air pollutants: An application to Indian ur-
ban city, by P. Goyal and Anikender Kumar, formulates and uses the statistical and
Eulerian analytical models for prediction of concentrations of air pollutants released
from different sources and different boundary conditions. The model is applied to the
city of Delhi, the capital of India, and is validated by the observed data of concentra-
tion of respirable suspended particulate matter in air. In the second chapter in this sec-
tion, the authors Eliane R. Rodrigues et al., apply Gibbs sampling algorithm to esti-
mate the occurrence of ozone exceeding events in Mexico City.

The third section of the book contains two chapters on measuring methodologies in air
pollution monitoring and control. The first one, by Jolanta Ku$mierczyk-Michulec,
presents an optical method for measuring atmospheric aerosols. The chapter is an
overview of various efforts tending toward finding a relationship between atmospher-
ic optical thickness and particulate matter, and discussing possibilities of using the
Angstrom coefficient in air quality estimation. The second chapter, by Sasha Hen-
ninger, presents the advantages of a mobile measuring methodology to determine near
surface carbon dioxide in urban areas.

Five chapters in the section four are dealing with experimental data on urban air pol-
lution. The first one, by Junling An et al., discusses the impacts of photoexcited NO2
chemistry and heterogeneous reactions on concentrations of O3 and NO: in Beijing,
Tianjin and Hebei Province of China, using WRF-CHEM model. The second one, by
Hesham El-Askary et al., analyses the phenomena of the Black Cloud pollution event
over Cairo, Nile Delta Region and Alexandria, Egypt, using aerosols and water vapor
data, and the. main sources of air pollution in the region, including heavy traffic, in-
dustrial, residential, commercial and mixed emissions or biomass burning. In the
chapter on Spatial Variation, Sources, and Emission Rates of Volatile Organic Com-
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pounds over the Northeastern U.S., the authors Rachel S. Russo et al., study the chem-
ical and physical mechanisms influencing the atmospheric composition over New
England, applying the University of New Hampshire’s AIRMAP program, that was
developed to conduct continuous measurements of important trace gases, meteorolog-
ical parameters and volatile organic compounds. The chapter four in this section is an
evaluation of emission inventory and air pollution in the central area of Buenos Aires,
presented by Laura E. Venegas et al. The chapter is a summary of the development
and results of a high spatial and temporal resolution version of the emission inventory
of carbon monoxide and nitrogen oxides in this area, including area source emissions
(motor vehicles, aircrafts, residential heating systems, commercial combustion and
small industries), estimated by an urban atmospheric dispersion model (DAUMOD).

Finally, Iovanca Haiduc and Mihail S. Beldean-Galea, in the chapter on Variation of
Greenhouse Gases in Urban Areas, present the results of a case study of COz, CHs and
CO variations during one year, as well as the *CO2 and *CHs isotopic composition in
three selected cities from Romania, in order to identify the influence of biogenic and
anthropogenic sources to the budget of the greenhouse gases.

The final section of the book deals of the health effects and contains only two chapters.
The first one, titled Assessment of Environmental Exposure to Benzene: Traditional
and New Biomarkers of Internal Dose, by Piero Lovreglio et al., is aimed to assess the
significance and limits of t,t-MA, SPMA and urinary benzene for biological monitoring
of subjects with non occupational exposure to very low concentrations of benzene, as
well as to study the influence of the different sources of environmental exposure on
these biomarkers. The second one, on the influence of air pollutants on the acute res-
piratory diseases in children living in the urban area of Guadalajara, by Ramirez
Sanchez et al., presents the epidemiological evidence that the exposure to atmospheric
contaminants, even at low levels, is associated with an increase in respiratory diseases
in small children.

However, besides the efforts of the authors of the individual chapters, the book is pri-
marily the result of the hard work of the editing and technical team of the publisher, as
the accomplishment of its goal to present a highly professional and informative text in
air pollution and quality research.

Prof Dragana Popovic

Department of Physics and Biophysics,

Faculty of Veterinary Medicine, University of Belgrade,
Serbia
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Advances in Airborne Pollution Forecasting
Using Soft Computing Techniques

Aceves-Fernandez Marco Antonio, Sotomayor-Olmedo Artemio,
Gorrostieta-Hurtado Efren, Pedraza-Ortega Jesus Carlos, Ramos-Arreguin
Juan Manuel, Canchola-Magdaleno Sandra and Vargas-Soto Emilio
Facultad de Informdtica, Universidad Auténoma de Querétaro,

Meéxico

1. Introduction

There are many investigations reported in the scientific literature about Particulate Matter
(PM) 2.5 and PM10 in urban and suburban environments [Vega et al 2002, Querol et al 2004,
Fuller et al 2004].

In this contribution, the information acquired from PMx monitoring systems is used to
accurately forecast particle concentration using diverse soft computing techniques.

A number of works have been published in the area of airborne particulates forecasting. For
example, Chelani[et al 2001] trained hidden layer neural networks for CO forecasting at
India. Caselli [et al 2009] used a feedforward neural network to predict PM10 concentration.
Other works such as Kurt’s [et al 2010] have constructed a neural networks model using
many input variables (e.g. wind, temperature, pressure, day of the week, Date,
concentration, etc) making the model too complex and inaccurate.

However, not many scientific literature discuss a number of robust forecasting methods
using soft computing techniques. These techniques include neuro-fuzzy inference methods,
fuzzy clustering techniques and support vector machines. Each one of these algorithms is
discussed separately and the results discussed. Furthermore, a comparison of all methods is
made to emphasize their advantages as well as their disadvantages.

2. Fuzzy inference methods

Fuzzy inference systems (FIS) are also known as fuzzy rule-based systems. This is a major
unit of a fuzzy logic system. The decision-making is an important part in the entire system.
The FIS formulates suitable rules and based upon the rules the decision is made. This is
mainly based on the concepts of the fuzzy set theory, fuzzy IF-THEN rules, and fuzzy
reasoning. FIS uses “IF - THEN” statements, and the connectors present in the rule
statement are “OR” or “AND” to make the necessary decision rules.

Fuzzy inference system consists of a fuzzification interface, a rule base, a database, a
decision-making unit, and finally a defuzzification interface as described in Chang(et al
2006). A FIS with five functional block described in Fig.1.
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Fuzzy Inference System Knowledge Base

Fuzzy Rules

Fuzzification

Membership
Functions
Defuzzification

Decision Unit

Fig. 1. Fuzzy Inference System

The function of each block is as follows:

A rule base containing a number of fuzzy IF-THEN rules;

A database which defines the membership functions of the fuzzy sets used in the fuzzy
rules;

A decision-making unit which performs the inference operations on the rules;

A fuzzification interface which transforms the crisp inputs into degrees of match with
linguistic values; and

A defuzzification interface which transforms the fuzzy results of the inference into a
crisp output.

The working of FIS is as follows. The inputs are converted in to fuzzy by using fuzzification
method. After fuzzification the rule base is formed. The rule base and the database are
jointly referred to as the knowledge base.

Defuzzification is used to convert fuzzy value to the real world value which is the output.
The steps of fuzzy reasoning (inference operations upon fuzzy IF-THEN rules) performed
by FISs are:
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e  Compare the input variables with the membership functions on the antecedent part
to obtain the membership values of each linguistic label. (this step is often called
fuzzification.)

e Combine (through a specific t-norm operator, usually multiplication or min) the
membership values on the premise part to get firing strength (weight) of each rule.

e Generate the qualified consequents (either fuzzy or crisp) or each rule depending
on the firing strength.

e Aggregate the qualified consequents to produce a crisp output. (This step is called
defuzzification.)

A typical fuzzy rule in a fuzzy model has the format shown in equation 1

IF xis 4 and y is B THEN z = f{x, y) 1)

where AB are fuzzy sets in the antecedent; Z = f(x, y) is a function in the consequent.
Usually f(x, y) is a polynomial in the input variables x and y, of the output of the system
within the fuzzy region specified by the antecedent of the rule.

A typical rule in a FIS model has the form (Sugeno et al1988): IF Input 1 = x AND Input 2 =
y, THEN Output is z = ax + by + c.

Furthermore, the final output of the system is the weighted average of all rule outputs,
computed as

N
FinalOutput = 72i1,1wizi )
i=1Wi

3. Fuzzy clustering techniques

There are a number of fuzzy clustering techniques available. In this work, two fuzzy
clustering methods have been chosen: fuzzy c-means clustering and fuzzy clustering
subtractive algorithms. These methods are proven to be the most reliable fuzzy clustering
methods as well as better forecasters in terms of absolute error according to some
authors[Sin, Gomez, Chiu].

Since 1985 when the fuzzy model methodology suggested by Takagi-Sugeno [Takagi et al
1985, Sugeno et al 1988], as well known as the TSK model, has been widely applied on
theoretical analysis, control applications and fuzzy modelling.

Fuzzy system needs the precedent and consequence to express the logical connection
between the input output datasets that are used as a basis to produce the desired system
behavior [Sin et al 1993].

3.1 Fuzzy clustering means (FCM)
Fuzzy C-Means clustering (FCM) is an iterative optimization algorithm that minimizes the
cost function given by:

J = XR=1 Ziz Higllxe — vill? 3)
Where n is the number of data points, c is the number of clusters, xk is the kth data point, vi
is the ith cluster center pik is the degree of membership of the kth data in the ith cluster, and
m is a constant greater than 1 (typically m=2)[Aceves et al 2011]. The degree of membership
pik is defined by:
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1

2
. (nxk—viu) /(n-1)
j=1

sl

Wik = 4)

Starting with a desired number of clusters c and an initial guess for each cluster center vi, i =
1,2,3... ¢, FCM will converge to a solution for vi that represents either a local minimum or a
saddle point cost function [Bezdek et al 1985]. The FCM method utilizes fuzzy partitioning
such that each point can belong to several clusters with membership values between 0 and
1. FCM include predefined parameters such as the weighting exponent m and the number of
clusters c.

3.2 Fuzzy clustering subtractive

The subtractive clustering method assumes each data point is a potential cluster center and
calculates a measure of the likelihood that each data point would define the cluster center,
based on the density of surrounding data points. Consider m dimensions of n data point
(x1,x2, ..., xn) and each data point is potential cluster center, the density function Di of data
point at xi is given by:

=

D =3iyet ) ©)
where 1, is a positive number. The data point with the highest potential is surrounded by
more data points. A radius defines a neighbour area, then the data points, which exceed r,,
have no influence on the density of data point.

After calculating the density function of each data point is possible to select the data point
with the highest potential and find the first cluster center. Assuming that X.; is selected and
D, is its density, the density of each data point can be amended by:

D; = D; — Dere (— %) ©)
2

The density function of data point which is close to the first cluster center is reduced.

Therefore, these data points cannot become the next cluster center. r, defines an neighbour

area where the density function of data point is reduced. Usually constant r, > r,. In order to

avoid the overlapping of cluster centers near to other(s) is given by [Yager et al 1994]:

T =1 )

4. Support vector machines

The support vector machines (SVM) theory, was developed by Vapnik in 1995, and is
applied in many machine-learning applications such as object classification, time series
prediction, regression analysis and pattern recognition. Support vector machines (SVM) are
based on the principle of structured risk minimization (SRM) [Vapnik et al 1995, 1997].

In the analysis using SVM, the main idea is to map the original data x into a feature space F
with higher dimensionality via non-linear mapping function ¢, which is generally unknown,
and then carry on linear regression in the feature space [Vapnik 1995]. Thus, the regression
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approximation addresses a problem of estimating function based on a given data set, which
is produced from the ¢ function. SVM method approximates the function by:

11

yzgwmﬁﬂﬁ=wﬂﬂ+b ®)

where w = [wy,...,w,] represent the weights vector, b is defined as the bias coefficients and
d(x)=[91(x),..., dm(x)] the basis function vector.

The learning task is transformed to the weights of the network at minimum. The error
function is defined through the e-insensitive loss function, Lg(d,y(x)) and is given by:

R

The solution of the so defined optimization problem is solved by the introduction of the
Lagrange multipliers ai, al-* (where i=1,2,...,k) responsible for the functional constraints
defined in Eq. 9. The minimization of the Lagrange function has been changed to the dual
problem [Vapnik et al 1997]:

¢((Z,(Z*):’7 k di(ai_a:)_gzk:(ai_a;)
1 k k . .
—*Z Z(ai/ai )(aj'aj)K(xi'xj) (10
21:1]:1

With constraints:

k
Y (a0 )=0,

1

-1 (11)
0<q;<C,0<a; <C

Where C is a regularized constant that determines the trade-off between the training risk
and the model uniformity.

According to the nature of quadratic programming, only those data corresponding to non-
zero a;—a, pairs can be referred to support vectors (nsv). In Eq. 10 K(x; , x;)=¢(x:)*#(x)) is
the inner product kernel which satisfy Mercer’s condition [Osuna et al 1997] that is required
for the generation of kernel functions given by:

K(x,,x;)={g(x,), 4(x,)) (12)

Thus, the support vectors associates with the desired outputs y(x) and with the input
training data x can be defined by:

Nsv

y(x)ZZ(ai’ai*)K(x’xi)"'b (13)

i=1

Where x; are learning vectors. This leads to a SVM architecture (Fig. 2) [Vapnik 1997,
Cristianini et al 2000].
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Output:
Nsv
Y (@, 0K (x,x,)+b
i=l Weights
[+ @
Dot Product o) ® ®
(P(x)*@(x1))=k(xx])
Mapped Vectors
®(x), D(x) ) | .. @(x) D(x2) D(xx)
Support Vectors xi ... Xk 3 4 k
Test Vectors x 1

Fig. 2. Support Vector Machine Architecture.

Model training L]
Validation
Model validation eea

Fig. 3. Support Vector Machine Methodology.
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The methodology used for the design, training and testing of SVM is proposed as follows

based in a review of Vapnik, Osowski [et al 2007] and Sapankevychlet al 2009]

a. Preprocess the input data and select the most relevant features, scale the data in the
range [-1, 1], and check for possible outliers.

b. Select an appropriate kernel function that determines the hypothesis space of the
decision and regression function.

c.  Select the parameters of the kernel function the variances of the Gaussian kernels.

d. Choose the penalty factor C and the desired accuracy by defining the e-insensitive loss
function.

e. Validate the model obtained on some previously, during the training, unseen test data,
and if not pleased iterate between steps (c) (or, eventually b) and (e).

5. Discussion of results

Simulations were performed using fuzzy clustering algorithms using the equations [3-7], in
this case study, the datasets at Mexico City in 2007 were chosen to construct the fuzzy
model. Likewise, the data of 2008 and 2009 from the same geographic zone in each case
were used to training and validating the data, respectively. The result of the fuzzy clustering
model was compared then to the real data of Northwest Mexico in 2010.

The results obtained show an average least mean square error of 11.636 using Fuzzy
Clustering Means, whilst FCS shows an average least mean square error of 10.59. Table 1
shows a list of the experiments carried out. An example of these results is shown in figure 4
for FCM and figure 5 shows the estimation made using FCS at Northwest Mexico City.

100 -
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80

70+

60—

of ]| Wil k X; jl l l | “ i i r!

|

|
i ¥ {1 i /I
“° | 4 i m % n (i L i
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- f p st | J
[ FpUopd
20 * l i i
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Fig. 4. Fuzzy Clustering Means (FCM) Results at Northwest Mexico City. Raw Data VS. Fuzzy
Model
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Fig. 5. Fuzzy Clustering Subtractive (FCS) Results at Northwest Mexico City. Raw Data VS.
Fuzzy Model

10 !

In figures 4 and 5, the raw data (shown in blue solid line) and the constructed fuzzy model
(in dashed-starred green line) shown that the trained model is approximated to the raw data
with an average least mean square error of 8.7%, implying that a fuzzy model can be
accurately constructed using this technique.

Site LMSE using FCM LMSE using FCS
Northwest 10.1917 7.4807

Northeast 13.6282 13.7374

Center 18.5757 15.1409
Southwest 5.0411 7.4953

Southeast  10.7428 9.1188

Table 1. List of the experiments carried out using FCM and FCS.

In table 1 is shown that the best prediction in terms of error percentage is given at southwest
for both fuzzy clustering means and fuzzy clustering subtractive, whilst the lessen
estimation is given at the city center. This may be due to the high variations in terms of
PM10 particles making it more difficult to predict. However, more research is needed to
confirm this.

Furthermore, detailed simulations were carried out using Support Vector Machines
following the proposed methodology shown in figure 3. These simulations were carried out
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using the same dataset as the fuzzy clustering technique. In this case, values 2 o was chosen,
and an & of 11 and 13 were chosen since it was demonstrated to give better results in
previous contributions (Sotomayor et al 2010, Sotomayor ef al 2011). Figure 6 shows the
results of the model using support vector machines with a Gaussian kernel, whilst figure 7
shows the results using the same datasets, with polynomial kernel

a) SVM Estimated with free parameters of e =13 and o = 2
b) SVM Estimated with free parameters of e =11 and 6 =2

Fig. 6. SVM Results at Northwest Mexico City using Gaussian Kernel.

Figure 6 indicates a summary of the results with the Support vector machine (in red circles),
the raw data (black cross) and the behavior of the data (solid black line). These results show
that for Gaussian Kernel (fig 6) gives 11.8 error using the same LMSE Algorithm than the
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fuzzy model with an epsilon of 13 giving a total number of support vector machines of 157. In
the case of figure 5b, using the Gaussian kernel, it was also used the same o and an epsilon of
11. For this figure, the support vector shows an improvement by having an LMSE of 8.7.

a) SVM Estimated with free parameters of e =13 and 6 =2
b) SVM Estimated with free parameters of e =11 and 6 =2

Fig. 7. SVM Results at Northwest Mexico City using Polynomial Kernel.

For figure 7a, the estimation gives an error of 9.8 using an o of 2 and an epsilon of 11 using
177 support vector machines. Likewise, figure 7b also shows the estimation using a third
degree polynomial kernel with an e of 13. In this case, a 10.1 LMSE is shown by having 183
support vector machines.
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6. Conclusions and further work

An assessment in the performance of both fuzzy systems generated using Fuzzy Clustering
Subtractive and Fuzzy C-Means was made taking in account the number or membership
functions, rules, and Least Mean Square Error for PM10 particles. As a case study,
Estimations were made at Northwest Mexico City in 2010, giving consistent results.

In case of SVMs, it can be concluded that for this case study an e of 11 gives a better
estimation than an e of 13 for the Gaussian kernel. In general, the Gaussian kernel gives
better results in terms of estimation than its corresponding polynomial kernel. In general
terms, fuzzy clustering gives a better estimation than Gaussian and polynomial kernels,
although in-depth studies are needed to corroborate these results for other scenarios.

For future work, more SVM kernels can be implemented and comparison can be made to
find out which kernels give better estimation. Also, SVMs can be implemented along with
other techniques such as wavelet transform to improve the performance of these algorithms
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1. Introduction

All life form on this planet depends on clean air. Air quality not only affects human health
but also components of environment such as water, soil, and forests, which are the vital
resources for human development.
Urbanization is a process of relative growth in a country’s urban population accompanied
by an even faster increase in the economic, political, and cultural importance of cities
relative to rural areas. Urbanization is the integral part of economic development. It brings
in its wake number of challenges like increase in population of urban settlement, high
population density, increase in industrial activities (medium and small scale within the
urban limits and large scale in the vicinity), high rise buildings and increased vehicular
movement. All these activities contribute to air pollution. The shape of a city and the land
use distribution determine the location of emission sources and the pattern of urban traffic,
affecting urban air quality (World Bank Reports 2002). The dispersion and distribution of air
pollutants and thus the major factor affecting urban air quality are geographical setting,
climatological and meteorological factors, city planning and design and human activities.
Cities in the developing countries are characterized by old city and new development. The
old cities have higher population density, narrow lanes and fortified structures.
In order to ensure clean air in urban settlements urban planning and urban air quality
management play an important role. New legislations, public awareness, growth of urban
areas, increases in power consumption and traffic pose continuous challenges to urban air
quality management. UNEP (2005) has identified niche areas Urban planning need to
primarily focus on as:
e Promotion of efficient provision of urban infrastructure and allocation of land use,
thereby contributing to economic growth,
e managing spatial extension while minimizing infrastructure costs,
e improving and maintaining the quality of the urban environment and
e  Prerecording the natural environment immediately outside the urban area.
Air quality modelling provides a useful support to decision making processes incorporating
environmental policies and management process. They generate information that can be
used in the decision making process. The main objectives of models are: to integrate
observations, to predict the response of the system to the future changes, to make provision
for future development without compromising with quality
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2. Urban air quality

The urban air is a complex mixture of toxic gases and particulates, the major source is
combustion of fossil fuels.Emissions from fossil fuel combustion are reactive and govern local
atmospheric chemistry.Urban air pollution thus in turn affect global troposphere chemistry
and climate (e.g. tropospheric O3 and NOx budgets, radiative forcing by Oz and aerosols).

Sources of air pollutants in urban area, their effect and area of concern are summarized in

Table 1.

Source Pollutants Effects Area of concern
Large number of
vehicles Human Health
Use of diesel powered (iiifn??)d Local, Regional
vehicle in large number and Global
Use of obsolete vehicles
in large number
Large number of motor
cycles/three wheelers (2 Ecosystem
stroke and three stroke) .
) (acute and Local, Regional
Unpaved and/or poorly Particulate matters chronic) and Global
maintained street (PMig, PM25), Lead
- (Pb), Sulphur dioxide
Open burning (SO,), Oxides of
Inadequate nitrogen (NOy), Ozone
infrastructure (03), Hydro carbons
. (HGCs), Carbon
Low qu;hltty oft'fuel/ fuel monoxide (CO), Green}}ogse Clobal
adulteration Hydrogen fluoride gas emission
Little emission control & (HF), Heavy metals
technology in industry (e.g. Pb, Hg, Cd etc.)
Presence of industries
.g. ic, brick
(€.g. ceramic T Acid rain Global
works, agrochemical
factory)
Stratospheric
Waste incineration ozone Global
depletion
Limited dry deposition Long-range Clobal
of pollutants transport

Table 1. Urban sources of air pollutants, their effect and area of concern.

Urban air pollution involves physical and chemical process ranging over a wide scale of
time and space. The urban scale modeling systems should consider variations of local scale
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effects, for example, the influence of buildings and obstacles, downwash phenomena and
plume rise, together with chemical transformation and deposition. Atmospheric boundary
layer, over 10 to 30 km distances, governs the dispersion of pollutants from near ground
level sources. Vehicular emissions are one the major pollution source in urban areas.
Ultrafine particles are formed at the tailpipe due to mixing process between exhaust gas and
the atmosphere. Processes at urban scale provide momentum sink, heat and pollutant
source thereby influencing the larger regional scale (up to 200 km). Typical domain lengths
for different scale models is given in table 2.

Model Typical Domain Typlcfﬂ Motion Example
Scale resolution
Micro scale 200x200x100m 5m Molecular dl.f fu519n,
Molecular viscosity
Mesoscale 100x100x5km km Eddies, small plumes, car
(urban) exhaust, cumulus clouds
Gravity waves,
Regional 1000x1000x10km 36km thunderstorms, tornados,
cloud clusters, local winds,
urban air pollution
High and low pressure
Synoptic system, weather fronts,
. 3000x3000x20km 80 km . .
(continental) tropical storms, Hurricanes
Antarctic ozone hole,
Global wind speed, rossby
Global 65000x65000x20km 4° x 5° (planetary) waves
stratospheric ozone
reduction Global worming

Table 2. Typical domain length for different scale model

Piringer et al., 2007, have demonstrated that atmospheric flow and microclimate are
influenced by urban features, and they enhance atmospheric turbulence, and modify
turbulent transport, dispersion, and deposition of atmospheric pollutants. Any urban scale
modeling systems should consider effects of the various local scales, for example, the
influence of buildings and obstacles, downwash phenomena and plume rise, chemical
transformation and deposition. The modelling systems also require information on
emissions from various sources including urban mobile pollution sources. Simple dispersion
air quality pollution transport models and complex numerical simulation model require
wind, turbulence profiles, surface heat flux and mixing height as inputs. In urban areas
mixing height is mainly influenced by the structure heights and construction materials, in
terms of heat flux. Oke (1987, 1988, 1994), Tennekes (1973), Garrat (1978, 1980), Raupach et al
(1980) and Rotach (1993, 1995) divided the Atmospheric Boundary Layer within the urban
structures into four sub layers (Figure 1).
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Fig. 1. Boundary- layer structure over a rough urban built- up area A daytime situation is
displayed where Z I denotes the mixed layer height. Modefied after Oke ( 1988) and Rotach
(1993).

In urban establishments anthropogenic activities take place between the top of highest
building and the ground. People also live in this area. The layer of atmosphere in this
volume is termed as Urban Canopy. The thermal exchanges and presence of structures in
urban canopy modify the air flows significantly and this makes the atmospheric circulations
in urban canopy highly complex. The heterogeneity of urban canopies poses a challenge for
air quality modeling in urban areas. The importance of various parameters in different
models for urban atmosphere study is given in Table 3. Figure 2 shows the flow and scale
lengths within an urban boundary layer, UBL.

Parameter Air Quality Urban Climatology Urban Planning
Wind speed Very important Important Very Important
Wind Direction Very important Important Very Important
Temperature .
Humidity Important Extremely important Very Important
Pollutant Extremely . .
Concentration important Very important Very important
Turbulent Fluxes Very important Very important Very important

Table 3. Ranking of parameters in different applications for urban air environment



Urban Air Pollution Modeling 19

-

we sl BL

) [N P [N naw

Fig. 2. Schematic diagram showing processes, flow and scale lengths within an urban
boundary layer, UBL. This is set in the context of the planetary boundary layer, PBL, the
urban canopy layer, UCL, and the sky view factor, SVF, a measure of the degree to which
the sky is obscured by surrounding buildings at a given point which characterises the
geometry of the urban canopy. Ref:. Meteorology applied to urban pollution problems-Final
report COST Action 715. Dementra Ltd Publishers

Vehicles are one of the important pollution sources in urban areas. Maximum exposure to
local public is from this source and thus they form important receptor group. Pollutant
dispersion of vehicular pollution is at street scale and is the smallest scale in urban
environment. Hosker (1985) showed that flows in street canyon are like recirculating eddy
driven by the wind flow at the top with a shear layer which separates the above canyon
flows from those within it. In deep street canyons the primary vortex does not extend to the
ground but a weak contra rotating vortex is formed near the ground and is relatively
shallow (Figure 3). Pavageau et al (2001) demonstrated that wind directions which are not
normal to the street axis cause variations in the flow. The real geometry of the street canyon
and the mean flow and turbulence generated by vehicles within the canyon also affect the
recirculating flow.

Concentrations of pollutants at a receptor are governed by advection, dispersion and
deposition. Air pollutants can be divided into two main categories namely conventional air
pollutants and Hazardous Air Pollutants (HAPs). Conventional air pollutants include
particulate matters, sulphur dioxide, nitrogen dioxide, carbon monoxide, particles, lead and
the secondary pollutant ozone. HAPs include Volatile Organic Compounds, toxic metals
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and biological agents of many types. All pollutants are not emitted in significant quantities.
Secondary pollutants like some VOCs, carbonyls and ozone are formed due to chemical
transformation in air. These reactions are often photochemical.

The important components of air quality modelling are thus,

¢ Knowledge of sources and emissions

Transport, diffusion and parametrisation

e  Chemical transformations

e  Removal process

e  Meteorology

Understanding contribution from various sources to air quality is the key for effective
management of the air quality. Air quality models offer a useful tool in comprehending
these issues. These models evaluate the relationship between air pollutant emissions and
their resulting concentration in the ambient air. Commonly used air quality models are: 1)
Conceptual Models 2) Emission Models 3) Meteorological Models, 4) Chemical Models, 5)
Source Oriented Models and 6) Receptor Models.

3. Air quality model classification

Air quality models cover either separately or together atmospheric phenomena at various
temporal and spatial scales. Urban air models generally focus from local (micro- tens of
meters to tens of kilometers) to regional (meso) scale. Models can be broadly divided into
two types namely physical and mathematical.

Physical models involve reproducing urban area in the wind tunnel. Scale reduction in the
replica and producing scaling down actual flows of atmospheric motion result in limited
utility of such models. Moreover these are economically undesirable.

Mathematical models use either use statistics to analyse the available data or mathematical
representation of all the process of concern. The second type of mathematical models is
constrained by the ability to represent physical and chemical processes in equations without
assumptions.
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Statistical model are simple but they do not explicitly describe causal relationships and they
cannot be extrapolated beyond limits of data used in their derivation. Thus dependence on
past data becomes their major weakness. These cannot be used for planning as they cannot
predict effect of changes in emissions.

3.1 Eulerian and lagrangian models

Eulerian approach has been used to predict air pollutant concentrations in urban areas. The
space domain (geographical area or air volume), are divided into "small" squares (two-
dimensional) or volumes (three-dimensional), i.e. grid cells. Thus Eulerian models are
sometimes called "grid models". Equidistant grids are normally used in air pollution
modeling. Then the spatial derivatives involved in the system of Partial Differential
Equations are discretized on the grid chosen. The transport, diffusion, transformation, and
deposition of pollutant emissions in each cell are described by a set of mathematical
expressions in a fixed coordinate system. Chemical transformations can also be included.
Long range transport, air quality over entire air shed, that is, large scale simulations are
mostly done using Eulerian models. Reynolds (1973), Shir and Shieh (1974) applied Eulerian
model for ozone and for SO, concentration simulation in urban areas, and Egan (1976) and
Carmichael (1979) for regional scale sulfur. Holmes and Morawska (2006) used Eulerian
model to calculate the transport and dispersion over long distances. The modeling studies
by Reynolds (1973) on the Los Angeles basin formed the basis of the, the well-known Urban
Air shed Model-UAM. Examples of Eulerian models are CALGRID model and ARIA
Regional model or the Danish Eulerian Hemispheric Model (DEHM).

Lagrangian Model approach is based on calculation of wind trajectories and on the
transportation of air parcels along these trajectories. In the source oriented models the
trajectories are calculated forward in time from the release of a pollutant-containing air
parcel by a source (forward trajectories from a fixed source) until it reaches a receptor site.
And in receptor oriented models the trajectories are calculated backward in time from the
arrival of an air parcel at a receptor of interest (backward trajectories from a fixed receptor).
Numerical treatment of both backward and forward trajectories is the same. The choice of
use of either method depends on specific case. As the air parcel moves it receives the
emissions from ground sources, chemical transformations, dry and wet depositions take
place. If the models provide average time-varying concentration estimates along the box
trajectory then Lagrangian box models have been used for photochemical modeling. The
major shortcoming of the approach is the assumption that wind speed and direction are
constant throughout the Physical Boundary Layer. As compared to the Eulerian box models
the Lagrangian box models can save computational cost as they perform computations of
chemical and photochemical reactions on a smaller number of moving cells instead of at
each fixed grid cell of Eulerian models. Versions of EMEP (European Monitoring and
Evaluation Programme) are examples of Lagrangian models. These models assume
pollutants to be evenly distributed within the boundary layer and simplified exchange
within the troposphere is considered.

3.2 Box models

Box models are based on the conservation of mass. The receptor is considered as a box into
which pollutants are emitted and undergo chemical and physical processes. Input to the
model is simple meteorology. Emissions and the movement of pollutants in and out of the
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box is allowed. The air mass is considered as well mixed and concentrations to be uniform
throughout. Advantage of the box model is simple meteorology input and detailed chemical
reaction schemes, detailed aerosol dynamics treatment. However, following inputs of the
initial conditions a box model simulates the formation of pollutants within the box without
providing any information on the local concentrations of the pollutants. Box models are not
suitable to model the particle concentrations within a local environment, as it does not
provide any information on the local concentrations, where concentrations and particle
dynamics are highly influenced by local changes to the wind field and emissions.

3.3 Receptor models

Receptor modeling approach is the apportionment of the contribution of each source, or
group of sources, to the measured concentrations without considering the dispersion pattern
of the pollutants. The starting point of Receptor models is the observed ambient
concentrations at receptors and it aims to apportion the observed concentrations among
various source types based on the known source profile (i.e. chemical fractions) of source
emissions. Mathematically, the receptor model can be generally expressed in terms of the
contribution from ‘n” independent sources to ‘p’ chemical species in ‘m” samples as follows:

n
Cy = zaij fjk @
j=1

Where Cj¢ is the measured concentration of the ku, species in the ith sample, ajc is the
concentration from the jth source contributing to the ith sample, and fy is the kth species
fraction from the jth source. Receptor models can be grouped into Chemical mass balance
(CMB), Principal Component Analysis (PCA) or Factor analysis, and Multiple Linear
Regression Analysis (MLR) and multivariate receptor models.

The Chemical Mass Balance (CMB) Receptor Model used by Friedlander, 1973 uses the
chemical and physical characteristics of gases and particulate at source receptor to both
identify the presence of and to quantify source contributions of pollutants measured at the
receptor. Hopke (1973, 1985) christened this approach as receptor modelling. The CMB
model obtains a least square solution to a set of linear equation, expressing each receptor
concentration of a chemical species as a linear sum product of source profile species and
source contributions. The output to the model consists of the amount contributed by each
source type to each chemical species. The model calculates the contribution from each
source and uncertainties of those values. CMB model applied to the VOC emissions in the
city of Delhi and Mumbai (Figure 4 ) shows that emissions from petrol pumps and vehicles
at traffic intersection dominate.

PCA and MLR are statistical models and both PMF and UNMIX are advanced multivariate
receptor models that determine the number of sources and their chemical compositions and
contributions without source profiles. The data in PMF are weighted by the inverse of the
measurement errors for each observation. Factors in PMF are constrained to be nonnegative.
PMF incorporates error estimates of the data to solve matrix factorization as a constrained,
weighted least-squares problem (Miller et al., 2002; Paatero, 2004).

Geometrical approach is used in UNMIX to identify contributing sources. If the data consist
of ‘m’ observations of ‘p” species, then the data can be plotted in a p-dimensional data space,
where the coordinates of a data point are the observed concentrations of the species during a
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sampling period. If n sources exist, the data space can be reduced to a (n-1) dimensional
space. An assumption that for each source, some data points termed as edge points exist for
which the contribution of the source is not present or small compared to the other sources.

Residertid
5%

Petral Purp
23%

31%

21%

Conmmerical
16%
Industrial
Traffic 14%
Intersedi Mumbai
34%

Fig. 4. Category wise Contribution to Total VOCs at Mumbai and Delhi based on CMB
results(Ref: Anjali Srivastava 2004, 2005)

UNMIX algorithm identifies these points and fits a hyperplane through them; this
hyperplane is called an edge. If n sources exist, then the intersection of n-1 of these edges
defines a point that has only one contributing source. Thus, this point gives the source
composition. In this way, compositions of the n sources are determined which are used to
calculate the source contributions (Henry, 2003).
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3.4 Computational fluid dynamic models

Resolving the Navier-Stokes equation using finite difference and finite volume methods in
three dimensions provides a solution to conservation of mass and momentum.
Computational fluid dynamic (CFD) models use this approach to analyse flows in urban
areas. In numerous situation of planning and assessment and for the near-sources region,
obstacle-resolved modeling approaches are required. Large Eddy Simulations (LES) models
explicitly resolve the largest eddies, and parameterize the effect of the sub grid features.
Reynolds Averaged Navier Stokes (RANS) models parameterize all the turbulence, and
resolve only the mean motions. CFD (large eddy simulation [LES] or Reynolds-averaged
Navier-Stokes [RANS]) model can be used to explicitly resolve the urban infrastructure.
Galmarini et al., 2008 and Martilli and Santiago,2008, used CFD models to estimate spatial
averages required for Urban Canopy Parameters. Using CFD models good agreement in
overall wind flow was reported by field Gidhagen et al. (2004) .They also reported large
differences in velocities and turbulence levels for identical inputs.

3.5 The Gaussian steady-state dispersion model

The Gaussian Plume Model is one of the earliest models still widely used to calculate the
maximum ground level impact of plumes and the distance of maximum impact from the
source. These models are extensively used to assess the impacts of existing and proposed
sources of air pollution on local and urban air quality. An advantage of Gaussian modeling
systems is that they can treat a large number of emission sources, dispersion situations, and
a receptor grid network, which is sufficiently dense spatially (of the order of tens of meters).
Figure 5 shows a buoyant Gaussian air pollutant dispersion plume. The width of the plume
is determined by oy and o,, which are defined by stability classes(Pasquill 1961; Gifford ]Jr.
1976)

- Flume
| ] centerline

Pollutant
concentration ——
profiles

Actual stack heicght
Effective stack height
poliutart release height
H: + fh

M= plume rize

+y Hs=

I
1]
[

Fig. 5. A buoyant Gaussian air pollutant dispersion plume

The assumptions of basic Gaussian diffusion equations are:
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e that atmospheric stability and all other meteorological parameters are uniform and
constant throughout the layer into which the pollutants are discharged, and in
particular that wind speed and direction are uniform and constant in the domain;

e that turbulent diffusion is a random activity and therefore the dilution of the pollutant
can be described in both horizontal and vertical directions by the Gaussian or normal
distribution;

o that the pollutant is released at a height above the ground that is given by the physical
stack height and the rise of the plume due to its momentum and buoyancy (together
forming the effective stack height);

o that the degree of dilution is inversely proportional to the wind speed;

e that pollutant material reaching the ground level is reflected back into the atmosphere;

e that the pollutant is conservative, ie., not undergoing any chemical reactions,
transformation or decay.

The spatial dynamics of pollution dispersion is described by the following type of equation

in a Gaussian model:

C(x,y,z;He)=Lo

27uo 0,

il ]
Where

C(x, y, z) : pollutant concentration at. point ( x, y, z);

U: wind speed (in the x "downwind" direction, m/s)

2: represents the standard deviation of the concentration in the x and y direction, i.e., in the
wind direction and cross-wind, in meters;

Q: is the emission strength (g/s)

He: is the effective stack height, see below.

From the above equation, the concentration in any point ( x, y, z ) in the model domain,
from a constant emission rate source, in steady state can be calculated.

Plume rise equations have been developed by Briggs (1975). The effective stack height
(physical stack height plus plume rise) depends on exit velocity of gas, stack diameter,
average ambient velocity, stack gas temperature and stability of atmosphere

@)

-3
H,=H+AH,AH = 1.4(211{/1 [‘;—fj " Q= POCr (Te 45%%00 ©)

Where

H: height of stack

Tg : Temperature of exit gas

Q: Volume of exit gas

d0/dz : Temperature Gradient

p: Density of exit gas

Cp: Specific heat at constant pressure

Some major air pollution dispersion models in current use
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ADMS 3: Developed in the United Kingdom (www.cerc.co.uk)

AERMOD: Developed in the United States,

(www.epa.gov/scram001/ dispersion_prefrec.htm)

AUSPLUME: Developed in Australia, (http:/ /www.epa.vic.gov.au/air/epa)
CALPUFF: Developed in the United States , (www.src.com/ calpuff/calpuffl.htm)
DISPERSION2:Developed in Sweden ,( www.smhi.se/foretag/m/ dispersion_eng.htm)
ISC3: Developed in the United States, (www.epa.gov/ttn/scram/dispersion_alt.htm)
LADM: Developed in Australia, (Physick, W.L,et al, 1994 )

NAME: Developed in the United
Kingdom,(www.metoffice.gov.uk/research/modelling-systems/ dispersion-model)
MERCURE: Developed in France, (www.edf.com)

RIMPUFF: Developed in Denmark, (http:/ /www.risoe.dtu.dk)
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Fig. 6. Air Quality Index of an Industrial Area: Orissa, India

8 regional air quality modeling leading to setting up of air quality index for an industrial
area in India is given in Fig 2. This study has resulted in estimating the air assimilative
capacity of the region and delineating developmental plans accordingly
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3.6 Urban pollution and climate integrated modeling

Integrated air quality modelling systems are tools that help in understanding impacts from
aerosols and gas-phase compounds emitted from urban sources on the urban, regional, and
global climate. Piringer et al., 2007 have demonstrated that urban features essentially
influence atmospheric flow and microclimate, strongly enhance atmospheric turbulence,
and modify turbulent transport, dispersion, and deposition of atmospheric pollutants.
Numerical weather prediction (NWP) models with increased resolution helps to visualize a
more realistic reproduction of urban air flows and air pollution processes.

Integrated models thus link urban air pollution, tropospheric chemistry, and climate.
Integration time required is = 10 years for tropospheric chemistry studies in order to
consider CHy and Os simulation and aerosol forcing assessment. Tropospheric chemistry
and climate interaction studies extend the integration time to > 100 years.

Urban air quality and population exposure in the context of global to regional to urban
transport and climate change is proposed to be assessed by integrating urbanized NWP and
Atmospheric Chemistry (ACT) models (Baklanov et al., 2008; Korsholm et al., 2008). A. A.
Baklanov and R. B. Nuterman (2009) sugested a multi-scale modelling system which
comprised of downscaling from regional to city-scale with the Environment -HIgh
Resolution Limited Area Model (Enviro-HIRLAM) and to micro-scale with the obstacle-
resolved Microscale Model for Urban Environment (M2UE). Meteorology governs the
transport and transformations of anthropogenic and biogenic pollutants, drives urban air
quality and emergency preparedness models; meteorological and pollution components
have complex and combined effects on human health (e.g., hot spots, heat stresses); and
pollutants, especially urban aerosols, influence climate forcing and meteorological events
(precipitation, thunderstorms, etc.), thus this approach is closer to real life scenario. Examples
of integrated models are Enviro-HIRLAM: Baklanov and Korsholm, 2007, WRF-Chem: Grell et
al., 2005, EMS-FUMAPEX: Forecasting Urban Meteorology, Air Pollution and Population
Exposure; CFD (large eddy simulation [LES] or Reynolds-averaged Navier-Stokes [RANS])
models: Galmarini et al., 2008 and Martilli and Santiago., 2008; MIT Integrated Global System
Model Version 2 (IGSM2): A.P. Sokolov, C.A. Schlosser, S. Dutkiewicz, S. Paltsev, D.W.
Kicklighter,H.D. Jacoby, R.G. Prinn, C.E. Forest, ]J. Reilly, C. Wang, B. Felzer,M.C. Sarofim, ].
Scott, P.H. Stone, ].M. Melillo and J. Cohen., 2005; US EPA and NCAR communities for MM5
(Dupont et al., 2004; Bornstein et al., 2006; Taha et al., 2008), WRF models (Chen et al., 2006);
THOR - an Integrated Air Pollution Forecasting and Scenario Management System: National
Environmental Research Institute (NERI), Denmark.

The outline of overall methodology of FUMAPEX and MIT interactive chemistry model is
shown in Figure 6 and 7. Schematic of couplings between atmospheric model and the land
model components of the MIT IGSM2 is given in Figure 8.

Need of integrated models

All of these models have uncertainties associated with them. Chemical transport models,
such as Gaussian plume models and gridded photochemical models, begin with pollutant
emissions estimates and meteorological observations and use chemical and physical
principles to predict ambient pollutant concentrations. Since these models require
temporally and spatially resolved data and can be computationally intensive, they can only
be used for well-characterized regions and over select time periods. Eulerian grid models
are not suitable to assess individual source impacts, unless the emissions from the
individual source are a significant fraction of the domain total emissions. This limitation
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COUPLED ATMOSPHERE-OCEAN MODEL
'WITH INTERACTIVE CHEMISTRY

Fig. 9. Schematic of coupling between the atmospheric model (which also includes linkages
to the air chemistry and ocean models) and the land model components of the IGSM2, also
shown are the linkages between the biogeophysical (CLM) and biogeochemical (TEM)
subcomponents. All green shaded boxes indicate fluxes/storage that are explicitly
calculated/tracked by this Global Land System (GLS). The blue shaded boxes indicate those
quantities that are calculated by the atmospheric model of the IGSM2.

arises from the assumption that emissions are uniformly mixed within the grid cell, and
thus do not properly address the initial growth and dispersion of the pollutants.

Lagrangian plume and puff models account for chemical processes by simple linear
transformations in time. These models can track individual source impacts, thus enabling
user to outline source specific air pollution control strategies. Considerable differences are
observed when concentrations are compared in time and space because of uncertainties in
the characterization of the direction of transport that are of the order of the actual plume
width. The observed and simulated concentrations for fixed receptors, give estimates of
maximum concentration values within a factor of two or three of those observed. These
differences are an order of magnitude larger than those observed for estimates of secondary
pollutants. Both Eulerian and Lagrangian, models are not suitable to handle inert pollutants
and secondary pollutants whose concentrations depend on reaction rates and are
photochemical in nature.

Receptor models, such as Positive Matrix Factorization and Chemical Mass Balance (CMB),
source apportionment addresses the problem by statistical inference of source contributions
to total pollution from observations of ambient air chemical composition. Mass balance
methods of source apportionment use linear models with chemical composition vectors of
sources as covariates. Knowledge of meteorological variables is not required but may be
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used to refine the analysis. Knowledge of emission sources is useful for the interpretation of
results from statistical-based receptor models and is required by receptor models that use a
mass balance approach. Less data and computational resource requirement by Receptor
models as compared to chemical transport models, make them more convenient tool for
evaluation of ambient pollutant concentrations and pollutant emission inventory. However,
their utility for reactive air pollutants is uncertain and questionable. The disadvantage of
CMB model arises from its assumptions. such as constant compositions of source emissions
over the period of ambient and source sampling; linear additive and unreactive chemical
species; identification of all sources contributing to the receptor and knowledge of their
emission profile, linearly independent emission profiles.

The urban air quality models requires

- Good net work ambient air concentrations of pollutants of concern: Geography of the
urbanarea, constructed clusters, road network, location of bluidings etc play a major
role in dispersion of pollutants. Thus to understand the ambient status of pollutants it is
necessary to have sufficient number of monitoring locations to cover the urban sprawl
of concern.

- Micro metereology data: The wind patterns, temperature, humidity alter in urban areas
according to anthropogenic activity and architecture

- Bluilding details: To account for the effect of anthropogenic architecture falling in path
of plume, its geometry is required to be known.

- Knowledge of all sources: All sources and their emission profiles are required to be
known to plan for further development in urban area and control of pollutant emission

- Atmospheric Chemistry: All transformations of emitted chemical species, their reaction
rates pathways must be known to account for observed concentration of pollutants.

- Healthy Impacts: Models need to incorporate health effect of pollutants

None of the models available can handle all the requirements of urban air quality

management. Each one focuses of one aspect and thus coupling of different models are

required.

4. Further issues to be addressed

COST an intergovernmental framework for European Cooperation in Science and

Technology, Europe, addressed issues related to urban air quality models in its action

programmes. Cost 728 focussed on enhancing mesoscale meteorological Modeling

capabilities for air pollution and Dispersion applications under larger programme of

urbanization of meteorological and air quality models. The issues identified for

improvements to the state of urbanization of models can be summarized as

e  Systematic evaluation of urban land surface schemes

e Increasing the range of variables observed to ensure as complete a range of evaluation
as possible

e evaluation over a broad spectrum of conditions (meteorological, morphological,
geographical setting, etc.

e Testbeds and observatories with different objectives and dataset richness.

e A deeper understanding of urban PBL dynamics i.e development of long-term urban
test beds in a variety of geographic regions (e.g., inland, coastal, complex terrain) and in
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many climate regimes, with a variety of urban core types (e.g., deep versus shallow,
homogeneous versus heterogeneous).

e A framework to address conceptual issue of evaluation of model prediction of the flow
within the canopy

e  User friendly and multifaceted urban databases and enabling technology

e Developing core capabilities for advancing urban modeling and boundary layer
research

e An open database to address issues of availability and sources of high-resolution data
sets easily to all with mechanism for its maintenance, upgrading, updating, and
archiving.

e  www.unep.org/urban_environment/pdfs/handbook.pdf
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1. Introduction

Advances in mathematical models to describe the formation, emission, transport and
disappearance of air pollutants have led to a greater understanding of the dynamics of these
pollutants. However, the more complex the model, the more information is required for
their application to have sufficient certainty that the results will have technical or scientific
value (Russell & Dennis, 2000). These deterministic models require much information that is
not always possible to obtain; the data available have not always resulted in successful
outcomes upon application of the model (Roth, 1999), or the cost of obtaining reliable data
can be prohibitive (Pun & Louis, 2000).

There are other methods requiring less information that can be used to study air pollution in
some areas. These methods generally make use of statistical techniques such as regression or
other data-fitting methods using numerical techniques to establish the respective
relationships between the various physicochemical parameters and variable of interest
based on routinely-measured historical data.

The main objectives of these methods include investigating and assessing trends in air
quality, making environmental forecasts and increasing scientific understanding of the
mechanisms that govern air quality (Thompson et al., 2001).

Among the techniques being examined to relate air quality in a given area to measured
physical and chemical parameters, the three that have been used most often are i) multivariate
regression (Hubbard & Cobourne, 1998, Comrie & Diem, 1999 , Davis & Speakman, 1999;
Draxler, 2000, Gardner & Dorling, 2000), ii) artificial neural networks (ANN) (Perez & Reyes,
2006; Brunelli et al., 2006; Thomas & Jacko, 2007; Grivas & Chaloulakou, 2005; Gardner &
Dorling, 1999), and iii) time series and spectral analysis (Raga & Moyne, 1996, Chen et al., 1998;
Milanchus et al., 1998, Salcedo et al., 1999, Sebald et al., 2000).

Artificial neural networks have greater flexibility, efficiency and accuracy, since they have a
large number of features similar to those of the brain; i.e., they are capable of learning from
experience, of generalizing from previous cases to new cases, and of abstracting essential
features from inputs containing irrelevant information; they use adaptive learning, one of
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the most attractive features of ANN, as well as the ability to learn to perform tasks based on
training or initial experience. ANN do not need an algorithm to solve a problem because
they can generate their own distribution of the weights of the links through learning and are
easily inserted into the existing technology. Because of these characteristics, ANN generally
has low computational requirements and their construction is less complex.

The pollutant of interest in this study is tropospheric ozone, as it is the main component of a
type of air pollution known as smog or photochemical smog. According to the National
Ecology Institute (NEI), the Metropolitan Zone of Guadalajara, Mexico (GMA) is in second
place in Mexico in exceeding the NOM-020-5SA1-1993 Mexican air pollution standard.
Tropospheric ozone is one of the five major pollutants with harmful effects on human
health, causing respiratory problems and ailments such as headaches, and eye irritation as
well as affecting vegetation, metals and construction materials, dyes and pigments.

1.1 Tropospheric ozone formation

Photochemical smog is formed through a photochemical process from a combination of
gases in the troposphere, such as nitrogen oxides (NOy, i.e,, NO and NO»), volatile organic
compounds (VOCs) and carbon monoxide (CO), as has been documented (Seinfeld, 1978;
Boubel, 1994 & Godish, 1991, as cited scientist in Comrie, 1997).

The sequence of events begins in the early hours of the morning when a heavy emission of
hydrocarbons (HC) and nitrogen monoxide (NO) is produced at the start of human activity
in large cities (heaters are turned on, and traffic density increases). Nitric oxide (NO) is
oxidized to nitrogen dioxide (NO), increasing the concentration of the latter in the
atmosphere. Higher concentrations of NO, together with increasing solar radiation as the
morning wears on starts the photolytic NO; cycle, generating atomic oxygen which, as it is
transformed into ozone, leads to an increase in the concentration of oxygen and
hydrocarbon free radicals. These, when combined with significant amounts of NO, cause
NO in the atmosphere to decrease.

This impedes completion of the photolytic cycle, rapidly increasing the ozone (Os)
concentration (Comrie, 1997).

These relationships can be expressed conceptually; the polluted urban atmosphere contains
approximately one hundred different hydrocarbons, olefins being the most reactive. The
result of the atomic oxygen attack on the olefin produces two free radicals. In the case of
propylene, the first stage of the reaction is the addition of oxygen to the double bond to give
a reactive complex (1)

H,C-HC=CH,+0 —[H,C-HC=CH,-0] )
which can break up in two different ways (reactions 2 and 3)

H,C - HC =CH, - O — [H,C — HC+++CH = 0] )

H,C-HC =CH, -0 —[H,Ce+H,C -C+=0] 3)

The more likely reaction is (2), since it implies less regrouping of the activated complex than
(H). CHOs and CH,CO- radicals quickly form formaldehyde and acetaldehyde,
respectively. Reactions (2) and (3) are the initial stages of a chain process

CH,++0, — CH,0,+ @)
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CH,0,++NO —> CH,0++NO, ®)
CH,0++0, — HCHO + HO,+ ©)

HO,++NO — OH++NO, @)
C,H, + OH+—> CH,CH,++H,0 ®)

The chain reaction enables rapid oxidation of NO to NO, by alkoxyl radicals (RO-) and
peroxyacyl (RO,+) without the intervention of atomic oxygen and Os, which provides some
explanation for the changes observed in the concentration of gaseous pollutants during the day.
When atmospheric concentrations of hydrocarbons increase because of motor vehicle
activity, the photolytic cycle of NO» is disturbed and NO is oxidized to NO; by the chain
reaction involving the hydrocarbon radical (equations 2-8). As a result, the constant low O3
concentration found in the photolytic cycle of NO, grows, and ozone is not consumed in the
oxidation of NO to NO; (Seinfeld, 1978).

As the morning advances, solar radiation promotes the formation of photochemical
oxidants, increasing their concentration in the atmosphere. When concentrations of
precursors (NOx and HC) in the atmosphere are lowered, the formation of oxidants stops
and their concentrations decrease as the day progresses. Hence, photochemical pollution in
cities builds up mainly in the mornings.

Due to industrial development in the GMA in recent years, there has been an urban-green-
industrial zone imbalance, leading to the generation of various kinds of pollutants that alter
the quality of the environment and exceed the assimilative capacity of the ecosystem.

Given this situation, it is vital to have a mathematical model that correctly predicts ozone
concentrations at any given time, as this will help determine preventive measures and/or
corrective actions to prevent exposure to high ozone concentrations. These models are able
to relate air quality to certain other specific parameters of the air shed, such as emission
levels and weather conditions.

2. Data sources

From an analysis of reports from 2002-2005, it was determined that the highest ozone
concentrations were in the southern area of the GMA, so specific data for meteorological
and chemical variables were obtained from the Miravalle weather station, located in the
south. These are shown in Table 1.

. Year | 2002 2003 2004 2005
Station
Las Aguilas 0.169 0.165 0.164 0.131
Atemajac 0.152 0.185 0.165 0.144
Centro 0.166 0.171 0.157 0.137
L. Dorada 0.225 0.195 0.197 0.215
Miravalle 0.232 0.225 0.226 0.154
Tlaquepaque 0.142 0.149 0.138 0.109
Vallarta 0.171 0.217 0.175 0.096

Table 1. Peak ozone concentrations (ppm) for the years 2002, 2003, 2004 and 2005 (Semades, 2005)
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2.1 Meteorological and chemical variables

Meteorological data for the period April 1999 to June 2005 were obtained from the Mexican
National Weather Service (MNWS). These data consist of averages over time intervals
ranging from 0 to 23 hrs.

The meteorological variables are Wind Direction (average and maximum average) (degrees),
wind speed (average and maximum average) (km/h) Average Temperature (°C), Relative
Humidity (%). Barometric Pressure (mbar), Precipitation (mm) and Solar Radiation (W/m?2).
The data were obtained from the Chapala station, which belongs to the Automatic
Monitoring Stations (AMS) system.

Data on the following chemical variables were provided by the National Ecology Institute
(NEI) for the Miravalle station; Ozone, Nitrogen Oxides— NOx and NO,, as shown in
Figure 1.

Fig. 1. Distribution of GMA Atmospheric Monitoring Automatic Network (Semarnat & INE,
2009).

3. Selection of meteorological and chemical variables

Meteorological and chemical variables used to carry out ground-level ozone forecasts were
selected based on existing knowledge from the scientific literature and an analysis of
correlations between different variables, and on availability of data from monitoring stations.

3.1 Analysis of meteorological variables

3.1.1 Wind speed

Atmospheric movements of the air (i.e. winds) are responsible for the spread of high
concentrations of pollutants (in this case the O3 and its precursors) through the atmosphere,
but this may or not occur quickly, because if the winds are calm, i.e., the wind speed is low
and the topography traps the air mass, pollutants can not disperse. More pollutants
continue to accumulate and their concentration can reach very high levels. In contrast, if
wind speeds are high, the pollutants tend to disperse quickly (Melas et al., 2000).
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3.1.2 Temperature

This variable has shown a strong correlation with the concentration of ozone. The basic
reasoning is that photochemical reaction rates are sensitive to temperature, so that
increasing the temperature in the troposphere stimulates a series of interlinked reactions
that contribute to ozone formation. (Garcia, 2003)

3.1.3 Relative humidity

Water vapor is one of the most basic components of the atmosphere. Its amount can be quite
variable. It is important because it is one of the atmospheric elements which most absorbs
solar radiation, preventing it from interacting with the primary pollutants and forming
secondary pollutants such as ozone (Ayllén, 1996).

3.1.4 Precipitation

This process is one of the main ways that pollutants are removed from the atmosphere, but
as a result, pollutants removed from the air then contaminate the earth’s surface, which in
some cases results in their becoming even more active due to their effects on surface water,
plants and materials (acid rain) (Melas et al., 2000).

3.1.5 Pressure

The relationship between temperature and pressure is that the vertical motion of air is
determined by vertical variation in temperature in the troposphere; temperature decreases
at a rate of 0.64 °C per 100 m of altitude. Thus, the earth’s surface warms the air parcel next
to it, and this hot air expands, becoming less dense than the cooler air above it. The warm air
rises and cool air takes its place to then be heated in turn, making contact with the surface,
and subsequently also rises. This creates air currents (vertical mixing) that contribute to the
dispersion of pollutants (Rodriguez & Tenorio, 2006).

3.1.6 Solar radiation

This is the factor that has the greatest effect on photochemical reactions, i.e., it is involved in
the formation and destruction of the various compounds involved in the increase of
tropospheric ozone (Melas et al., 2000).

Photochemical dissociation in the atmosphere can be considered as a two-step process. The
dissociation energy of a photon by a molecule causes it to be in an excited state, and the
excited product disassociates into new products that can be highly reactive, generating
photochemical smog (Wark & Warner, 2000), as explained in Section 1.1.

3.2 Analysis of chemical variables

Many pollutants are highly persistent, and it is generally accepted that the probability of
pollution episodes is increased if the previous day’s pollution levels were higher than normal.
In this study, the previous day’s maximum Oz and NOx are used as chemical input variables
(Melas et al., 2000).

3.2.1 Previous day’s ozone

Even when the tropospheric ozone photolytic cycle is considered to be in equilibrium
(generation and degradation of ozone in equilibrium with NOx), when hydrocarbons are
involved (equations 2-8) the ozone generated is not consumed in the oxidation of NO to
NO; (Seinfeld, 1978). There is ozone remaining from the previous day, which should be
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input to the structure of the neural network model as an initial ozone concentration on the
day of interest.

3.2.2 Oxides of nitrogen

These variables are the main precursors to ozone formation. Oxides that are present in the
atmosphere in significant quantities are nitrogen monoxide and nitrogen dioxide (NOx =
NO + NOy); approximately 90% of them are destroyed by photolysis in the formation of
ozone (Wark & Warner, 2000).

These variables experience higher photolytic breakdown between 11 am. and 3 p.m,; i.e.,
when there is a higher incidence of light, after which time the levels start to gradually rise.
Thus the concentrations which remain following the photolytic period participate as raw
material for the formation of ozone the next day. Therefore, the maximum concentration
between 3 p.m. and 11 p.m. on the previous day is used as the input variable (Seinfeld, 1978).

3.3 Statistical analysis
In addition to the analysis described in 2.1 and 2.2, the selection of variables was based on

1) individual regressions between the variable of interest (maximum ozone) and the various
parameters (temperature, humidity, etc.), selecting only those with correlation coefficients
(r) 0.3 and greater (Garcia, 2003); and 2) the t-ratio (t), used to obtain the degree of
importance of each of the variables with respect to the dependent variable, namely ozone
(see Table 2).

This analysis indicates that the higher the absolute value of t, the more necessary the
variable (Miller et al., 1992) in the ANN model. All values of meteorological variables
correspond to the day in question, so if models are to be used in real time, the values for that
day are required. The values of the chemical variables correspond to the day previous to the
day of interest.

Vatiabla Year | 1999 | 2000 2001 2002 | 2003 | 2004
Constant 2344 | 0242 | -10.033 | -0591 | -1.295 | -0.795
Wind speed 0049 | 0365 | 1859 | -0719 | -2.617 | -3.490
Temperature 7847 | 4637 | 2519 | 10951 | 7.031 | 5.036
Humidity 1340 | 1583 | 3777 | 0437 | 5512 | 3978
Pressure 2261 | 0197 | 10228 | 0499 | 1358 | 0.806
Precipitation 0071 | 0905 | 635 | 1721 | -1.692 | -1.092
Solar radiation 2959 | 0778 | 3132 | 2973 | -2.699 | 0316
NO, previousday | 0243 | 0875 | 1293 | 0105 | 1213 | 3.654
NOx previousday | -1.143 | 1223 | -0950 | 0296 | 0842 | -0.152

Table 2. t-ratio values by variable and year.
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With the results shown in Table 2, the database used had daily maximum temperature
values (°C) Solar Radiation (W/m?), nitrogen dioxide (NO>) on the previous day and oxides
of nitrogen (NOx) on the previous day, the latter two measured from 3 p.m. to 11 p.m.; and
daily average values of wind speed (km/h), humidity (%) pressure (mbar) and precipitation
(mm).

4. Artificial neural networks

The artificial neural network employed was a multilayer backpropagation network, which
has been used successfully in several studies (Garcia & Shigidi, 2005, Kuo et al., 2003, Helle
et al., 2001; Yesilnacar et al., 2007; Yetilmezsoy & Demirel, 2007).

The important feature of this network is its ability to self-adapt the weights of neurons in
intermediate layers to learn the relationship between a set of patterns given as examples and
their corresponding outputs, so that after having been trained, it can apply the same
relationship to new input vectors and produce appropriate outputs from inputs that the
system has never seen before, a feature known as the generalizability of an ANN (Mehrotra
etal., 1997).

INPUT LAYER HIDDEN LAYER OUTPUT LAYER
Ai (i=123...m) Bj(j=1.2.3...n) Ck (k=123....0)
Wik

Fig. 2. Schematic example of an m x n x o artificial neural network, showing a multilayer
perceptron with a 4 x 6 x 1 structure (additional shaded circles indicate bias nodes), which
each contain an activation function (})) and a nonlinear transfer function (Comrie, 1997).
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This type of network consists of three layers. There is an input layer A; with m neurons, an
output layer Cx with o neurons and at least one hidden layer B; with n internal neurons.
Each neuron in a layer (except the input layer) receives inputs from all neurons of the
previous layer and sends its output to all neurons of the next layer (except the output layer),
as shown in Figure 2 (Comrie, 1997).

The learning algorithm involves a forward propagation step in which the input pattern is
presented to the network and propagated through the layers until it reaches the output
layer, followed by a backward propagation step in which errors are passed from the output
layer back to all the neurons in the intermediate layer and then back to the input layer,
adjusting the synaptic weights so that the system converges (Gurney, 2003). In this way the
network learns to recognize different features of the input patterns (Freeman et al., 1993, Lek
et al.,, 2000). The important point is that each iteration of the ANN decreases the error
between the actual data and forecast values.

To develop the ANN, we used the MATLAB version 7.4.0.287 computer program (R2007a),
specifically the Neural Network Toolbox toolkit (Wang et al., 2006, Yetilmezsoy & Demirel
et al., 2008, Garcia et al., 2008).

4.1 Parameters used to build artificial neural network models

The training algorithm selected for use in the ANN models was the Levenberg-Marquardt
algorithm, because it achieves rapid convergence (TRAINLM) (Beale et al., 2010,
Yetilmezsoy & Demirel et al., 2008 Yesilnacar et al., 2007, Wang et al., 2006) with a learning
rate of 0.001. It is worth noting that when the learning rate increases or decreases, the
performance of the models are neither improved nor impeded, so the 0.001 value was
maintained. The ANN models were trained with 10,000 iterations on the training data
(Comrie, 1997; Guardani et al., 1999).

To evaluate the results of the ANN models, three performance features were considered; the
mean square error (MSE), mean squared error with regularization (MSEREG) and the error
sum of squares (SSE). In the hidden layer, a log-sigmoidal function (LOGSIG) was used, and
in the output layer, the transfer function was linear (PURELINE).

4.2 Number of hidden layers and hidden layer neurons

ANN models generally have acceptable performance with three layers; input, hidden and
output (Del Brio & Sanz, 2001, Yetilmezsoy & Demirel et al., 2008, Helle et al., 2001).
Deciding the number of neurons in the hidden layer is usually not so obvious, so the
decision was based on the rules suggested by Goethals et al., (2007). The number of hidden
neurons is based on the number of input variables (Nj) and output nodes (N,) as shown in
Table 3.

2/3*N; 2/3*(9)=6
0.75 * N; 0.75%(9) = 6.75~7
0.5* (N + N,) 05*(©9+1)=5
2*N;+1 @*(9) +1=19
2*N; 2%(9)=18

Table 3. Rules suggesting the number of hidden neurons based on the number of input (Nj)
and/or output (N,) nodes Goethals et al., (2007).
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With these rules, and various studies predicting tropospheric ozone (Comrie, 1997;
Guardani et al., 1999; Hooyberghs et al., 2005, Jiang et al., 2004; McKendry et al., 2002; Melas
et al., 2000, David & Speakman, 1999, Hubbard & Cobourn, 2001), four arrays were created
for training and testing the ANN models, each with a different number of neurons in the
hidden layer as shown in Table 4. This is because there is no rule for the optimal number of
neurons in the hidden layer (Yetilmezsoy and Demirel et al., 2008, Helle et al., 2001). In each
problem, different arrangements should be tried for organizing the internal representation,
selecting the one that gives the best results according to the stated objectives.

5. Development of artificial neural network models

Four different ANN structures were created; 9x6x1 (nine input signals, six nodes in the transfer
layer and one node in the output layer) (R-6); 9x10x1 (R-10), 9x12x1 (nine input signals, twelve
nodes in the transfer layer and one node in the output layer) (R-12) and 9x15x1 (R-15).

In training, the three performance criteria mentioned above were used; mean square error
(MSE), mean squared error with regularization (MSEREG) and error sum of squares (SSE).
As a source of data for the training process, a database was used which contained daily
maximum temperature values (°C), Solar Radiation (W/m?), nitrogen dioxide (NO.) on the
previous day, and nitrogen oxides (NOx) on the previous day; the latter two for the period
3 p.m. to 11 p.m., and daily average values of Wind Speed (km/h), Humidity (%) Pressure
(mbar) and Precipitation (mm) for the period 1999-2004. The database contained 2065
validated data for each variable.

5.1 Training of ANN models

The models were trained on 1990-2004 data. Real and predicted O3z values were classified
into three concentration ranges according to the NOM-020-SSA1-1993 standard, quantifying
the number of data falling within each range (percentage of correct answers) in order to
estimate the performance of each model.

This was done under the assumption that it would be very difficult to try to get specific
concentrations from models. The concentration ranges were: low <0.06 ppm, intermediate
0.06-0.11 ppm and high >0.11 ppm, the latter corresponding to the maximum allowable
range of the rule.

The number of observed values and estimated values in each of these ranges were counted
to find how many times the model made a correct estimate.

In order to refine the 12 trained models, an analysis based on the correlation coefficient (r)
was carried out. A linear regression was performed between real ozone and estimated ozone
as shown in Table 4. Based on the results, the models with 12 and 15 neurons in the hidden
layer were chosen, as they had the best correlation between the calculated and actual data,
in both cases using MSE to evaluate performance.

No. of neurons in Performance criterion
hidden layer MSE MSEREG SSE
6 0.740 0.664 0.744
10 0.735 0.688 0.752
12 0.753 0.722 0.743
15 0.744 0.735 0.739

Table 4. Correlation coefficients of the ANN with each performance criterion.
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Figure 3 and 4 shows correlation plots of the networks with 12 and 15 neurons in the hidden
layer, respectively, during the training phase using 1999-2004 data. The dispersion of clouds
of points is very similar in the two cases, corresponding to correlation coefficients close to
each other.
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Fig. 3. Scatterplot of the predicted vs. observed ozone concentrations (ppm) for the model
with 12 neurons in the hidden layer in the training phase for the years 1999-2004.
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Fig. 4. As in Figure 3, but for the model with 15 neurons in the hidden layer.
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5.2 Performance of ANN models

Once training was completed, performance was evaluated with 2005 data. This second
database has 173 validated values for each parameter under the same conditions as the
training database, containing daily data from January to June 2005.

Table 5 shows the number and percentage of times that correct concentrations were
obtained by the networks with respect to the observed values, where R-12 and R-15 refer to
networks with 12 and 15 neurons in the hidden layer respectively.

Low Medium High
(<0.06 ppm) | (0.06-0.11 ppm) | (>0.11 ppm)
Total days 79 77 17
R-12 41 (52%) 33 (43%) 0 (0%)
R-15 50 (63%) 48 (62%) 2 (12%)

Table 5. Number and percentage of correct estimated O3 values with respect to observed
values, at the performance stage.

Figure 5 shows the ANN regression models corresponding to 12 neurons in the hidden layer
(R-12), and Figure 6 shows the ANN model with 15 neurons in the hidden layer (R-15), both
models with data from January to June2005.

Figure 5 shows the regression with the R-12 network, with a regression coefficient of 0.575,
and Figure 6 shows the correlation of the network with 15 neurons and a regression
coefficient of 0.545.
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Fig. 5. Scatterplot of the predicted concentrations with observed ozone concentrations for
the model with 12 neurons in the hidden layer in the test phase for the year 2005.
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Fig. 6. As in Figure 5, but for the model with 15 neurons in the hidden layer.

The performance of the two networks is very similar. However, it is clear that it is difficult
for both models to detect ozone concentrations exceeding the standard, which is important
for this study.

In order to remedy the estimation problem in the high concentration range, it was decided
to scale the value estimated by the network. Thus, the final estimated value of ozone (O3) is
calculated as

0, = a0, ©)

where o is the scaling factor and Oj; is the ozone concentration (ppm) estimated by the
neural network model. The value of o was obtained by an incremental search of values that
when the equation was applied, reached the number of times that the observed
concentration standard for each year was exceeded, without knowing (until then) if the
times when estimated concentration exceeded the standard also corresponded to the days
when this actually occurred. This process yielded an average value of a for both models of
1.21. Thus ozone values estimated by each network were multiplied by 1.21, giving the
results in Table 3, which shows that efficiency is lost in the lower range at the expense of a
gain in the intermediate and high ranges (which are of greatest interest).

Low Intermediate High
(<0.06 ppm) | (0.06-0.11 ppm) | (>0.11 ppm)
Total days 79 77 17
R-12 (0=1.21) 18 (23%) 57 (74%) 11 (65%)
R-15 (0=1.21) 23 (29%) 57 (74%) 8 (47%)

Tabla 6. Number and percentage of correct O3 values estimated by different networks using
the scaling.
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Table 6 shows that the overall performance of the networks is 50%, and 64% for the detection
of elevated ozone concentrations with R-12, and 47% with R-15. It may be noted that using 12
neurons in the hidden layer fails to detect a greater number of days in the high range.

With the results, it was decided to work with the model with 12 neurons in the hidden layer;
this model was selected in the present study for predicting tropospheric ozone
concentrations in the metropolitan area of Guadalajara, Jalisco. Figure 7 shows a comparison
with the previously selected model without the scaling factor. As can be seen graphically,
the model shows a good trend in the low and intermediate range of tropospheric ozone
concentrations but a poor performance for the higher concentrations.
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Fig. 7. Comparison of predicted concentrations Vs. observed concentrations of ozone from
ANN model with 12 neurons in the hidden layer for 2005 without the scaling factor.

In Figure 8 a scaling factor of 1.216 has been applied. Although accuracy is lost in the low
range of concentrations, performance in the midrange is improved from 43% to 74%, that is,
by 31 percentage points.
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Fig. 8. As in Figure 7, but with the scaling factor.



48 Air Quality - Models and Applications

In the high range, it is clear that after the unscaled model did not detect any concentrations,
after applying the scaling factor, efficiency was improved by 65%, i.e., it predicted 11 of the
17 days that exceeded the concentration of 0.11 ppm.

6. Conclusions

With the results obtained by the model and selected variables, it was concluded that in the
GMA, the most important meteorological variables for significantly reducing the
tropospheric O3 concentration are wind speed, which can disperse ozone precursors or
ozone itself, decreasing the concentration of the pollutant; and rainfall, as this will wash out
the atmosphere thereby lowering the concentration of ozone, as well as the concentrations of
precursors and other pollutants (it can be observed that the morning after a day with rainfall
tends to be clear in the early hours).

The chemical variables that are important in increasing ozone concentration are maximum
temperature, maximum solar radiation, O3 on the previous day, and oxides of nitrogen
(NOx and NO») (Gomez et al., 2006) because they are involved directly in the photochemical
cycle of ozone formation (Wark & Warner, 2005).

The important variables related to nitrogen oxides (NO; and NOx) are maximum values,
since these elements are directly involved in the photolytic cycle and influence the formation
of ozone. They are measured from 3 p.m. to 11 p.m. because ozone formation takes place
between 11 a.m. and 3 p.m., so there is no consumption of these two pollutants and
accumulations of these oxides in the afternoon will serve as raw material for the next day.
Along with the physical and chemical meteorological variables involved in increasing or
decreasing O3 concentrations, the characteristics of the basin of the Jalisco Basin are also
important. It is located 1583 meters above sea level, surrounded by the Sierra Madre
Occidental, plateaus and the Neovolcanic Belt, and with industrial parks to the NW, SE, and
SW. The Sierra Madre Occidental is formed by the Los Huicholes, Los Guajolotes and San
Isidro mountains, the Gordo hill and the Tequila volcano. The Neo-Volcanic or Transversal
Volcanic Belt includes the Cacoma, Manantlan Tapalpa and Lalo mountains, among others.
Other notable peaks are El Tigre and Garcia, Cerro Viejo, the Tequila Volcano and to the
south, the Nevado de Colima mountain and Colima Volcana, which create a particular basin
structure and formation and dispersal patterns of specific pollutants that directly affect the
GMA in terms of the model performance.

The ANN models perform acceptably for predicting ozone in the lower and intermediate
range, however the aim of this study was to predict high levels of ozone, so it was necessary
to use the scaling factor so that the models would be able to predict concentrations in the
high range. This scaling factor was obtained in training the models by matching observed
and predicted days that exceeded the standard. Using the scaling factor, the model obtained
can predict maximum O3 concentrations in ppm with an overall efficiency of approximately
50%, and 65% for the detection of high concentrations.

These models were trained on data from the period between 1999 and 2004 in the
Guadalajara Metropolitan Area (GMA) and their performance was evaluated using data
from the period from January to June 2005 with data from the SMN and INE. The
performance of the two models was assessed and compared by comparing forecast and
actual ozone concentrations in three ranges (called percent of correct answers) related to the
NOM-020-55A1-1993 standard, low (C, < 0.060 ppm), intermediate (0.060<C, <0.110
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ppm) and high (C, > 0.110 ppm), with high concentrations considered to be values that

exceeded the standard.

The general characteristics of the selected ANN model for forecasting of O; are: 9
independent variables (3 chemical and 6 weather). The structural arrangement of the
network was 9x12x1 (input x hidden X output); transfer functions were sigmoidal in the
hidden layer and linear in the output layer, the training function was TRAINLM; the
performance criterion was mean square error (MSE) and the scaling factor was 1.21.

This model is able to predict 22% of concentrations lower than 0.060 ppm, i.e. it predicted 17
of 79 days for this range; a 74% success rate in the intermediate range of concentrations from
0.060 to 0.110 ppm, i.e. 57 days of the 77 days recorded; and 65% success for concentrations
greater than 0.110 ppm, i.e. 11 of the 17 days recorded for the 2005 period.

The overall efficiency of the model for the period January to June 2005 was 49.13% with the
scaling factor and 54.34% without the factor.

The models obtained employed the meteorological variables maximum temperature and
solar radiation, and average values of wind speed, barometric pressure, rainfall, relative
humidity for each day of interest, and maximum values of the chemical variables ozone,
NOx and NO; on the previous day (measured from 3 p.m. to 11 p.m.).

Finally, the models generated are easy to implement, have only moderate technological
requirements and simple, easily understood structures, giving them minimal operating
costs. These models can be used to help alert the community at times when the air quality is
undesirable, so that precautionary measures can be taken to safeguard the health of the
population.
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1. Introduction

Generally in stable conditions, during situations of low wind speed (T <1-— 2ms*1),
low-frequency horizontal wind oscillations (meandering) are observed in a nocturnal
Planetary Boundary Layer (PBL). The study of low wind speed conditions is of interest, partly
because the simulation of airborne pollutant dispersion in these conditions is rather difficult.
In fact, most of the existing regulatory dispersion models become unreliable as # approaches
zero, so that their application is generally limited to (4 >2ms~!). The meandering
movements are clearly distinct from those associated to a full developed turbulence, which are
responsible for the pollutants dispersion in a PBL. Even when the stability reduces the vertical
dispersion and the instantaneous plume may be thin, meandering disperses the plume over a
rather wide angular sector. As a consequence, any air pollution operational dispersion model
to be reliable must take into account the transport effect provocated by the meandering.
Transport phenomenon in turbulence, including the diffusion of passive scalars and the
dispersion of pollutants in the PBL, are controlled by the advection processes associated
with the action of stochastic velocity fluctuations in time and space. As a consequence, a
Lagrangian description following the movement of infinitesimal fluid particles, as they are
carried by the velocity turbulent fluctuations, is conceptually correct and from practical point
of view useful for describing turbulent transport (Yeung, 2002).

Lagrangian stochastic particle models are powerful computational tools for the investigation
of the atmospheric dispersion process (Rodean, 1996). In these models, the fluid particle
displacements are produced by stochastic velocities and the movement evolution of a particle
can be considerate a Markov process (Wang, 1945), in which past and future are statistically
independent when the present is known. This method is based on Langevin equation, which
is derived from the hypothesis that the velocity is given by the combination between a
deterministic and a stochastic term (Chandrasekhar, 1943). Each fluid particle moves taking
into account the transport due to the mean wind velocity and the turbulent fluctuations of
the wind velocity components. From the spatial distribution of the particles it is possible
to determine the pollutant concentrations. The implementation of the Lagrangian stochastic
dispersion model in air pollution problems permits to take into account complex situations
such as turbulent flows generated above inhomogeneous topo-graphy (different terrains)
(Carvalho et al., 2002), in non-stationary situations associated with the evolutionary transition
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periods of the PBL (sunset transition period) and low wind speed conditions which for many
places in the world occur for a substantial percentage of time (Oettl et al., 2001). Concerning
this last complexity, it is important to note that in low wind velocity situations, particularly
during stable conditions, the turbulent dispersion in the PBL is poorly described. As a
consequence, the occurrence of low wind speed is generally considered the most critical
situation associated with the air pollution dispersion problem.

The aim of this chapter is to report a turbulence parameterization that can be employed
in Lagrangian stochastic dispersion models to describe the air pollution dispersion in the
situation of low wind velocity stable conditions. This specific parameterization employs
an observational value for the meandering period and turbulent velocity variances and
decorrelation time scales varying with height for a stable boundary layer. Therefore, are used
two classical approaches to obtain the turbulent velocity variances and the decorrelation time
scales. The first turbulence approach used in this study was derived by Degrazia et al. (2000)
utilizing Taylor statistical diffusion theory while the second one was developed by Hanna
(1982). Degrazia et al. (2000) turbulence approach is based on the observed turbulent velocity
spectra while Hanna (1982) approach is based on analyses of field experiments, theoretical
considerations and second-order closure model.

An additional aim is to incorporate this new parameterization for the meandering dispersion
phenomenon in a numerical Lagrangian stochastic particle model to simulate the dispersion
of air pollution in a low wind velocity stable boundary layer. The Lagrangian particle model
employed in the present investigation is constituted by a system of two coupled Langevin
equations describing the meandering dispersion associated to the lateral and longitudinal
components of the wind velocity fluctuations. This dispersion model is based on the so-called
Thomson simplest solution and can be applied to more general case of inhomogeneous
turbulence. The horizontal coupling, occurring between the lateral and longitudinal velocity
components, reproduces the meandering enhanced air pollution transport.

Finally, the observed concentration data employed in the comparison with the coupled
Lange-vin equations model, incorporating Degrazia et al. (2000) and Hanna (1982)
approaches, were obtained from the low wind speed experiment performed in a stable
boundary layer from the series of field observations conducted at the Idaho National
Engineering Laboratory - INEL.

2. The SCLE dispersion model

Simulating the dispersion of contaminants in low wind speed stable conditions is a difficult
physical task. In such situations, the airborne contaminants are dispersed over rather wide
angular sectors and therefore it is no longer possible to establish a definite mean wind
direction since low-frequency horizontal wind oscillations start to dominate and diffusion
of contaminants in the PBL becomes controlled by these degrees of freedom, characterized
by low frequencies (large characteristic time associated with the meandering period). The
horizontal meandering of a flow occurs when the wind speed presents a threshold low
value and the low-frequency horizontal wind oscillations generate autocorrelation functions
of the horizontal wind components showing a looping behavior evidenced by the presence
of accentuated negative lobes (Anfossi et al., 2005; Oettl et al., 2005). This oscillatory
character associated with the meandering phenomenon and consequently the presence of
large negative lobes in the observed autocorrelation functions were recently explained as an
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intrinsic property of atmospheric flows occurring in weak horizontal turbulent momentum
flux conditions (Goulart et al., 2007).

The low wind speed autocorrelation functions of the horizontal wind components displaying
an oscillation behavior and the presence of large negative lobes can be very well fitted by the
following relationship

R(T) = e PTcos(qT) 1)
where
1
P T, ¥
and
1=yt )

(mZ + l)TLu,v '
The functional form as given by the Egs. (1), (2) and (3) is composed of the product of the
classical exponential function (representing the autocorrelation function for a fully developed
turbulence) by the cosine function (describes the meandering phenomenon associated with
the observed low frequency horizontal wind oscillations) (Frenkiel, 1953). The Frenkiel
function (Eq. (1)) is a hybrid formula described in terms of Ty, y, the local horizontal
Lagrangian time scale for a fully developed turbulence, and m, the loop parameter which
controls the meandering oscillation frequency associated with the horizontal wind. It is
worth noting that large m values characterize the dominant presence of the meandering
phenomenon in comparison with the fully developed turbulence.

Anfossi et al. (2006) proposed a system of two coupled Langevin equations (SCLE) to describe
the contaminants dispersion in meandering conditions. Therefore, the following system of
equations describes the dispersion in low wind speed conditions

du ={—p(u—1u) —q(v—"20)}dt + \/2pdto,u 4)
and
dv={q(u—u) — p(v—"20)}dt + /2pdto,Cv 5)

where u and v are the horizontal components of the wind velocity fluctuations, {u and v
are random Gaussian variables having zero mean and unit variance, ¢, and o, are standard
deviations of the horizontal wind components. It is important to note that Egs. (4) and (5) are
valid assuming horizontal homogeneous conditions (Anfossi et al., 2006).

For the vertical component of the velocity fluctuation w we solve the Langevin equation
accor-ding to the usual LAMBDA model (Anfossi et al., 2006; Thomson, 1987)

dw = a;(z,w) + by (z)dW; (6)
where dWj is the incremental Gaussian Wiener process (with zero mean and variance dt),
bo(z) = 2(732,,/ Trw ((TZZU is the vertical turbulent velocity variance and Ty, is the vertical
local Lagrangian time scale) and aj(z, w) is computed by solving the Fokker-Planck equation

associated with Egs. (4) and (5) using a PDF of Gram-Chalier type truncated to the third-order
(Ferrero & Anfossi, 1998).
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The position of each particle, at each time step, is obtained by the numerical integration of
Egs. (4) and (5) and (6) and the following equation:

dx; = u;dt, (7)

where i =1,2,3, x; is the position vector of each particle, u; is its corresponding Lagrangian
velocity vector. Therefore, to describe the diffusion of passive scalars in the PBL the Langevin
equation is integrated according to the rules of the Ito calculus (Gardiner, 1997), which was
developed to get solutions of the stochastic differential equations.

3. Turbulence parameterization for modeling meandering effects in the stable PBL

The fundamental parameters to reproduce meandering transport effects, employing the Egs.
(4) and (5), are the quantities m, 0y, and Ty, which define the Egs. (1), (2), (3), (4) and (5). In
this section the values of these physical parameters will be computed.

In PBL turbulent dispersion models the selection of an adequate parameterization plays a
fundamental role to evaluate the contaminants concentration in the atmosphere. Thusly,
the efficiency of each approach to reproduce correctly the contaminants concentration field
depends on the manner turbulent parameters are related to physical properties of the PBL. In
the specific case of parameterization of the enhanced horizontal diffusion of passive scalars,
controlled by the meandering phenomenon, the variables p and q need to be introduced into
Egs. (4) and (5). Analyzing the Egs. (1), (2) and 3) we can define the following meandering
period (Anfossi et al., 2005).

27 (m? + 1) Tpyo
p” ,
from which can be obtained a relation for m given by (Carvalho et al., 2006)

Ty + /T2 — 16712 T?
S * Lu,v (9)

47TTLu,v

T. = (8)

As seen in Eq. (9), this formula for the loop parameter, defines m as a quantity that can be
estimated from the meandering period T, and of the local horizontal time scale associated
with a fully developed turbulence Ty, . On the other hand, analyzing Eq. (9) it is possible
to notice that the presence of large values for the local turbulent time scales impede the
increasing of m and consequently the meandering reinforced transport tends to vanish in the
PBL. Time series of sonic anemometer wind speeds were analyzed by Anfossi et al. (2005).
These observational data suggest that the mean magnitude of the meandering period is of the
order of T, = 2000s.

3.1 Turbulence parameterization derived by Degrazia et al. (2000) and Hanna (1982)

It is possible to relate turbulent parameters (wind velocity standard deviations 0y, and
Lagrangian decorrelation time scales Ty, ) to spectral distribution of turbulent kinetic
energy (TKE). Following this approach, Degrazia et al. (2000) developed expressions for the
wind velocity variances and Lagrangian decorrelation time scales. The velocity variances
were obtained directly from the integration of the turbulence velocity spectra (Caughey &
Palmer, 1979). On the other hand, the Lagrangian decorrelation time scales were derived
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from the peak wavelength of the turbulent velocity spectra (Caughey, 1982). Therefore, the
turbulent velocity variances (0,0,,) and the local turbulent time scales (T y,) for a stable
boundary layer are given respectively by the following expression (Degrazia et al., 2000)

2 23200092 2 (10)
wow = T s 12/3
(i)
and
2 0.059
TLu,v,w = z { %\§ 2/3 (45\1/3 } (
Veuow [ [(fi)iow]™ ($2)1/ 31
where z is the height above the surface, cyvw = Déu,v,wlxu(27Tk)_2/3 with k=04 (von

karman constant), a;, = 0.5+ 0.05 and &y = 1,4/3,4/3, respectively (Champagne et
al., 1977; Sorbjan, 1989). For a shear-dominated stable PBL the adimensional dissipation rate
¢S = eskz/u can be written as ¢¢ = 1.25(1 + 3.7z/A) where A is the local Obukhov length
givenby A = L(1 —z/h)(1:541-%) with h being the height of the turbulent stable PBL and L is
the surface Obukhov length. Furthermore, for a shear-dominated stable PBL, the local friction
velocity is defined by u, = (us)g(1 — z/h)*/2, where (u.) is the surface friction velocity
and a7 = 1.5 and ap = 1.0 (Nieuwstadt, 1984). Finally, the reduced frequency of the stable
horizontal spectral peaks is provided by the following relation (f;,)7 5 = ( fm)?u,v,w)s(l +
3.7z/A) where (fm)hs = 0.045, (fm)% = 0.16 and (f;)%¢ = 0.33 are the frequencies of the
spectral peaks in the surface for neutral conditions (Olesen et al., 1984; Sorbjan, 1989).

Based on analyses of field experiments (Hanna, 1981; 1968; Kaimal, 1976), theoretical
consi-derations (Irwin, 1979; Panofsky et al., 1977) and second-order closure models
(Wyngaard et al., 1974), Hanna (1982) proposed the following turbulence parameterization
for the turbulent velocity variances (0y,0,w) and the local turbulent time scales (T yw):

0y _ _ E
=2 (1 h) (12)
and
Ow (%) z
—13(1-2), 13
oo = Gogs ~ 1207 7) 9
h sz
To, =015 (ﬁ) , (14)
B 2705
Tio = 007 <E) (15)
and
h /2708
Trs = 010 (E) (16)

From Egs. (10) and (11), it can be seen that the turbulent velocity variances and the local
Lagrangian time scales associated with the fully developed turbulence in the shear-dominated
stable turbulent flow in PBL are formulated in terms of a similarity theory and expressed by
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three fundamental parameters associated with the turbulence in a PBL; the friction velocity,
the adimensional dissipation rate and the reduced frequency of the horizontal spectral peaks.
On the other hand, Egs. (12), (13), (14), (15) and (16) are expressed in terms of a similarity
theory and described by two fundamental scales, the friction velocity (u.) and the height of
the turbulent stable PBL.

Therefore, using Eq. (9), with T, = 2000s and Ty, given by the Egs. (11), (14) and (15),
the low-frequency horizontal wind oscillation effects can be parameterized and introduced
into Egs. (4) and (5) to simulate the observed dispersion of passive scalars, caused by the
meandering transport in the stable PBL.

4. Meandering dispersion simulation

The results of the proposed model are compared with the concentration data collected
under stable conditions in low wind speeds over flat terrain at the Idaho Engineering
Laboratory (INEL). These observed results have been published in a U.S. National Oceanic
and Atmos-pheric Administration (NOAA) report (Sagendorf & Dickson, 1974). Because of
wind direction large variability associated with the meandering phenomenon, a full 360°
sampling grid was implemented. Arcs were laid out at radii of 100, 200 and 400 m from
the emission point source. Samplers were placed at intervals of 6° on each arc for a total of
180 sampling locations. The receptor height was 0.76 m. The tracer SFs was released at a
height of 1.5 m. The 1 h average concentrations were determined by means of an electron
capture gas chromato-graphy. Wind speeds measured at levels 2, 4, 8, 16, 32 and 61 m
were used to calculate the coefficient for the exponential wind vertical profile. According to
Brusasca et al. (1992) and Sharan & Yadav (1998) the roughness length used was zy = 0.005m.
The Monin-Obukhov length L and the friction velocity u. were not available for the INEL
experiment but can be roughly estimated by different formulations. Then, L may be calculated
from an empirical formulation suggested by Zannetti (1990) and the stable turbulent PBL
height h was determined according to expression derived by Zilitinchevick (1972).

INEL observed concentrations, X, (mfz), were normalized according to the following relation
(Sagendorf & Dickson, 1974)

Uy
0’
where Cpy, is the dimensional concentration expressed in gm~3, Uy is the mean wind speed at
4 m and Q is tracer emission rate (gs~!). Consequently, predicted concentrations are for the
INEL experiments expressed in (m~2).

For the simulations, the turbulent flow field is considered as inhomogeneous in the vertical
direction and the transport is performed by the longitudinal component of the mean wind
velocity. In the simulations the horizontal domain was determined according to sampler
distances and the vertical domain was set equal to the observed PBL height h. The emission
point source was localized at the domain centre. The time step was maintained constant and
equal to At = 0.5s during the simulations. The magnitude of this time step is of the order of
the time scales of Kolmogorov’s turbulent energy spectrum inertial subrange. Furthermore,
this value of At performs the following inequality At << Ty. This condition ensures that the
turbulent velocities can be considered a Markov process (Rodean, 1996). For each simulation,
the number of particles released was 10°. In the case of the INEL experiments, the cells of

Xm = Cn (17)
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concentration at ground-level have a vertical dimension of Az = 3m (Anfossi et al., 2006). On
the other hand, the horizontal dimensions were computed from the following relation

27tr
Nang,

where r is the arc radius and Nang = 60 is the number of samplers per arc. This way
of computing the cell size covers all the compass at the three radii without significant
overlapping. From these criteria results dx = 10.47m, dy = 20.93m and dz = 41.87m for
the three arcs res-pectively. The simulated concentrations were obtained by counting the
number of particles in volumes generated from the vertical and horizontal dimensions above
presented.

Ax = Ay = (18)

5. Results and discussion

The performance of the SCLE model, employing the meandering parameterization for u and
v components as given by the Egs. (9), (10), (11), (12), (13), (14) and (15) is shown in Figu-res
1 to 6 and in Table 1. Figs. 1 and 2 show some typical simulation results obtained with
the SCLE model employing Degrazia et al. (2000) turbulence parameterization. On the other
hand, Figs. 3 and 4 show these same results reproduced with the SCLE model utilizing Hanna
(1982) turbulence approach. Figs. 1 and 3 refer to experiment 8, which is characterized by a
plume that spreads horizontally over a wide angular sector (one having the widest horizontal
plume spread), meaning that the tracer is collected at all angles. The results of the simulations
show that the SCLE model containing (Degrazia et al., 2000) and Hanna (1982) turbulence
parameterization is able to reproduce the dispersion of the contaminants plume over all
the 360°. Concerning to the environmental effects of air contaminants released in the PBL,
the estimation of the location in which the maximum concentration occurs is a fundamental
data. Regarding this information, the maximum concentration for experiment 8 at 400 m is
approxi-mately well reproduced by the SCLE model using Degrazia et al. (2000) and Hanna
(1982) parameterization. Observing Figs. 2 and 4, we can see that the SCLE model with
the Degrazia et al. (2000) and Hanna (1982) turbulence approach simulates fairly well the
observed maximum concentrations for experiment 6 at 100, 200 and 400 m.

In addition, to obtain a global evaluation about of the quality of the simulations that were
made using the meandering parameterization, the following statistical indices have been
computed at each arc, for the ten INEL experiments: concmax, top5 and Sy. Concmax (m~2)
is the maximum ground-level concentration, top5 (m~2) refers to the mean of the 5 highest

measured and computed ground-level concentration and S, = \/ Zf\i 1 (0 — 9)2/ Zfi 1 Xis

where ¢; are the sampler angles and @ their average value (weighted with the concentrations).
Considering the INEL experiments, the Figs. 5 and 6 show the results of these statistical
indices (concmax, top5 and Sy ) obtained from the Egs. (4) and (5) employing the meandering
parameterization and respectively Degrazia et al. (2000) and Hanna (1982) turbulence
approach. Figs. 5 (a,b and c) (Degrazia et al. (2000) turbulence approach) and Figs. 6 (a,b
and c) (Hanna (1982) turbulence approach) show respectively the scatter diagram between
observed and predicted concmax, top5 and Sy values. Observing these figures it is possible
to notice that there is a certain data spread, however this scattering is not sufficient to avoid a
reasonable alignment in relation to the straight of perfect agreement.
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Fig. 1. Normalized ground level concentration (m~2) for experiment 8 at 100, 200 and 400 m

as a function of the sampler angles for (Degrazia et al., 2000) turbulence parameterization.
Open squares indicate observed concentrations and crosses indicate simulated

concentrations.
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Fig. 2. As Fig. 1 but for experiment 6.
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Fig. 3. Normalized ground level concentration (m~2) for experiment 8 at 100, 200 and 400 m
as a function of the sampler angles for Hanna (1982) turbulence parameterization. Open
squares indicate observed concentrations and crosses indicate simulated concentrations.

Table 1 shows the results of the statistical analysis made with observed and predicted values
of peak concentration (n = 30). Furthermore, this Table presents a comparison between SCLE
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Fig. 4. As Fig. 3 but for experiment 6.
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Fig. 5. Plot of (a) concmax, (b) top5 and (c) Sy calculated with SCLE model utilizing the

Degrazia et al. (2000) turbulence parameterization. X-axis shows predicted values whereas
observed values are on the Y-axis.

model employing the parameterization (Egs. (9), (11), (14) and (15)) and other three models
(Oettl et al., 2001; Sagendorf & Dickson, 1974; Sharan & Yadav, 1998).

The statistical indices are suggested by Hanna (1989):

NMSE = (C, — Cp)?/C,Cp (Normalized Mean Square Error)

FB = (C, — Cp)/(0.5(Co + Cp)) (Fractional Bias)

ES =2(0o — 0p)/ (00 + 0p) (Fractional Standard Deviation)

R = (Co — Co)(Cp — Cp) /0,0 (Correlation Coeficient)

FA2 =05 < C,/Cp < 2 (Factor 2)

where C is the analyzed quantity (concentration) and the subscripts “0” and ”p” represent the
observed and the predicted values, respectively. The overbars in statistical indices indicate
averages. The statistical index FB indicates if the predicted quantity underestimates or
overestimates the observed one. The statistical index NMSE represents the quadratic error
of the predicted quantity in relation to the observed one. The statistical index FS indicates the
measure of the comparison between predicted and observed plume spreading. The statistical
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Fig. 6. Plot of (a) concmax, (b) top5 and (c) Sy calculated with SCLE model utilizing the
Hanna (1982) turbulence parameterization. X-axis shows predicted values whereas observed
values are on the Y-axis.

index FA2 provides the fraction of data for which 0.5 < C,/Cp < 2. As nearest zero are the
NMSE, FB and FS and as nearest one are the R and FA2, better are the results.

Analyzing the results shown in Table 1, it is possible to infer that the SCLE model employing
the meandering parameterization developed in this study reproduces well the experimental
data in stable meandering conditions. Furthermore, the SCLE model with these meandering
enhanced dispersion parameterizations presents results comparable or even better than ones
obtained by other models. Therefore, the proposed parameterizations for the meandering
phenomenon reported in the present analysis generate magnitudes of the statistical indices
that are within acceptable ranges, with NMSE, FB and FS values relatively near to zero and R
and FA2 relatively near to 1.

NMSE| R |FA2| FB | FS
SCLE model Degrazia et al. (2000)| 0.19 |0.88|0.89|-0.054|-0.21
SCLE model Hanna (1982) 0.35 |0.78/0.90|-0.038|-0.22
Sagendorf and Dickson (1974) 0.60 (0.42(0.80| 0.06 | -
Sharan and Yadav (1998) 0.53 |0.55(0.60| -0.02 | -
Oettl et al. (2001) 0.21 |0.86/0.87|-0.13 | -

Table 1. Statistical evaluation considering other for the INEL experiment.

6. Conclusions

The investigation deals with contaminants dispersion associated with the low wind speed
cases. In low wind velocity conditions in the stable PBL, the meandering horizontal of the
wind is a physical mechanism that dominates the horizontal spread of contaminants. This
means that as the average wind speed decreases, large horizontal low frequency oscillations
start to control the flow field, surpassing both the transport and the small-scale diffusion
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ge-nerated by the fully developed turbulence. Therefore, based on meandering phenomenon
observational evidences and Degrazia et al. (2000) and Hanna (1982) turbulence approach,
which allows to calculate local (at distinct-heights) horizontal Lagrangian time scales,
para-meterizations for the reinforced meandering diffusion were derived and presented.

The parameters p and q (Egs. 2 and 3) are important quantities describing the meandering
phenomenon. They are defined in terms of m, which controls the magnitude of negative
lobes in the meandering observed autocorrelation functions, and of the local horizontal time
scales T,y for a fully developed turbulence. Therefore, Eq. (9) is a formulation for the
meandering parameterization that is described in terms of the meandering period T, and
of the time scales Tp . Concerning to the T, an observed representative mean value of the
meandering period of the order of T, = 2000s, obtained from a large number of experimental
data, was employed in this study. This phenomenological choice for the value of Ty, allows
that the present approach can be applied to meandering distinct cases. On the other hand,
the parameterization of T, , was obtained from Degrazia et al. (2000) and Hanna (1982)
turbulence descriptions. Thusly, the equations that provide T, (Eqs. 11, 14 and 15) are
expressed in terms of a similarity theory describing the shear dominated stable turbulence.
The meandering parameterizations above discussed were evaluated and tested through the
comparison with observational data and other different meandering dispersion models. The
results generated by the simulations using the two coupled Langevin equations (SCLE),
employing the new parameterizations, agree well with the experimental data, pointing that
the present approaches reproduce the contaminants meandering spread process adequately
in low wind speed stable conditions.

Finally, considering the good agreement between the results of the proposed model with the
experimental ones, the new parameterizations for the meandering phenomenon employed
in the SCLE are found to be suitable to simulate meandering enhanced dispersion of
contaminants in a low wind speed stable PBL.
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1. Introduction

Several studies have shown that one of the main and uncontrollable mechanisms of
bioaerosols dispersion is atmospheric transport (Casal et al., 1995; Daggupaty & Sellers,
1990; Donaldson et al., 2001; Lighthart & Frish, 1976; Lighthart & Kirilenko, 1998; Pillai &
Ricke, 2002). This phenomenon can cause serious social and economic consequences, so the
prediction of affected zones is very important for controlling epidemics and for avoiding
economic losses.

Atmospheric micro-organism dispersion can come from natural origin as well as
agricultural and industrial activities. Activities associated to waste treatment plants (liquid
or solid), waste processing sites, compost plants, landfill, etc., can produce aerosols
containing bacteria, viruses, fungi and odours (Buttner & Stetzenbach, 1991; Crawford &
Jones, 1979; Pascual et al., 2003; Ranalli et al., 2000). They can cause serious health upsets on
workers and people neighbouring these sites. As several studies about biologic risk
evaluation have shown, the exposure to low levels of fine particles over an extended period
of time greatly affects human health (Ackermann-Liebrich et al., 1999; Ebelt et al., 2000;
Lippmann, 2007; U.S. EPA, 2004). Particles with diameter between 2.5 and 10 pm can enter
the lungs, however, those with diameter less than or equal to 2.5 can reach the alveolus and
enter directly into the bloodstream, causing consequences like light discomfort, allergic
reactions, sinusitis, pulmonary infection and aggravate asthma.

Bioaerosol size particles can vary from 0.1 pm or less for viruses, to approximately 1 pm for
simple bacteria; even though, in some cases, can be formed conglomeration of about 50 pm
in diameter (Eduard, 2003; Wickman, 1994).

In other hand, several authors have remarked the importance of studying the propagation
mechanism of animal epidemics like foot-and-mouth disease (FMD), one of the most
important animal diseases (Casal et al., 1995-1997; Donaldson & Alexandersen, 2002;
Donaldson et al., 2001; Thompson et al., 2002).

It is well known that bioaerosol multiplication and survival as well as downwind levels
concentrations strongly depend on meteorological conditions like wind intensity, wind
direction, temperature, humidity, and atmospheric stability, which are uncertain and
specific of the place under study.

Airborne virus concentrations in FMD epidemic cases (Hampshire & Worcestershire - 1997)
as well as micro-organism dispersion in rubbish dump, transference sites and municipal
wastewater treatment plants, have been estimated using Gaussian models (Garner &
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Beckett, 2005a; Gloster et al., 2010; Karra & Katsivela, 2007; Mikkelsen et al., 2003; Pascual et
al., 2003; Sorensen et al., 2000). In many works algorithms developed for consequences
analysis (gas diffusion) have been modified and used for bioaerosols diffusion simulations
(Casal et al., 1995; Garner et al., 2005b; Holmes & Morawska, 2006; Sorensen et al., 2000).
Consequently, it is very important for managers to provide useful information about those
activities that can potentially generate bioaerosols, considering the meteorological influence
in the prediction of impacted areas.

So, in this chapter a methodology that takes into account the stochastic behaviour of
atmospheric variables, which was successfully used for toxic gas release risk assessment, is
adapted for the analysis of micro-organism spread.

Bacteria and fungi concentration distribution from a waste water treatment plant and the
foot-and-mouth disease spread from an infected farm, are presented as study cases from this
point of view, in a specific region of Argentine.

2. Dispersion models

2.1 Virus

The Gaussian model is recognized to be appropriate to estimate aerosols concentration
consisting of particles of less than about 20 pm in diameter, released from a continuous
point source (Sellers & Parker, 1969). In this size ranges, particles have the same behaviour
as the gas which drags it, and the effect of atmospheric turbulence is more important than
the gravitational deposition.

Also, considering the low virus concentration emitted from the source, it is accepted that the
exhaled air has the same density as air does.

So, the basic equation of the Gaussian plume for a continuous emission placed at a height
(h), following a two-dimension dispersion model is used. Reflection and thermal inversion
are not considered. On the other hand, the chemical formation or aerosol dynamics
(nucleation, coagulation, condensation, etc.) to evaluate particle processes occurring within
the plumes are not modelled. Also, it is supposed that emission takes place on open plain
areas not including the effect of obstacles such as mountains, trees or buildings which can
cause a plume deviation, turbulence and dilution of the particle concentration.

So, according to these assumptions, the more important input parameters affecting
pollutants dispersion are temperature, wind velocity, stability class, mixing height,
horizontal and vertical dispersion parameters as well as seasonal variation. Frequency
distributions of wind velocity, wind direction and stability class are included in the input
files. Mixing height is computed as a function of the other meteorological parameters. The
average concentration (given as IDsp!/m?3) at each point is given by means of the following
equation:

— 2 _ Y
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Where
C= Average infection dose at point x, y, z (IDso/ m3)

11Dso (Infectious Dose 50%): the dose of a pathogen that will infect 50% of the population.
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Q = Emission rate (IDso/s)

h = Emission source height (m)

oy, 0= Dispersion coefficients (m)

x = Downwind distance from the source (m).

u = Wind speed (m/s).

The FMD emission rate is calculated considering a certain flow rate of exhaled air containing
a given concentration of virus which depends on the different virus strain, species and the
date and period of time of the infection (Casal et al., 1995; Donaldson et al., 2002; Kitching et
al., 2005).

2.2 Bacteria

It is accepted that simple bacteria size range vary between 0.2 pm y 10 pm (Wickman, 1994)
and for fungi spore between 4 um y 20 pm. It is accepted that under this conditions,
downwind concentration can be modelled through a Gaussian model, introducing a
lethality factor or micro-organism death rate, to consider the bacteria viability.

Some works present experimental measurement of this factor (Lighthart & Frisch, 1976;
Pascual et al., 2003; Santos Burgoa et al., 1992). Although the environmental conditions
under micro-organism which are exposed in the “real world” are different from lab
conditions (due to the atmospheric dynamic), these values are a good approximation of the
lethality factors. So, atmospheric bacteria and fungi dispersion, for a point source and fixed
meteorological conditions can be evaluated by means of the following equation:

= Q AT N G
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C= Average concentration at point x, y, z (CFU2/m3)
Q = Emission rate (CFU/s)
h, 0y, 0;, u and x have the same meaning as in equation (1)
f= Lethality or death rate factor (s).
For fungi particles, due to their major size, it must be considered particle deposition effects
introducing the Stokes settling velocity (IV,), according to the following expression:
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When considering a background bioaerosol concentration, Cp the total bioaerosol
concentration Cp can be obtained as:

C,=C+C, @

2 CFU (Colony-forming unit): the number of viable bacterial cells in a sample per ml.
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3. Stochastic concentration levels and impact distances calculation
methodology

3.1 Concentration distribution calculation

As previously stated, a Gaussian-type dispersion model is used to carry out simulations
considering bioaerosol emission rate, release concentration and ground roughness as
deterministic inputs. In addition, some atmospheric parameters within the model are
considered by frequency distributions using a Monte Carlo strategy. In this way, a number
of random scenarios are generated.

For fungi dispersion, the settling velocity is calculated as function of the scenario
characteristics (particle diameter ranges, Reynolds number, spreading coefficients, etc.)

The proposed methodology is based on a simple representation of emitters and receptors (a
squared grid) according to Godoy et al., 2007, 2010 and Scenna & Santa Cruz, 2005.

Every potential receptor is supposed to be placed in the geometrical centre of each grid
square represented by the (X Yx) coordinates. Considering random scenarios, the expected
micro-organism concentration at ground-level is calculated at every grid point (or receptor)
applying the appropriate dispersion model (Eq. (1) to (3)). As a result, the approximation to
the output concentration distribution or the critical concentrations levels (those exceeding
the lethal/infectious threshold), are computed at each given grid point according to the
input data distributions and the assumed specified (seasonal, annual, or other) time horizon.
According to Eq. (4), a background concentration level (given by either a distribution or a
single value) can be used if it is available.

Then, a map concentration identifying bioaerosol levels and critical areas (with potential
health problems) can be plotted. Representative concentration values at each receptor
Ri(X;Yx) can be computed by taking the 90-percentile value of the concentration
distribution.

Finally, using the same strategy, area sources are modelled as multiple point sources.
Summarizing, Fig. 1 shows the general implemented computational strategy which can be
concise in the flowchart and presents the three basic modules the computational package
STRRAP (Godoy et al., 2007, 2010; Scenna & Santa Cruz, 2005) has:

1. The pre-processor

2. The processor

3. The post-processor

The pre-processor module is in charge of the input file generation for the dispersion model.
It reads the emission data included within a pattern file (micro-organism characteristics,
emission rates, meteorological data, etc.) and then generates the random variable values.
That is, it writes a file to be used by the processor or calculus module. After the time horizon
(a season or the whole year) and the day or night condition are fixed, the values of the
random variables (wind direction, wind velocity and atmospheric stability) are determined.
Then, the processor module (using the appropriate dispersion model) computes the
downwind bioaerosol concentration according to each trial previously defined by the pre-
processor module.

The post-processor module stores and manages all trial results in the database and displays
graphic results (for example, bioaerosol concentration and frequency maps, as well as
affected zones).
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Processor

Calculate settling velocity if it necessry. Select
Dispersion coefficients.

Pre-processor

Calculate for each given trial, the

Define the emission concentration at each receptor point.

characteristics and
deterministic parameters.
Input metheorological file.

Define a grid for the region under
study. Each rectangle is
represented by the coordinate of its
center. Define the emitters
coordinates.

Define the number of trials to be run.

Generate the random input sets
(wind velocity and direction,
atmospheric stability) and store it for
each trial (Monte Carlo).

All receptor are
analysed?

All micro-organism
MO) are simulated?

Store for each receptor the concentration values.

|

Compute the total concentration
distribution at each receptor.

Compute the MO concentration map. :
Compute the MO frequency map. |
Calculate impact distances. I
Establish affected zones. | |

Post-processor

Fig. 1. System Calculus Steps

3.2 Statistically weighted impact distance definition

Considering the concentration distributions at each defined receptor point as explained in
Section 3.1, and the micro-organism unhealthy concentration levels, we can determine the
zones around the source where these critical concentrations levels are exceeded. For
receptors where the limit concentration is exceeded, the distance between each affected
receptor and the emission point/s can be computed. As a result, a distance frequency
distribution is achieved.

In this way, we can calculate a statistically weighted impact distance (RI) by taking, for
example, the maximum, or the 90 percentile as representative impact distance values. The
unhealthy or critical area is defined here as a circle of radius RI (see Fig. 2). In fact, every
receptor placed at a distance longer than RI can practically be considered as not affected.
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Fig. 2. Impact distance definition

4. Study cases

4.1 Bacteria, coliform and fungi dispersion

Different stages in effluent treatment plants are important bioaerosols sources (Cannon,
1983; Kenline & Scarpino 1972; Napolitano & Rowe, 1966); particularly, the aeration
chambers at municipal waste water treatment plants (Brandi et al., 2000). So, bioaerosol
emission from a sewage treatment plant near the city of Rosario is presented as a study case.
The major potential pathogen micro-organism to study here are bacteria, total fungi, total
coliforms, enterococcus and staphylococcus. Sometimes, gram-negative bacteria are studied.
It is known that bioaerosols are subjected to certain conditions which can inhibit their
biological activity (solar radiation, humidity, etc.), but some of them can survive in the
unfavourable environmental conditions (Jones & Harrison, 2007; Karra & Katsivela, 2007,
Korzeniewska et al., 2009). Mean temperature, pressure and humidity for the region under
study are included in the input files. Indeed, wind velocity; wind direction and stability
class distributions must be provided for this zone. Data collected over the last ten years are
used in this work to obtain the histograms for each stochastic parameter. So, probability
density functions which take into account the variability of the local meteorological
conditions are used. As the local relative humidity is always higher than 75% in the selected
time horizon, it is assumed a high bacteria survival. Also it is accepted that fungi are
resistant to very low relative humidity. So, it is adopted a mean death rate factor of 5 x10 -5
micro-organism/s for all species (Barth, E., 2006; Brandi et al., 2000; Karra & Katsivela, 2007;
Santos Burgoa et al., 1992). Although this is a very important factor in the downwind
bioaerosol level concentration determination, there is a great uncertainty on experimental
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data due to the lack of exhaustive studies considering different species and environmental
parameters (Lighthart & Frisch, 1976; Lighthart et al. 1995).

Emission flowrates are taken from literature (Karra & Katsivela, 2007). Currently there are
some uncertainties in this parameter but it is important to note that some expressions were
exposed to reduce it (Swan et al., 2003). Background concentration for Salmonella, Coliforms
and Aspergillus fumigatus are taken from Barth, 2006. The adopted density (Kg/m?3) and
particle diameter (um) (Deacon et al., 2009) for fungi settling velocity calculation are shown
in figure 5.

Here the health criteria values suggested by NIOSH, 1994 are adopted as shown in Table 1.

Micro-organism Flowrate Background Conc. Health criteria
(CFU /5s) (CFU /m3) (CFU /m3)
Total Bacteria 19106 10 103
Total Coliforms 2.010¢ 5 103
Fungi 2,510¢ 2,1 103

Table 1. Simulation Parameters

Figures 3 to 5 summarize all input parameters to the model, according to the software input
windows.
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After all simulations are performed (Monte Carlo method), assuming open plain areas,
bioaerosol concentration distributions are obtained. Figures 6 to 8 show the estimated
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colony-forming unit (CFU) maps of the evaluated species and their corresponding impact
distances (RI). These were computed taking the 90 percentile of distance distributions as was

explained in Section 3.2.
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For bacteria, every receptor placed at a distance longer than 127.475 m can practically be
considered as not affected. For coliforms and fungi, the receptors in a radius of 16.28 m and
126.75 m, respectively, could be seriously affected.

4.2 Virus dispersion

In this section we consider a hypothetical infected farm placed near Rosario city. The
number of animals at the source, the virus strain and species affected have significant effect
on the distance that virus can travel and still be infectious. Here it is supposed that there are
50 infected pigs with the FMD C Noville strain (Sorensen et al., 2000). The emission flowrate of
FMD is calculated considering certain exhaled air flow by each infected animal with a given
virus concentration while infection occurs. The adopted infectious units and respiratory rates
for common farm animal are taken from literature as summarized in Table 2.

Here we define the impact zones considering the critical infection dose, which is capable to
cause the infection on half of the sheep population of a neighbouring farm, because it is well
known that sheep are the more vulnerable species (Kitching, 2005; Donaldson, 2002).

Source Flow of infectious units (IDs¢/min) Respiratory rate (1t/min)
Pig 4 x103 25

Cattle 85 100

Sheep 66 10

Table 2. Emission rate of FMD virus for common farm animals (Taken from Casal et al., 1995)

Table 3 shows the rest of simulation parameters required to define the model input files
completely
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Emission flowrate (IDso/s) 3,333
Min. Concentration required to cause infection in sheep (IDso/ m3) 6x102
Number of simulation 2,000

Table 3. Simulation Parameters

After all simulations are performed (Monte Carlo method), virus concentration distributions
around the infection source are computed as explained in previous Sections, considering
critical concentration. So, the calculated impact distance value (90-percentile) is 3,005.2 m.
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Fig. 9. Concentration map and impact distance (RI) for FMD

5. Conclusion

A methodology to compute stochastic air micro-organism concentration and impact
distances due to bioaerosols emission from different sources is presented. The emission of
bacteria and fungi at a sewage treatment plant, and an outbreak of FMD virus at a
hypothetical infected farm are studied. The model considers variability of meteorological
conditions. If micro-organism death rate factor as a function of temperature and relative
humidity were available, it would be included in the different scenarios generation. In both
cases map concentration and impact distances are obtained.

It is important to note that uncertainty was found in some data reported in the literature,
such as the excretion rate, the infectious dose of different species and death rate factor,
critical for an accurate prediction.

Furthermore, it must be remarked that only atmospheric transport mechanism were
considered. Other complex physicochemical mechanism involved can affect the estimations
significantly. Also, in FMD virus spread the movement of animals, people and articles may
increase the infected area determined by this methodology.
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Despite of the fact that bioaerosols threshold levels are a complex topic and nowadays is
under discussion, it is very important to develop tools capable of predicting stochastic
bioaerosol level dispersion and to determine the affected zones, with the aim of avoiding
environmental and health population risks.
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1. Introduction

Dust generation and its dispersion has been the major concern in ambient air quality in
deep cavities such as open cast mines. Major mining activities in deep open pit coal mines
range from exploration to the processing of end product that primarily contribute
particulate matter (PM), dominantly PMy leading to the problem of air pollution and
related health hazards (Falk and Jurgelski, 1979; Pless-Mulloli et al, 2000). As a result, the
simulation of dispersion characteristics within the deep open pit coal mines becomes
essential to analyze the complex wind flow patterns that significantly affect the dispersion
of PMyo. The dispersion equations developed within the deep pit boundary provide a
reasonable accurate estimate of PMjg dispersion within the near field region of the deep
open pit coal mines (Silvester et al, 2009). The fundamental equations of continuity and
momentum describe the in pit dispersion mechanisms within the atmospheric boundary
layer (ABL). In addition, the meteorological conditions within the deep open pit coal mine
are significantly affected by temperature (stability) and roughness conditions which
ultimately generate complex dispersion phenomenon including separation of atmospheric
boundary layer, recirculation, resuspension and settling of PMyo (Bitkolov, 1969; Grainger
and Merony, 1993). However, the in-field measurements of PMjo within the deep open pit
coal mines are constrained by safety regulations, complex geometry of the pit,
uncontrolled wind flows and different operation types that make it extremely difficult to
carry out monitoring of the PMjo conventionally (Roy et al, 2011). Further, the simulation
of dispersion characteristics using the fundamental governing equations may require
modifications to incorporate the in pit microclimatic effects on the flow regimes (Markov
et al, 1978; Aloyan et al, 1982). Therefore, it is essential to analyze and evaluate micro-
climatic parameters including the wind turbulence and shear in order to simulate the
dispersion of PMjg (Turner, 1994). This chapter presents a comprehensive description of
the dispersion mechanisms in the deep open pit coal mines considering the topographic,
thermal and meteorological factors.

2. Dispersion mechanism in deep open pit coal mine

Dispersion mechanisms consist of diffusion and advection processes. The atmospheric
motions transport and diffuse the pollutants that are released from sources. Richardson (1926)
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has investigated the dispersion characteristics by using tracers. The fundamental scaling and
power laws have been studied by Taylor (1921) and Roberts (1923). The temporal and
spatial scales of motion serve to disperse pollutants in the atmosphere by mixing and thus
lowering the ambient pollutant concentrations (Turner, 1994). Mikkelson (2003) and Hanna
et al (1982) have discussed various aspects of dispersion and associated parameters that are
primarily influenced by source dimensions, buoyancy and momentum of the release,
roughness and surrounding topography, atmospheric stability and large scale differential
heating. In case of PMyy its dispersion is additionally affected by intertial and dynamic
forces acting on the particulates acting on them. Open cast coal mining involves various
operations e.g overburden removal, drilling, blasting, mineral loading, haulage and
unloading that generate particulates due to various mechanisms. It has been observed that
out of total particulates generated, the PMjg constitute one-third to half (Ghose & Majee,
2007; Trivedi et al, 2009). The operations and their contribution to the generation of the
particulates have been listed in table 1.

Operation K oéepr?er:;izéates
Overburden removal 7%
Top soil removal 1%
Coal processing 72%
Coal extraction 3%
Wind erosion 17%

Table 1. Contribution of operations to the particulate generation (Ghose & Majee, 1998)

3. Flow dynamics in deep open pit coal mines

The flow in the deep pit coal mine is a special case of a deep cavity flow where shear
stresses are dominant (Tani et al, 1961; Chang, 1970). It depends significantly upon the state
of the boundary layer ahead of the cavity, pressure and forces due to the flow. Sometimes,
vortices are formed in the cavities due to the deflection of part of the separated boundary
layer. Cavities are generally classified according to their length to depth (L/D) and length
to width (L/W) ratios, respectively. A cavity is deep, if L/D <1 ; and shallow, if L/D > 1;
two dimensional if L/W <1 ; and three dimensional if L/W>1 (Larcheveque et al, 2003). The
cavity flows are further classified into open type (L/D <10) and closed type (L/D>13)
according to the aspect ratio. In the closed type cavity, the shear layer generated at the
leading edge collides with the cavity floor. The layer is reflected from the floor forming the
expansion waves and the flow escapes the trailing edge. Therefore, two small separate zones
are formed in the cavity. In the open type cavity, the free stream shear layer is reattached to
the trailing edge and divides the flow into internal and external flow (Woo et al, 2008). Table
2 describes different types of cavities and their characteristics.
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Sl

Property

shear layer flow

Shallow Intermediate Deep
no /parameter
Recompression Not . Decreases with
! layer Investigated Not Investigated increased L/D ratio
Bridges the cavity
5 Boundary layer Not and has little influence
and its influence . Not Investigated over the cavity flow
Investigated
parameters
3 Redevelopment | Redevelopment | Redevelopment is Redevelopment is
length is small maximum small
Variation of
4 coefficient of Low Maximum Low
pressure
5 Bour}dary.layer More Less More
thickening
6 Free shear layer Lsfss’t:;lzz?eg;y More strongly Less strongly
flow distributed distributed
7 Drag Coefficient High Medium Low
8 Flow type unsteady Not Investigated Dead/laminar
9 Flow Ofclzlcl);so?r;}:il : Not Investigated Oceurs on the rear
reattachment . & shoulder of the cavity
cavity
10 Reynolds Large Medium Small
number
11 Velocity Large Medium Small
12 Skin friction Large Medium Small
Constant in the
middeand gty
13 Base pressure and then Not Investigated & .
. and rear portions
increases
Three
14 | dimensionality of Slightly Strongly Slightly

Table 2. Types of cavities and their characteristics (Chowdhary, 1977)
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3.1 The cavity regions

The cavity region contains different zones where the boundary layer undergoes various
changes (Figure 1). The Upstream zone comprises the developing boundary layer zone which
is upstream of the front corner of the notch with a finite approaching boundary layer.
Expansion zone is a small zone just downstream of the separation corner where the pressure
falls to the base pressure level. In this zone, the inner 10-15% of the approaching boundary
layer adjusts rapidly to expansion at the separation corner and forms a new viscous sublayer
slightly below the separation corner. Mixing zone is in the initial part of the free shear layer.
The flow is similar to a separated jet type wake and lies between the isoenergic free stream
flow and the dividing stream line. This intermediate buffer zone acts as a coupling between
the outer free stream flow and the inner dissipative flow and brings about the transport of
mass and momentum from the former to the latter. The pressure is nearly constant in this
zone. This region is associated with large velocity gradients and substantial viscous activity.
After the constant pressure mixing region, the shear layer negotiates the pressure rise which
continues up to the reattachment point where a apart of the shear layer gets reversed and
forms a recirculating cavity flow. The recirculating cavity flow lies between the separation
point and the reattachment point, having a low Reynolds number and a constant static
pressure. This zone is called as compression zone. This recirculating cavity flow has also been
termed as separation wake. After the reattachment point, the shear layer negotiates the
further pressure rise which continues upto the free stream value. This is called as the
recompression zone. The flow in the ramp corner as well as in the recompression zone is
assumed to be isentropic and invicid. Further, the recompression zone entrains an unsteady
vertical flow, which is known as the recompression wake. After the recompression region the
flow forms a new uniform stream with a redeveloping zone which becomes fully developed at
some distance downstream. Various factors affecting the flow dynamics in the case of deep
open pit coal mines have been discussed in subsequent sections.
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Fig. 1. Cavity flow field operating in open configuration (solid line) and closed configuration
(dotted line). Source: Lazar et al, 2008
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3.1.1 Topographic factors

The open pit coal mine topography is mostly rugged and uneven. In general, it is a few
kilometers wide and more than 50 m deep. In the case of deep open pits, the depth may be
as high as 300-400 meters. The complexity arises due to the presence of overburden dumps,
construction of access roads and blasting activities. The topography affects the dispersion of
pollutants due to changes in the mean flow (Castro & Apsley, 1997). It also affects the
trajectory of the wind that channels and confine the plume dispersion and also causes flow
re-circulations within the pit (Shi et al, 2000; Appleton et al, 2006).

3.1.1.1 Slopes & benches

Slopes facilitate an easy penetration of the wind because the shape of the pit guides the
wind flow (Grainger & Merony, 1993; Peng & Lu, 1995). Besides, the slopes play a major role
in the reduction of the size of the primary eddies (Mcquain et al, 1994). The presense of
slopes also result in increase in the wind speed (Figure 2). Additionally, the faces and
elevation of the benches cause the local deflection of the plume affecting the direction of the
dispersion (Figure 3). Moreover, the presence of corners enable the particulate matter to get
confined to a particular region within the deep open pit till they reach a particular height
where the effect of topography gets diminished and plume expansion is observed. This is
called the venturi effect (Appleton et al, 2006). The sloping terrain may result in katabatic and
anabatic flows (i.e drainage of air down or uphill sides in response to changing vertical
temperature profiles). Further, the terrain elevation may either restrict or exacerbate aereal
dispersion when the lower boundary layer heights confine the particulate plume closer to
the terrain surface.
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Fig. 2. Wind speed due to the presence of slopes (Ngo and Lechford, 2008)
3.1.1.2 The depth of the open pit coal mine

When the depth of a mining pit is increased, an open air space with characteristic properties
under extreme physical conditions is created (Baklonov, 1986). Under such conditions, the
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depth of the open pit affects the penetration angle a, which is defined as the angle of the
shear interface line defining the boundary between the penetration of the external ABL
velocity profile and the induced leeward in pit recirculation zone (Figure 4). Further, the
depth has a significant effect on the air flow patterns within the mine. In case of shallow
pits, air flow expands gradually, without any gap in mine area. There is a little compression
of flow line on outlet area due-to action of flow inertia. In case of medium depth mines,
fluid vortex has shape of flattened ellipse whose height and width differ significantly.

Fig. 3. Effect of local deflection on the dispersion of particulate plume (Appleton et al, 2006)
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The viscous forces, pressure gradients and turbulence friction act as driving mechanisms
(Figure 5). Close to leeward side, there is detached point area of thickened boundary layer.
In windward side zone, there is flow connection point zone, near which part of flow turns
back in detached vortex zone and part moves up and toward exit from zone (Markov et al,
1978). Moreover, for the same incoming airflow and the same slope angle, the mechanical
forcing and turbulence increase with increase in the depth, which will result in or strengthen
the reverse airflow and the recirculation (Shi et al, 2000).

Atmospheric Boundary Layer (ABL)

K_

Shear Flow Penetration R

nf ABL into pit opening
5 —

Leeward Recirculation Flow Zone

\
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Fig. 4. Penetration angle a in deep open pit mines (Peng and Lu, 1995)
3.1.1.3 Width and breadth of deep open pit coal mine

The width and breadth of the coal mine affects the rate of cooling in the mine, which is
defined in terms of terrain amplification factor (TAF) (Equation 1).

TAF=3W;B1/ [W1B1 + W2B, + (W1B1W2By)1/2] @

where W;, width of the mine at the top,
By, breadth of the mine at the top,

W,, width of the mine at the bottom and
B,, breadth of the mine at the bottom.

3.1.1.4 Aspect ratio

The aspect ratio decides whether the air outside the pit intrudes into the pit or not.
Recirculation zones are formed based on the aspect ratio of the pit (Figure 6). The formation
of the secondary vortex has been observed as the aspect ratio increases. It is due to the fact
that the penetration of the external boundary layer in to the cavity acts as a driving force for
the formation of the secondary vortex.
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Fig. 5. Vector fields of speed of steady-state flow processes in the deep open pit mines
(Markov et al, 1978).

3.1.1.5 Effect of overburden dumps

Baklonov and Regina (1998) has investigated the effect of overburden dumps on dispersion
and observed that the velocity increases as the wind passes through the dump from bottom
to the top. Further, if the dump is located at the upwind side, it alters the wind flow and
turbulence characteristics from those measured at the nearest meteorological station. The
rough terrain changes the wind speed directions and turbulence characteristics and enhance
mixing in the air stream (Kirchgessner et al, 1993). Huertas (2009) has observed the effect of
deposition by altering the area of dumps which shows that the retention of particulates is
dependent on the volume and the area of the overburden.
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Fig. 6. Effect of aspect ratio on the flow (Kang & Sung, 2009)

3.1.2 Meteorological effects
3.1.2.1 Wind speed & direction

It is observed that the wind speed is positively correlated and reduced to three fourth after
entering into the pit (USEPA, 1985). The higher wind speeds attribute to the lesser
deposition fluxes and lesser concentrations of particulates due to the elongation of the
particle plumes generated inside the pit. Further, higher wind speeds cause an elongation of
particulate plume and a reduction in the airborne concentration and deposition flux
gradients observed near source (Appleton et al, 2006). The wind direction inside and outside
the pit are not positively co- related. The wind direction displaces the air to a particular
direction, thus causing thermal inhomogeneities within the open pit mine. The standard
deviations of vertical and horizontal wind directions enable the prediction of the deviation
of the wind from its original direction. It has been found that the wind direction changes by
an angle of 60° with respect to the direction at the surface (USEPA, 1985).

3.1.2.2 Stability

The stability affects the flow in the mine by influencing the vertical motion. It is observed
that stable atmosphere suppresses the vertical motion of the pollutants resulting into
deposition of pollutants. However, for unstable and neutral conditions, the escape fraction
of the particulates has been found to be more. Under the effect of stratification, the flows in a
pit are expected to be similar to the night time flows occurring in the mountains due to the
accumulation of cold air and nocturnal cooling (Grainger & Merony, 1993). Further, the
inversion depth and strength tend to be stronger than those found over valleys or flat terrain
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(Maki et al, 1986). Grainger & Merony (1993) have observed that inversion effects are more
predominant in pits rather than on flat terrains. The occurrence of the inversion in the pit
depends upon the Froude number (Fr), which is independent of the pit geometry. Further, it
has been found that the coal pit dispersion under stably-stratified conditions is dominated
by the buoyancy-inertia forces (Equation 2).

@)

gh(gh —90) e
0

Pr:llh{

where,
6, , is the air temperature at the ridge top

8o , is the air temperature at the valley floor

If Fr > 1.6, then inversion is swept away;

If 1.3 < Fr < 1.6, the air in the basin is coupled to the air above the basin;

and if Fr <1.3, the air is totally decoupled

Further, the dispersion is dependent on the pasquill stability classes (Table 3).

Stability class Effects on dispersion in the coal mines
A (2), (3), (4)
B (2).0), (4)
c (2), (4)
D (2)
E 1), 2). 3). )
F 1), B). (5)
G 1), B). )

Table 3. Factors affecting dispersion for different stability classes

Where,

Aids dispersion if terrain is flat and restricts dispersion if the terrain is rising

Impact by particulate deposition

Impact by airborne particulates

Higher values of Surface heat flux aids dispersion due to the generation of upward air
currents

5. Lower values of surface heat flux restricts aerial dispersion

Ll Y

3.1.3 Thermal effects

The combined action of the mechanical shear of the ABL across the surface opening and the
thermal buoyancy forces produce the air flow by the differential heating in the pit surface
(Silvester et al, 2009). Solar energy controls the physical processes of the atmosphere
through the mediation of the surface. Open pit mining modifies the ground surface material
composition, structure, cover, morphology, colour which affects the meteorological
processes and also affects the partitioning of the incoming solar radiation into sensible and
latent heat fluxes which affects the amount of solar radiation that is scattered back to the
space. The airspace of a mine pit tends to warm up rapidly when insolation is intense, while
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cold air tends to accumulate in it when insolation is low or missing (Loska, 2007). More over
the solar radiation has different effects during different seasons, which affects the total
amount of air heated in the open pit mine (Figure 7). Further, the solar radiation influences
many physical processes. The physical processes and their interactions form chains of
interactions, which are highly dependent on the type of the terrains and surrounding
conditions, like radiation (Figure 8).

3.1.3.1 Thermal inhomogenities

Due to the combined effect of nonuniform horizontal temperature field and the wind

direction, thermal inhomogenities are created in the deep open pit. With an active influx of

solar radiation, the effect of thermal forces is manifested not only as the component of the

resulting wind velocity, but also affects the stability within the deep open pit. The

inhomogenities can be classified into four types

1. With increasing depth, the air temperature rises by a value greater than the adiabatic
temperature gradient

2. The air temperature increases with depth

3. The air temperature remains constant with depth

4. The air temperature decreases with depth

Thus two main types of stratification exist within the deep open pit space: unstable (Ist type)

and stable (2nd, 3rd, and 4th types), which may be present in single form or as combinations

(Bitkolov, 1969).

L=

Mine Pit
'
Radiation
during winter
Mine Pit

Fig. 7. Effect of solar radiation during winter and summer in the mine pit
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4. Modelling the flow in open pit coal mines

Dispersion uses mathematical equations describing the atmosphere along with chemical and
physical processes to estimate and predict concentrations at various locations. Dispersion
models for predicting particulate concentrations have been discussed by Mikkelson (2003),
Reed (2005) and Holmes & Morwska (2006). The conventional models of dispersion for the
plane terrain retain flow stationarity and horizontal uniformity hypothesis. As a result, they
are no longer valid when the open pit terrain complexity produces mesoscale and local scale
circulations. Most of the conventional models employ the hydrostatic approximation which
neglects the vertical acceleration versus the pressure gradient and the gravitational terms.
This implies that the vertical scale of motion is smaller than the horizontal scale. This
applicability of the hydrostatic approximation depends not only on the geometry of the
wind, but also on the vertical stability. Hence the non-hydrostatic multiscale approach is
preferred. Penenko & Aloyan (1976) have proposed a three-dimensional non stationary
model for mesoscale boundary layer of atmosphere. The model includes the effects of
horizontal gradients of potential temperatures, stratification parameters and vertical and
horizontal turbulence factors. Later, a two dimensional model has been proposed by
improving this model to allow considering substantial two-dimensional effects of flow in
the deep open pit coal mines having complex geometry (Markov et al, 1978). Further,
Aloyan et al (1982) have used a fictious region method in which the equations are generated
in a rectangular cartesian coordinate system. The model has helped in simulation of the
winds in a quarry under various thermal conditions (stable, unstable and equilibrium
stratifications) and investigating the effects of the external wind on the temperature
inversion. The model describes the flow in deep open pit coal mines and helps analyzing
influence of their geometric parameters by detailed consideration of characteristics of
impurity sources. Later, these mathematical models describing the dynamics of the
atmosphere in the deep open pits have been combined with the system for calculating the
thermal and radiational balance on the surface (Baklonov, 1984). Baklonov (1986) has also
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established a thermodynamic model for the deep open pit ventilation systems. The model
simulates the diurnal changes that take place during the differential solar heating of the
surface during the day and the release of this energy during the evening. Further, Baklanov
(1995) has presented the results of a series of numerical modeling case studies that consider
the pollutant dispersion within naturally ventilated deep open pits, for a range of different
external wind speeds and directions, internal thermal stratifications, recirculation flow
regimes and the interaction of local open pit thermal circulations with the external
atmospheric flow field. In a later study, a high-resolution, non-hydrostatic and three
dimensional PBL model for characterizing the flow in the open mine has been developed by
Shi et al (2000). The classical 2-D Navier-Stokes equation and a 0-D bond-graph model have
been used to investigate the flow dynamics of the mines by discussing the interconnections,
nonlinearities and turbulence. The 0-D model efficiently provides for a fast and
representative global model for the mine ventilation problem (Witrant et al, 2008). Table 4
summarizes the various studies conducted on open pit mines.

4.1 The model and its features

The governing equations which serve the basis of modeling the deep open pit mines have
been described (Markov et al, 1978). Equations 3-6 include non stationary hydrodynamic
equations of Navier-Stokes, continuity equation for incompressible fluid and equation for
carryover of impurity concentration in plane cartesian system of coordinates.

a—u-ra—wzo 3)
ox 0Oz
ot Ox 0z O0x Re |ox\ 0x) 0z\ oz
a—w+ua—w+wa—w:—@+i 0 [ka—w)+£[ka—wj ®)
ot Ox 0z 0z Re, |0x\ ox) 0z\ o0z
L — ﬁ[k@}ﬁ(k@j ©)
ot  0Ox 0z PryRe, | ox\ ox) 0z\ 0z

where,

u, w - projection of velocity vectors on horizontal and vertical directions (m/sec);
p - deviation of pressure from hydrostatic (Kpa);

¢ - specific volumetric concentration of impurities (g/m?3);

k - turbulent kinematic viscosity factor (kg/m/s);

Ls- characteristic longitudinal dimension of upper section of the mine(m);

Rer = Lgu,, / k,,, Reynold’s turbulence number;

Prg= k/ke, Prandtl’s diffusion number, which characterizes ratio between turbulence
viscosity factor k and diffusion factor k..

For the values LB/ u,, u,, p,u*, and k, , the subscript o characterizes the parameters
of incident flow.

This model overcomes the limitations of the single dimensional models, which does not
allow considering substantial two-dimensional effects of flow in open pit coal mines having



94 Air Quality - Models and Applications

complex geometry of surface. This approach helps in solving wide range of problems
concerning natural air exchange. The model describes dispersion in deep open coal mines
and helps analyzing influence of their geometric parameters on natural air exchange, by
considering pollutant characteristics. Thus, the model with sufficient practical accuracy
describes the natural ventilation process and can be useful for calculation of flows in deep
open pit coal mines.

4.2 The model limitations

The present model has no provision for considering the effects of settling of the particles.
Moreover, it does not consider: stability (temperature effect)/ buoyancy effects that govern
the dispersion of PM within the mine boundary. The model can be modified to incorporate
the effects of the buoyancy interms of the temperature difference (Equation 5). Due to the
temperature difference existing between the two vertical layers of the atmosphere within the
mine, the buoyant force may rise the particle vertically (Grainger & Merony, 1993).
Moreover, the temperature equation (Equation 6) can be modified to incorporate the effect
of the vertical temperature gradient and the existing temperature gradient. These limitations
are presently being addressed as Ph.D problem in Civil Engineering Department at IIT Delhi
(Chinthala, 2010).

AQ model/ Technique Type Reference

3-D Non Hydrostatic Model Numerical | Gresho et al (1976)
Non Stationary N-S model Numerical | Markov et al (1978)
3-D Non Stationary Model Numerical | Aloyan et al (1982)
Cole and Fabrick Box model | Cole & Fabrick (1984)
2-D Hydrostatic Model Numerical | Herwehe (1984)

ISC3 Gaussian USEPA (1995¢)

Wind Tunnel Physical Peng & Lu (1995)

K-e hydrodynamic model Numerical | Fomin (1996)

Wind Tunnel Physical Shi et al (2000)

Wind Tunnel Physical Grainger & Merony (2003)
Fabrick Gaussian Reed (2005)

Gelekin Gaussian Reed (2005)

Herwere Eulerian Reed (2005)
Kalgoorlie Unknown | Reed (2005)
PerieraSoares&Branquinho Gaussian Reed (2005)

Winges Gaussian Reed (2005)

2-D Non Hydrostatic model Numerical | Kharytonov et al (2005)
ADMS Gaussian Appleton et al (2006)
RANS Numerical | Bodnor et al (2008)
CFD Numerical | Silvester et al (2009)
k-e model Numerical | Kakosimos et al (2011)

Table 4. Modelling studies on open pit mines
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5. Conclusions

Simulating the dispersion in deep open pit coal mines is an effective tool to give advanced
warning of potential emission problems and providing the basis for future planning
applications. The meteorological conditions within an open pit coal mine are significantly
affected by temperature (stability) and roughness conditions that generate complex fluid
flows phenomenon e.g. separation of atmospheric boundary layer, recirculation,
resuspension and settling of particulates. The complex geometry, uncontrolled wind flows
and different operations taken place within the deep open pit coal mines, makes it extremely
difficult to measure the particulates. Therefore, an appropriate mathematical model is
needed which may predict the complex processes in the near field regions of the deep open
pit coal mines effectively. The fundamental understanding of the microclimate that is
created in the deep open pit mine due to influence of the external ABL and the contributions
of the mechanical and thermal forces present, can be achieved by developing a dynamic
numerical based inverse hill model to investigate the complex wind flows and dispersion
mechanisms.
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1. Introduction

Continuous development and increase of population in the urban areas, a series of problems
related to environment such as deforestation, release of toxic materials, solid waste
disposals, air pollution and many more, have attracted attention much greater than ever
before. The problem of air pollution in cities has become so severe that there is a need for
timely information about changes in the pollution level. The air pollution dispersion is a
complex problem. It covers the pollutant transport and diffusion in the atmosphere. The
pollutant dispersion in the atmosphere depends on pollutant features, meteorological,
emission and terrain conditions. Physical and mathematical models are developed to
describe the air pollution dispersion. Physical models are small scale representations of the
atmospheric flow carried out in wind tunnels. Mathematical models are divided in to
statistical and deterministic models. Statistical models are based on analysis of past
monitoring air quality data. Deterministic models are based on a mathematical description
of physical and chemical processes taking place in the atmosphere. These models are based
on mathematical equations, express conservation laws of mass, momentum and energy.
Both the models are discussed in this chapter.

Statistical models are also divided into linear and non-linear models. Several studies based
on the statistical models have been carried out in different regions to identify local
meteorological conditions, most strongly associated with air pollutants concentration to
forecast the air quality (McCollister & Willson, 1975; Aron & Aron, 1978; Lin, 1982; Aron,
1984; Katsoulis, 1988; Robeson & Steyn, 1990). Many of the previous studies (Sanchez et. al.,
1990; Mantis et al., 1992; Milionis & Davies, 1994) analyzed the meteorological conditions
associated with high pollutant concentration. These studies usually produced qualitative or
semi quantitative results and shed light on the relation between the meteorological
conditions and pollutant concentrations. Shi & Harrison, 1997 developed a linear regression
model for the prediction of NO, and NO; in London. A linear regression model was used by
Cogliani, 2001 for air pollution forecast in cities by an air pollution index highly correlated
with meteorological variables. Since the relation between air pollutants and meteorological
variables is not linear, some non-linear models i.e.,, Neural Network can also be used to
forecast the pollutant concentrations (Bozner et al., 1993; Comrie, 1997).

The deterministic models are divided in to Eulerian, Lagrangian and Gaussian models. In
this chapter we discuss only the Eulerian analytical models. The atmospheric diffusion
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equation (Seinfeld, 1986) has long been used to describe the dispersion of airborne
pollutants in a turbulent atmosphere. The use of analytical solutions of this equation was the
first and remains the convenient way for modeling the air pollution problems (Demuth,
1978). Air dispersion models based on analytical solutions posses several advantages over
numerical models as all the influencing parameters are explicitly expressed in a
mathematically closed form. Analytical models are also useful in examining the accuracy
and performance of numerical models. In practice, most of the estimates of dispersion are
based on the Gaussian plume model, which assumes the constant wind speed and turbulent
eddies with height. Hinrichsen (1986) compared a non-Gaussian model, in which wind
speed and turbulence, are not constant with height and observed that non Gaussian model
agreed better than Gaussian model with the observed data.

Several efforts have also been made for the development of non-Gaussian models of point
and line sources, since observational studies show that the wind speed and eddy diffusivity
vary with vertical height above the ground (Stull, 1988). Analytical solutions of the
advection diffusion equation, with wind speed and vertical eddy diffusivity both as power
function of vertical height, bounded by Atmospheric Boundary Layer (ABL) are well known
for point and line sources (Seinfeld, 1986; Lin & Hildemann, 1996). Taylor’s (1921) analysis
and statistical theory suggest that the eddy diffusivity depends on the downwind distance
from the source (Arya, 1995). The advection diffusion equation has also solved analytically
with wind speed as function of height and eddy diffusivity as a function of downwind
distance from the source (Sharan & Modani, 2006). Thus in general, the eddy diffusivity
should be a function of both vertical as well as downwind distance (Mooney & Wilson,
1993). Recently (Sharan & Kumar, 2009) formulate the advection diffusion equation
considering the wind speed as a function of vertical height and eddy diffusivity as a
function of both vertical height and downwind distance applicable only for point source
release in reflecting boundary condition. However, Dirichlet (total absorption), Neumann
(total reflection) and mixed boundary conditions are also appropriate for calculating the
actual ground-level concentration of air pollutants. In addition to these, the few studies have
been made for analytical solution of the advection diffusion equation for area sources. Park
& Baik (2008) have solved the advection diffusion equation analytically for finite area source
with wind speed and vertical eddy diffusivity as power function of vertical height in
unbounded region

The objective of this chapter is to formulate and use the statistical (linear and non-linear)
and Eulerian analytical models for prediction/forecast of air pollutants released from point,
line and area sources. The analytical models are developed by using four different set of
boundary conditions. The model with reflecting boundary condition is used for urban city
Delhi, the capital of India and is validated by the observed values of concentration of
Respirable Suspended Particulate Matter (RSPM).

2. Mathematical models

2.1 Statistical models

The main role of statistical models is to analyze past monitored air quality data. They are
divided into linear and non-linear models. Linear Models as Multiple Linear Regression
(MLR) can be used to make a linear empirical relationship between air pollutants and
meteorological variables. The methodology of MLR is explained briefly in next section.
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2.1.1 Multiple Linear Regression (MLR) models

A forecast/prediction of air pollutants can be made though regression equation in which
unknown variable can be expressed as a function of certain number of known variables.
There is one dependent variable to be predicted in relation to the two or more independent
variables. The general form of MLR can be expressed as

Y=b; +by Xo+.............. +b X+ e (1)

where Y is dependent variable, Xo, Xs.......... , Xk are independent variables, by, bs.........., bk
are linear regression parameters and e is an estimated error term, which is obtained from
independent random sampling from the normal distribution with mean zero and constant
variance. The purpose of regression modeling is to estimate the by, by.......... , bi, which can be
made using minimum square error technique.

The (Eq. (1)) can also be written as

Y=Xb+e )
Y, by €
Y, 1Xp; Xgg Xy b, e,
whereY=|: |, X=].... . ,b=1: and e =
1Xon X3p -+ Xien
Y, by €n

HereYisannx1, Xisannxk, bisak x1and e is an n x 1 matrix.

The solution of above equation can be obtained as b = (X’X)71 (X'Y) using minimum square
error technique. Further the F-test has been performed to determine whether a relationship
exists between the dependent variables and regressors. The t-test is also performed in order
to determine the potential value of each of the regressors’ variables in the regression model.
The resulting model can be used to predict future values.

If the relationship between air pollutants and meteorological variables is not linear, non-
linear models like Artificial Neural Network can be used for treating the non-linear
relationship. The model’s characteristics are described in next section.

2.1.2 Artificial Neural Network

The Artificial Neural Network (ANN) represents an alternative methodology to
conventional statistical modeling because of their computational efficiency and
generalization ability. ANN models are mathematical models inspired by the biological
neurons. The use of ANN as mentioned in the literature is an effective alternative to more
traditional statistical techniques for forecasting time series. ANN can be trained to
approximate virtually any smooth, measurable and highly nonlinear functions between
input and output and requires no prior knowledge to the nature of this relationship
(Gardner & Dorling, 1998) and can also be trained to generalize, when presented with new
and unseen data. ANNSs are made up of interconnected processing elements called neurons
or nodes that are arranged in the layers. These layers include an input layer, one or more
hidden layers and an output layer which are connected to each neuron of the next layer by
the weights. The number of hidden layer is selected based upon the problem complexity.
The number of neuron in the input and output layer is problem specific. The information



104 Air Quality - Models and Applications

transfer is allowed only to the next consecutive layer. Each node of the hidden layer
receives incoming signals from the nodes of the input layer. Each input value is weighted
and based on its relative importance before entering the hidden layer. The total input signal
NET is calculated as

NET =¥ W,X; ®)

The total incoming signal is then passed through a non-linear transfer function F to produce
the outgoing signal F (NET) of the node.

F(NET) = % , o NET 4)

The output signal of a hidden node is finally passed to the nodes of the next layer (hidden or
output), where a similar procedure takes place. There are several transfer functions
available such as pure linear, hyperbolic tangent, sigmoid etc. Transfer function plays a key
role in training process of neural network because the ANN produce different results
sensitive to its transfer function (Wassermann, 1989). The process of optimizing the
connection weights is known as training or learning of ANN. This is equivalent to the
parameter estimation phase in the conventional statistical models. Iterative techniques are
used to get the best values for connection weights by minimizing the performance function
i.e. error between model output and the provided target values. The trained network is then
used for the forecasting/prediction purpose. ANN has the capability to recognize the
patterns in the time series data presented to it and is thus useful in many types of pattern
recognition problems.

2.2 Deterministic models

Deterministic models are based on a mathematical description of physical and chemical

processes taking place in the atmosphere. These models are divided into different categories

on the basis of source characteristics as point, line and area sources or on the basis of

topography of the region as flat or complex terrain. These models can also be classified on

the basis of size of the field they are describing;:

e  Short distance (distance from source less than 30-50 km)

e  Mesoscale models (concentration fields of the order of hundreds of kms)

¢  Continental or planetary circulation models

Finally, models can also be classified on the basis of the time resolution of the concentration

produced:

e Episodic models (temporal resolution of less than an hour)

e  Short-time models (temporal resolutions grater than or equal to an hour and less than
or equal to 24h)

¢ Climatologically models (with resolution grater than 24h, generally seasonal or annual)
(Tirabassi, 2010).

These models are divided into three categories according to different approaches as

Eulerian, Lagrangian and Gaussian. Eulerian approach is based on a fixed spatial-temporal

grid. The basic equation used in Eulerian air pollution dispersion models is derived from the

equation of the pollutant molecular diffusion:
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X _UvC+DVIC+S (5)
ot

where: C- concentration of pollutant in the atmospheric air,

U- wind speed vector of the components u, v, w,

D- Molecular diffusion coefficient,

S- Represents the sources and sinks of pollutant in the atmosphere i.e. its emission, removal

from the atmosphere by dry and wet deposition, chemical reactions,

V- Gradient operator,

V2- Laplacian.

Eq. (5) has been modified for the turbulent flow in the atmosphere. Modifications include

the averaging procedure and closure procedure. The wind speed is expressed as the sum of

two components, mean and turbulent: U=U+U’ and the same can be made for C as
C=C+C’ in (Eq. (5)) and hypothesizing a wind with divergence nil:

%:— U.VC-V.CU +DV*C+S (6)

where C'U’is turbulent concentration flux.

The simplest closure method of (Eq. (6)) is a local first order closure in which K-theory is
used. Assuming that turbulent concentration flux is proportional to the gradient of the
average concentration, the following relation is obtained as:

C'U'=-KVC @)

where K (3x3) is turbulent diffusion coefficient.
When K tensor is diagonal, molecular diffusion is negligible and C(x, y, z, t) represents the

concentration of a non-reactive pollutant (S=S). Thus, the (Eq. (6)) can be written as

%:—ﬁ.vé+v.l<vé+s 8)
Eq. (8) can be solved for C analytically or numerically if input data for U, K and S are
provided with initial and boundary conditions. Exact solution can be obtained by analytical
methods, while numerical methods give the only approximate solutions. In this section we
will discuss only the Eulerian analytical models.

2.2.1 Eulerian analytical solutions of the advection diffusion equation for point source
in different atmospheric boundary conditions

Analytical solutions of the above equation are of fundamental importance in understanding
and describing physical phenomena. The deterministic models for the dispersion of
pollutants in atmosphere, based on the advection diffusion equation and K-theory as (Eq.
(8)), can be written as:

§+u§+v§+w§=i(l<x£)+i K o +E(K aC]+S, 9)
ot ox oy 0z 0x ox) oyl Yoy) oz
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where K, Ky and K; are the eddy diffusivities along x, y and z directions respectively.
The following assumptions are made in solution of Eq. (9):

a. Steady-state condition is considered (i.e., %: 0).

b. The vertical velocity component (w) is neglected in comparison to horizontal
velocity components (u and v).

c. x-axis is oriented in the direction of mean wind (i.e., u=U, v=0).

d. Downwind diffusion is neglected in comparison to transport due to mean wind

(& ()
0ox 0ox 0x
Applications of these assumptions in (Eq. (9)), leads the steady state advection-diffusion

equation for dispersion of a non reactive contaminate released from continuous source as
(Seinfeld, 1986):

ie.,

Uﬁc:a(K ac}a(KZacjl (10)
ox oyl Yoy) oz oz

where x, y, and z are coordinates in the along-wind, cross wind and vertical directions
respectively. C is the mean concentration of pollutants and U is the mean wind speed in
downwind direction. Ky and K, are eddy diffusivities of pollutants in the crosswind and
vertical directions respectively.

Eq.(10) is solved with the following boundary conditions, in which, h is the top of the
inversion/mixed layer:

Dirchlet Boundary Condition (total absorption)

C(x,y,z)=0 atz=0
C(x,y,z)=0 atz=h (11.a)
Neumann Boundary Condition (total reflection)

0C(x,y,2)

K, =0 atz=0
0z
K, 2E0Y2) g ap 4o (11. b)
0z
Mixed (type-I) Boundary Condition
K SEXY D) o as 0
oz
C(x,y,z)=0 atz=h (11.¢)

Mixed (type-II) Boundary Condition

C(x,y,z)=0 atz=0
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KZ%=O atz=h 1. d)
Z

The pollutant decays in cross wind direction:
C(x,y,2) >0 asy—> =+ (12)

The pollutant is released from an elevated point source of strength Q, located at the point (0,
Vs, Zs)/

UC(0,y,2) =Qpd(y-y,)dz-z,). 13

where ¢ is the Dirac delta function.

The transport of contaminant emitted from a source primarily depends on the wind speed
U. The formulations of the commonly used dispersion models in air quality studies assume
wind speed to be constant. However, it is well known that wind speed increases with height
in the lower part of the atmospheric boundary layer (Arya, 1999). The height dependent
wind speed can be expressed as

U (z) =az",a=U(z,)z, “, (14)

where U (z) is the wind speed at reference height z. and a depends on atmospheric
stability.

In formulation of dispersion models, K is parameterized as a function of height z only (Lin
& Hildemann, 1996; Park & Baik, 2008). However, based on the Taylor’s analysis and
statistical theory, it is revealed that the eddy diffusivity depends on the downwind distance
x (Arya, 1995).Thus, the eddy diffusivity can be a function of x and z both (Mooney &
Wilson, 1993; Sharan & Kumar, 2009). The modified form of K,(x, z) is given as:

K. (x 2) =K, (2)f(x) , (15)

where K/ (z)is the form of eddy diffusivity depending on z and f(x) is assumed to be
function of x. K/, (z) is parameterized as a power law profile in z:

K, (=bz", b= K}(z,)z,F, (16)

where K (z,) is the value of K), at height z =z, and p depends on atmospheric stability.

Using Taylor’s hypothesis, the lateral eddy diffusivity can be represented by (Huang, 1979;
Brown et al., 1997)

2
K, (x,2) :%U(z) d(;};((x) , (17)

where o, is the standard deviation of concentration distribution in the crosswind direction.

Based on the analysis of Prairie Grass and some other historical tracer experiments of
atmospheric dispersion, Irwin et al., 2007 concluded that the ground level crosswind
concentration profile of dispersing plume on average is well characterized as having a
Gaussian shape, which is well predicted by all atmospheric transport and diffusion models,
regardless of their sophistication. Thus, by assuming the Gaussian concentration
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distribution in crosswind direction (Huang, 1979; Irwin et al., 2007), the steady state
concentration of a pollutant released from point source in a three dimensional domain can
be described as

exp(-y®/207)
Ckxvyz)=C(, z)———,
xy,2)=C(x 2) Vo,

(18)

where C (x, z) is the crosswind integrated concentration.

The mathematical formulation of C(x,z) is obtained by substituting the wind profile (Eq.
(14)), diffusivity profile (Eq. (15)) and boundary conditions (Egs. (11-13)) in the advection-
diffusion equation (Eq. (10)) as:

L%zszﬂﬁ(zﬁ§j, (19)
f(x)ox a oz 0z

provided f(x) # 0, V x €(0, ).
By using the separation of variables technique, the solution of the (Eq. (19)) is assumed in
the form:

C(x,z):X(x) Z(z), (20)

which transforms the (Eq. (19)) into two following ordinary differential equations by taking
-\? as the separation constant:

dX

—=+f(x)A*X=0 21

dx () @b
i(zﬁd—zjmz [ﬁjz“z:o 22)
dz dz b

Eq. (21) has the solution:
X(x)erxp(—)\zjgf(s)ds ) , (23)

where A is an arbitrary constant.
The solution of Eq. (22) is obtained in different boundary conditions as follows:
i.  Eq. (22), along with the following boundary condition corresponding to Eq. (11.a):

Z=0 atz=0,h (24)

represents a Sturm-Liouville eigen value problem.
The solution of (Eq. (22)) with boundary condition (Eq. (24)) is zero for A=0.
For a non-zero value of A, the transformation of the variables

t=z (%M] (25)

and
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[1_ﬁ]
Z(z)=2' > 'G(t) (26)
in (Eq. (22)) leads to:
d’G  dG
2 2,2 2\~

where

— \/%A d u= (1_[3) (28)

T(a-pr2)2 "M a-p+2)
Eq. (27) is the Bessel’s equation, whose solution can be given as:
G(t)=BJ, (1<t)+B2]_}1 (kt), (29)

where ], and J., are the Bessel’s functions of first kind of order p and -p respectively. From
(Egs. (25), (26) and (29)), we have

1-p a—B+2 a—B+2
Z(z)=z 2 {Bljp[kz 2 }szp[kz 2 ]} (30)

Application of the boundary condition (Eq. (24)) at z = 0 in (Eq. (30)) yields B, = 0 and the
condition at z = h (Eq. (24)) gives rise:

a—fB+2
]p[kh 2 jzo (31)

The corresponding eigen functions are:

1- a—p+2
Z,(7)=2 2 Jp[knz 2 J n=12,3 @)

The general solution of (Eq. (19)) is obtained by using (Egs. (23), (31) and (32)) as:

ﬂ
C(x,z)=2z2

7 M8

1 4a

212
A, (kn Sla=B+2)/2 )exp[—b(aﬁmlfgf(s)ds , (33)
where Aj;, Ao...... A, are the unknown coefficients. The (Eq. (33)) represents the
concentration distribution C through the Fourier-Bessel series (Abramowitz & Stegun, 1972)
corresponding to a set of eigen functions Zy.
Estimation of the coefficients A,’s for crosswind integrated concentration:
The source at x = 0, Eq. (13) gives:

1-p
al, 2 2 A (kA2 |0 8(z 34
az%|z nZ:‘,l n]p( Lz ) Q,58(z~-z) (34)
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The coefficients A,’'s are estimated using the orthogonal property of eigen functions
(Abramowitz & Stegun, 1972).

Multiplying (Eq. (34)) by 1P 2]}1 (kmz(afmz)/ 2) for m > 1, and integrating it with respect to

z from 0 to h, we get:

15 a-p+
a-p+2 (Zs) 2 Jp(knzs( [32)/2)

A =
n Qpaha—ﬁ+2 J}zﬁl(knh(a—[ﬂz)/Z)

(35)

Substituting the expression for Ay’s for n > 1 in (Eq. (33)), the final solution is obtained as:

(1-8)/2 % Ju [Yn (Z/1'1)(<17[3+2)/2}J}1 |:Yn (Zs/h)(a—ﬁ+2)/2j|

a-p+2
C(x,z)=Q = ZZ,
( ) P ah [5+2( ) ] ]}21+1(Yn) (36)
b(a-p+2)°y2
Xexpl == Iy f(s)ds ||,
in which vy, is given as:
Ju(Yn) =0. (37)

ii. The solution of Eq. (22) for crosswind integrated concentration by substituting the wind
profile (Eq. (14)) and diffusivity profile (Eq. (15)) in (Eq. (10)) for Neumann boundary
condition (Eq. (11.b)) is obtained from earlier study by Sharan & Kumar (2009) as:

a+l a-p+2 apya. & ]7}1 [Yn (Z/h)(a*WZ)/Z]LP Y (Zs/h)(‘rﬁ”)/z]
C(X' Z):Qp it ape2 (ZZS) x> 5
2™ ah = 2.4n)
(39)
b(C[ - ﬁ + Z)ZYﬁ X
xexp( —Wjo f(s)ds) |,
in which vy, is given as:
Jop1(Yn) = 0. (39)

iii. The (Eq. (22)), along with the following boundary conditions corresponding to (Eq.
(11.c)):

bzﬁd—Z:Oatz=O and Z=0at z=h (40)
dz
The solution of (Eq. (22)) with boundary condition (Eq. (40)) is zero for A=0.

For a non-zero value of 2, the boundary condition (Eq. (40)) at z = 0 in (Eq. (30)) yields B; =0
and the condition at z = h (Eq. (40)) gives rise:
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a-p+2
]p[kh 2 ]:o (41)

The corresponding eigen functions are:

ﬂ a—B+2
Z,(z)=2 2 ]p{k z 2 ] n=123 (42)

The general solution of (Eq. (19)) is obtained by using (Egs. (23), (41) and (42)) as:

1-B 272
— =» _ b(a-p+2)k
C(xz)=2z2 ¥ A, (kn S ﬁ+2)/2)exp(—(aﬁ+)nf€;f(s)ds , (43)
n=1 4a
where Ay, Ao...... are the unknown coefficients.

The (Eq. (43)) represents the concentration distribution C as the Fourier-Bessel series
(Abramowitz & Stegun, 1972) corresponding to a set of eigen functions Z,.

Estimation of the coefficients Ay’s for crosswind integrated concentration

The source condition at x =0 (Eq. (13)), gives:

1-B -

“n%AnJp(knz“‘ﬁ*””ﬂ‘%ﬁ(z—zs) s

The coefficients Ay’'s are estimated using the orthogonal property of eigen functions
(Abramowitz & Stegun, 1972).

Multiplying (Eq. (44)) by 1P 2]—11 (kmz(a'ﬁ+2)/ 2) , m > 1, and integrating it with respect to z
from 0 to h, we get:
T a-p+2)/2
aeper () 1 )

A = 45
n Qpaha—ﬁ+2 J%p+1(knh(q_ﬁ+2)/2) ( )

Substituting the expression for Ay's, n > 1 into (Eq. (45)), the final solution of an elevated
point source at crosswind is obtained as:

oo (/) [y G

a-pB+2 - 3
C(xz)=Qp ah£ﬁ+2 (e2.)" WIE Pper (Vo)
(46)
b(a—p+2) .
xexp[—wjo f(s)ds ]]

in which vy, is given as:

J_u(vn) =0. (47)
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iv. The (Eq. (22)), along with the following boundary conditions corresponding to (Eq.
(11.d)):

Z=0atz=0and bzﬁj—z=o at z=h (48)
zZ

The solution of (Eq. (22)) with (Eq. (48)) is zero for A = 0.
For a non-zero value of 2, the boundary condition (Eq. (48)) at z = 0 in (Eq. (30)) yields B, =0
and the condition at z = h (Eq. (48)) gives rise:

a—pB+2
Jun [kh 2 ]:o (49)

The corresponding eigen functions are:

1-p a—PB+2
Zn(z)zz 2 ]p{knz 2 ], n=1,2,3, (50)

The general solution of (Eq. (19)) is obtained by using (Egs. (22), (49) and (50)) as:

1-B 272
- b(a-p+2)°k
Cx2)=22 5 A, (kp2 P z)exp[‘(ai”“f;asms . e
n=1 a
where Ay, As...... are the unknown coefficients. The Eq. (51) represents the concentration

distribution C as the Fourier-Bessel series (Abramowitz & Stegun, 1972) corresponding to a
set of eigen functions Z.

Estimation of the coefficients A,’s for crosswind integrated concentration

The source condition at x = 0 (Eq. (13)), gives:

1
az%|z 2

Ms

n=1

An]}l (kn Z(aﬁ+2)/2)}_Qp6(Z—ZS) (52)

The coefficients A,’s are estimated using the orthogonal property of eigen functions
(Abramowitz & Stegun, 1972).
Multiplying (Eq. (52)) by 2P 2]}1 (kmz(afwz)/ 2) , m > 1, and integrating it with respect to z

from 0 to h, we get:

1—

1B ap
A _Q Q—B+2(%)2 %(K@J p‘2)/2) 6&
nT <p a-p+2 a-B+
ah ]i(knh( p 2)/2)

Substituting the expression for Ay’s, n > 1 into (Eq. (51)), the final solution of an elevated
point source at crosswind is obtained as:
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o g v ) P2 [y () P2

a-p+2
C(x,z)= s
(X Z) QP aha7ﬁ+2 (ZZ ) 2 ]}21(Yn) (54)
b(a-p+ 2)2 Y2
xexp _—4aha7B+2 I f(s)ds ,
in which vy, is given as:
Ju1(Yn) =0. (55)

2.2.2 Point source models

The steady state three dimensional solution of a point source can be obtained from (Eq. (18))
and f(x), which is expressed as a linear function of downwind distance, i.e., f(x) =yUx
(Sharan & Modani, 2006), in different boundary conditions:

i.  The solution in Dirichlet Boundary condition is given as

Qp [aBe2,  opyn, & Lbvale/M P21 byyle /127
Clx,y,2)=——2 a-py2 , 2 Ju "
by Vanoy | ah® ), Joa(Ya)
b [j(x—x )2 (a-B+2)7°%? ( )2 (56)
y

where p=(1-p)/(a-P+2),]J,is the Bessel function of order pandy,'s are obtained

from the equation:

Jp(Yn)= 0 (57)

ii. The solution in Neumann Boundary condition is given as

Q |[a+l a-p+2

Y 72 e | Y A GV s

Cx,y,z)= + 7z,
( y ) (2H0y aha+1 aha—[}+2 ( ) = ]Ep(Yn) (58)
byU(x=x, )2 (a-B+2%2 y-y.)
xexp(— Py ) [xexp —705 ,

where p=(1-P)/(a-P+2),J_,is the Bessel function of order is -pandy,'s are

obtained from the equation:

Jpa(yn)=0 (59)

iii. The solution in Mixed (type-I) Boundary condition is given as
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X Q C[i[m( )(1 p)/2 [ (Z/h) —B+2) /2]] [ n(Zs/h)(afﬁwLZ)/Z]
/Y,2) \/_ no, | ah® pr2 A L}H 1(yn) @
byO(xx,)’ (@~ +2’y; (v -ys)’
xexp(— gapo P72 ) | xexp _? ,

where p=(1-p)/(a-pB+2),]_, is the Bessel function of order —p andy,'s are obtained
from the equation:

Jop(Vn) = (61)

iv. The solution in Mixed (type-II) Boundary condition is given as

Qp a-— [5 +2 a-pr2 @ ]p[Yn (Z/h)(mWZ)/Z]]p[Yn (Zs/h)(“’[}*”/z]
oy o, no, | ah® P+ (z2,) Z Ja(Ya)
62
xXex (—bYﬁ(X_ ) ( B+2) ) X ex M ( )
p 8a ha B+2 P 05 s

where p=(1-p)/(a—p+2), ], isthe Bessel function of order is pandy,'s are obtained

from the equation:
]}1—1 (Yn) =0 (63)

2.2.3 Correspondence between present solutions to the earlier solutions

In present solution, wind speed is a function of z and vertical eddy diffusivity is considered
a function of x and z as K,(x, z) = bz? f(x). If f(x) is equal to 1.0, the solutions of Egs. (56),
(58), (60) and (62) are become same as the solutions obtained by Lin & Hildemann (1996).
When wind speed is power law function of z and vertical eddy diffusivity is function of x
only, i.e. Ky(x, z) = f(x) = K(x) (for p =0 and b =1.0), the expression for the two dimensional
concentration i.e., Eq. (38) is same as solution by Sharan & Modani (2006).

2.2.4 Line source models

A line source can be considered as a superposition of point sources. The solution for finite
line source can be obtained by integrating point source solution from ys = y1 to y2 with unit
source strength Q, with the same y,'s as in point source in different boundary conditions:
i.  The solution in Dirichlet Boundary condition is given as

Clxy Z)—% a— [3+2( )1,[3)/2 y OZO: ]P[Yn(z/h)(a_ﬁu)/z]]p[Yn(ZS/h)(“_[3+2)/2]

ah® pr2 n=1 ]}21+1 (Yn)

bylj(x—x )2 (a-B+ 2)2Y2 y— Y1 y-y
S LY x| erf( —erfi 2
8ah®P+2 ) \/—0 ( \/Eoy )

(64)

xexp(—
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ii. The solution in Neumann Boundary condition is given as

Clxy,2)= Q”[aﬂﬁl B+2(Z)<1—r>>/z 2 I al¥n @/ P22y (2 /B) P2

aho*1 hoB+2 n:l ﬁp(Yn)
byO(ox, P (a=p+ 27 “
YUXXs ) (d=P+2)Yn Y=V1 Y—¥o
xexp(— x| erf( erf
P e )} { STy )}
iii. The solution in Mixed (type-I) Boundary condition is given as
Qla=B+2, a2 Julva@/n PRy, 2 /b)) F2)
CouyD=5| Jaer ) El 11 (Vn)
X —-p+1\¥n (66)
YU (xx,) (@=B+2)°yn Y=Yy g Y2
xexp(— x| erfl —erfl
p( e[| e et
iv. The solution in Mixed (type-II) Boundary condition is given as
a=B+2, . apn, 3l [Va(2/0) P 22Y Ly, (2,/0) P22
Cloy )= TP 2 0 )
ah = I (V)
(67)

byU (x- 2
exp( - 2L B)h(a ey )Herf(yﬁzyl) erf(yﬁzz )1

where erf is the error function defined by

erf (a) = \/—I

The solution of an infinite line source of source strength Q, can be obtained by integrating

a 7tdt

point source along the crosswind direction ys = - to «, which is different than the finite line
2
exp(—(y-ys) /205)dy i
N2mo °

source formulation, since e
—0
y

2.2.5 Area source models
The concentration of air pollutants due to a finite area source at (x, y, z) is calculated as a
superposition of finite line sources extending from x; to x; in x direction is obtained as

Cloy 2)=L; Clx=xs,y,2)dxs , (68)

where C(x-xs, y, z) is equivalent to the finite line source as obtained in section 2.2.4.
However, the source strength Q, is replaced by Q. in (Egs. 64, 65, 66 and 67) with same
Yq's as in point source.

For an infinite area source with uniform strength Q,, the solution is obtained as:

C(x,z)=[3* C(x —x,,z)dx s (69)
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where C(x-xs, z) is equivalent to the crosswind integrated concentration. However, the
source term Q, is replaced by Q, in (Egs. 36, 38, 46 and 54) with same y,'s as in point
source.

Eqgs. 68 and 69 are the solutions for finite and infinite area sources and can be solved
numerically.

If wind speed and vertical eddy diffusivity are considered as function of z, i.e. K (x, z) =
bzP (f(x) =1.0) with unbounded region (h—w) and ground level source (z,—0) in (Eq. (68)),
the expression obtained for the concentration is same as in Park & Baik, 2008.

3. Case study of Delhi

A case study of Delhi has been attempted through the application of two different categories
namely statistical and analytical models to fulfill the objective of the chapter.

3.1 Application of statistical models

First of all the daily Air quality index (AQI) as a comprehensive assessment of air quality
concentration of criteria pollutants namely Respirable Suspended Particulate Matter
(RSPM), Sulphur dioxide (SO2), Nitrogen dioxide (NO) and Suspended Particulate Matter
(SPM) has been calculated at ITO (a busiest traffic intersection) for a period of seven years
(2000-2006), monitored continuously by Central Pollution Control Board (CPCB). A method
of US Environmental Protection Agency (USEPA) has been used for estimating the AQI, in
which the sub-index and breakpoint pollutant concentrations depend on Indian National
Ambient Air Quality Standard (NAAQS). There are primarily two steps involved in
formulating an AQI: first the formation of sub-indices of each pollutant, second the
aggregation (breakpoints) of sub indices. The Breakpoint concentration of each pollutant,
used in calculation of AQI, is based on Indian NAAQS and results of epidemiological
studies indicating the risk of adverse health effects of specific pollutants. It has been noticed
that different breakpoint concentrations and different air quality standards has been
reported in literature (Environmental Protection Agency, 1999). In India, to reflect the status
of air quality and its effects on human health, the range of index values has been designated
as “Good (0-100)”, “Moderate (101-200)”, “Poor (201-300)”, “Very Poor (301-400)” and
“Severe (401-500)” (Nagendra et al. (2007)) as shown in Table 1.

The formula (EPA, (1999)) used to calculate AQI for four criteria pollutants RSPM, SO,, NO»
and SPM from 2000-2006 is given below:

| (LT, 3
IP_[(BPHi ~BB, | (PP e 7

where Ip = the AQI for pollutant ‘p’,
Cp = actual ambient concentration of the pollutant ‘p’,
BPy; = the breakpoint in Table 1 that is grater than or equal to Cp,
BPL, = the breakpoint in Table 1 that is less than or equal to Cp,
Ini = the subindex value corresponding to BPy;,
ILo = the sub index value corresponding to BPL,,
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Index . SO, (24-h | NO, (24-h | BSPM 1 gpy (04
SI.No. Descriptor (24-h

values avg.) avg.) havg.)

avg.)

1 0-100 Gooda 0-80 0-80 0-100 0-200
2 101-200 Moderateb | 81-367 81-180 101-150 201-260
3 201-300 Poore 368-786 181-564 151-350 261-400
4 301-400 Very Poord | 787-1572 | 565-1272 | 351-420 401-800
5 401-500 Severee >1572 >1272 >420 >800

All the values of SO,, NO,, RSPM and SPM are in pg/m?.

a. Good: Air quality is acceptable; however, for some pollutants there may be a moderate health concern
for a very small number of people.

b. Moderate: Members of sensitive groups may experience health effects.

¢ Poor: Members of sensitive groups may experience more serious health effects.

d Very poor: Triggers health alter, everyone may experience more serious health effects.

e Severe: Triggers health warnings of emergency conditions.

Table 1. Propose sub-index and breakpoint pollutant concentration for Indian-AQIL

The overall AQI is now determined on the basis of the AQI for above pollutant ‘p” and
highest among them is declared as the overall AQI for that day.

The above estimated daily AQI along with meteorological variables like daily maximum
temperature (tmax), minimum temperature (tmin), daily temperature range (difference
between daily maximum and minimum temperature, trang), average temperature (tavg),
wind speed (wsp), wind direction index (wdi), relative humidity (rh), vapor pressure (vp),
station level pressure (slp), rainfall (rf), sunshine hours (ssh), cloud cover (cc), visibility (v)
and radiation (rd), monitored at Safdarjung airport by Indian Meteorological Department
(IMD), Delhi, have been used in statistical models to forecast daily AQI one day in advance.
This study has been carried out for four different seasons namely summer (March, April,
May), monsoon (June, July, August), post monsoon (September, October, November) and
winter (December, January, February). The location ITO has been chosen in the present
study due to various reasons: (i.) a busiest traffic intersection, (ii.) air pollutants
concentration of RSPM, SO NO, and SPM is monitored continuously and (iii.) the
meteorological station Safdarjung airport is within 10 km radius. These models include
previous day’s AQI and meteorological variables as input and yield daily forecasting of
AQI.  The input and output is normalized between -1 to +1 using the minimum and
maximum of the time series before any preprocessing. Forecast of daily AQI in Delhi has
been obtained by two models MLR and ANN independently. The performance of both the
models has been assessed with respect to the statistical parameters.

3.1.1 AQl by MLR model

The following MLR equations for different seasons are resulted through training of AQI and
meteorological data of 2000-2005 using SPSS software for summer, monsoon, post monsoon
and winter respectively:
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[AQI] = 0.0478 + 0.504 x [AQI4.1] -0.079 x [rh] +0.126 X [tmax] - 0.068 x [cc] (71)
[AQI] = 0.181 + 0.599 x [AQI4.1] - 0.282 x [rh] - 0.128 x [v] - 0.155 X [tmin] (72)
[AQI] = -0.324 + 0.537 x [AQI41] + 0.573x [slp] - 0.112x [vp] +
0.070 x [ssh] - 0.135 x [v] + 0.066 X [tmax] (73)
[AQI] =0.171 + 0.503 x [AQI41] - 0.191x [v] - 0.115 x [cc] -

0.169x [wsp] -0.157 x [rh] +0.151 x [rf] (74)

The previous day’s AQI is the common variable in all four equations. The above equations
have also been used to forecast the daily AQI of 2000-2005 for all four seasons, which have
been compared with the observed AQI, used as trained data of the corresponding seasons
during 2000-2005 and are shown graphically Figs.1 (a), (b) (c) and (d).

o 50 100 150 200 250 300 350 400 450 500 550 60O o 50 100 150 200 250 300 350 400 450 500 550 600
Days Days

Observed
--++ Prediction

Fig. 1. Comparison of observed and MLR model predicted values of daily AQI in (a)
Summer, (b) Monsoon, (c) Post Monsoon and (d) Winter seasons during the years 2000-2005.
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The Fig. 1 reflects that the trained values of AQI are matching well with observed values
(calculated directly from formulation Eq. (70)). The same set of Eqs. (71-74) have been used
for forecasting the daily AQI in all four seasons of the year 2006 which have been shown
graphically in Figs. 2 (a), (b), (c) and (d) for summer, monsoon, post monsoon and winter
seasons respectively. The observed values of AQI of year 2006 for each season have also
been plotted in the Fig. 2 in order to validate the forecasted values of AQIL

Observed
Prediction

—Observed
---- Prediction

Observed
-+ Prediction

© (d)
Fig. 2. Comparison of observed and model’s predicted values of daily AQI in (a) Summer,
(b) Monsoon, (c) Post Monsoon and (d) Winter seasons during the year 2006.

The quantitative analysis of comparison of forecasted and observed values of AQI has been
made through statistical parameters, which are summarized in Table 2. The NMSE and
coefficient of determination (R2) are found as (0.0094, 0.5718) in summer season which are
followed by (0.0369, 0.5247) in winter; (0.0629, 0.3913) in monsoon and (0.1287, 0.3021) in
post monsoon seasons, showing good performance of the model as the ideal values of
NMSE and R2? are 0 and 1 respectively. The values of R? in four different seasons reflect that
the model’s forecasted and observed AQI could be correlated explained by the selected
input variables as approximately 57% in summer, 52% in winter, 39% in monsoon and 30%
in post monsoon seasons. However, the fractional bias shows the under-prediction in all the
seasons except Monsoon.
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S.N. Season 2006
RMSE NMSE ;;Zfrfrlr‘zi‘;;zi Fractional Bias
1 Summer 33.13 0.0094 0.5718 0.0126
2 Monsoon 72.99 0.0629 0.3913 201246
3 | PostMonsoon | 9918 0.1287 0.3021 0.1972
4 Winter 64.39 0.0369 0.5247 0.1573

Table 2. Comparison of MLR model predicted and observed values in years 2000-2005 and
year 2006.

3.1.2 AQl by ANN model

The ANN model for different seasons is developed through training of AQI and
meteorological data of 2000-2005 using MATLAB. The weights of a network are iteratively
modified to minimize the total mean squared error between the desired target and actual
output values. The above model has also been trained using observed daily AQI (same
values as in MLR) of 2000-2005 for all four seasons. The comparison of observed and trained
AQI has been shown graphically in Figs.3 (a), (b) (c) and (d).

0 o 50 100 150 200 250 300 350 400 50 500
o 50 100 150 200 250 300 350 400 450 500 550 600 Days

© @
Fig. 3. Comparison of observed and ANN model predicted values of daily AQI in (a)
Summer, (b) Monsoon, (c) Post Monsoon and (d) Winter seasons during the years 2000-2005.
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The Fig. 3 reflects that the trained values of AQI are showing the same trend as observed
values. The same trained architectures have been used for forecasting the daily AQI in all
four seasons of the year 2006, which have been shown graphically in Figs. 4 (a), (b), (c) and
(d) for summer, monsoon, post monsoon and winter seasons respectively. The observed
values of AQI of year 2006 for each season have also been plotted in the Fig. 4 in order to
validate the forecasted values of AQI.

Observed

Observed

——Observed
----- Prediction

---- Prediction

© @
Fig. 4. Comparison of observed and ANN model forecasted values of daily AQI in (a)
Summer, (b) Monsoon, (c) Post Monsoon and (d) Winter seasons during the year 2006.

The comparison of forecasted and observed values of AQI has been made through statistical
parameters in Table 3, which revels that the NMSE and coefficient of determination (R2) are
found as (0.0118, 0.4976) in summer season which are followed by (0.0277, 0.3986) in winter;
(0.0540, 0.3619) in monsoon and (0.0718, 0.3816) in post monsoon seasons, showing good
performance of the model as the ideal values of NMSE and R2 are 0 and 1 respectively. The
values of R2 in four different seasons reflect that the model’s forecasted and observed AQI
could be correlated explained by the selected input variables as approximately 50% in
summer, 40% in winter, 38% in post monsoon and 36% in monsoon seasons. However, the
fractional bias shows the under-prediction in all the seasons except Monsoon.
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S.N. Season 2006
RMSE | NMSE i‘iﬁ:ﬁ:&gﬁ Fractional Bias
1 Summer 36.88 0.0118 0.4976 0.0269
2 Monsoon 64.27 0.0540 0.3619 -0.0224
3 Post Monsoon 76.44 0.0718 0.3816 0.1355
4 Winter 56.52 0.0277 0.3986 0.1330

Table 3. Comparison of ANN model predicted and observed values in years 2000-2005 and
year 2006

3.1.3 Comparison of MLR and ANN models

On the basis of above exercise, it can be seen that ANN model is giving better results than
MLR model with respect to RMSE and NMSE as shown in Tables 2 and 3, although, the R2is
showing almost same values in both the models throughout all four seasons.

3.2 Application of analytical models

The above discussed analytical model with Neumann boundary condition is applied to
simulate the hourly concentration of RSPM in the month of January (representative of
winter season) 2008 due to point, line and area sources. The most important parameters of
the models are emission inventory and meteorological variables, which are pre-process
according to the model’s requirement.

A gridded emission inventory of RSPM has been developed over an area of 26 km x 30 km
of Delhi. The total area has been divided into 195 square grids of size 2 km x 2 km. Emission
of RSPM has been estimated in each grid due to all anthropogenic sources viz., domestic,
industries, power plants and vehicles for the year 2008 using the primary and secondary
data. The emission of RSPM from domestic sector has been calculated on the basis of fuel
consumption data and the emission factor of the corresponding fuel. The emission
estimation from industrial sources has been made by using the data obtained from
concerned agencies / department. The emission of RSPM from power plants has been
calculated on the basis of information given by Delhi Pollution Control Committee (DPCC).
However, estimation of vehicular emission in each grid are made by using the following
mathematical formulation, based on total number of registered vehicles, emission factors,
vehicle kilometer traveled (VKT) of each type of vehicle, different type of roads:

Ei = Ni X efi X VKTi, (75)

where Njis the number of vehicle of ith category, E; is the emission of pollutant by vehicle of
ith category (g/day), ef; is emission factor of ith category vehicle for the pollutant (g/km-
vehicle). VKT is vehicle kilometer travel per day for ith category vehicle (km/day).

Further, the total emission of pollutant has been calculated by summing the emissions from
each category of vehicles:

E=YE, (76)
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The emissions of RSPM due to vehicular sources in Delhi for the year 2008 have been
apportioned into each grid w. r. t. to the road lengths.

The gridded emission inventory shows the spatial distribution of emissions of RSPM due to
all types of sources (domestic, industries, power plants and vehicles) in Fig. 5. The emission
from domestic sources has been distributed uniformly in all the grids and the emission from
industries and traffic intersections have been apportioned according to their locations. The
emissions of RSPM due to three power plants namely Indraprastha, Badarpur and Rajghat
are superimposed in the grids as per their locations. It has been found that vehicles are the
major source, contributing 57% of RSPM among all the estimated sources, which is followed
by power plants 29% of total RSPM. While the contributions of domestic and other
industrial sources are 8% and 6% respectively. The Fig.5 reflects that grids, in which power
plants are located in addition to traffic intersections and industries, have higher values of
emissions compared to others. This emission inventory is used as input to the model.

Distance (km)

i 15 20
Distance (km)

Fig. 5. Emission inventory of RSPM (g/s) over Delhi from all sources (point, line and area).

From an atmospheric pollution perspective, the most important season in Delhi is the winter
lasting from December to February. This period is dominating by cold, dry air and ground
based inversion with low wind conditions (<1 ms), which increase the concentration of
pollutants (Anfossi et al., 1990). For practical reasons, the January month of 2008 is used in
this case study. The hourly meteorological data, measured at Safdarjung Airport from India
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Meteorological Department (IMD) is used as second input file to the models. There are some
traditional methods, which are used to determination, the stability classes to produce the
input in the model. The some traditional methods based on (i.) the wind velocity, sun
radiation intensity and cloud cover; (ii.) measurement of the wind direction fluctuations;
(iii.) the wvertical temperature gradient; (iv.) the Richardson number can used to
determination, the stability classes.

Day Night
Incoming Solar Radiation Cloud Cover
Surface wind speed at 10m (m/s) Strong Slight Moderate 1\0/[5:;2;“ 123/[12:«1}7
<2 A A-B B E F
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

Source: D.B. Turner. Workbook of Atmospheric Dispersion Estimate. USEPA 999-AP-26. U.S.
Environmental Protection Agency, Washington, D.C, 1969.
Note: A, strongly unstable; B, unstable; C, weakly unstable; D, neutral; E, weakly stable and F, stable.

Table 4. Stability Classification based on wind velocity, sun radiation intensity and cloud cover.

Stability Cl. Stability class o, (in Vertical Temperature Richardson
abllity 1-1ass of Pasquill degree) Gradient (°C/m 10-2) Number at 2 m
Very unstable A 25.0 <-1.9 -0.9
Moderately B 200 19to-17 05
unstable
Slightly C 15.0 17t0-15 -0.15
unstable
Neutral D 10.0 -1.5t0-0.5 0
Slightly stable E 5.0 -05t01.5 0.4
Moderately F 25 1.5 0 4.0 0.8
stable

Source: Zannetti, P., Air Pollution Modelling, Computational Mechanics Publications, Southampton,
U.K. and Van Nostrand Reinhold, New York, 1990.

Note: o is the standard deviation of horizontal wind direction.

Table 5. Classification of Atmospheric Stability based on wind direction fluctuations,
vertical temperature gradient and the Richardson number.

In this study atmospheric stability is measured on the basis of surface wind speed, cloud
cover and solar insolation (strong, moderate, slight). These stability are classified according
to Pasquill's stability classes of A, B, C, D, E and F, which range from extremely unstable to
extremely stable as given by Turner (1969). The dispersion parameters have also been
calculated based on the stability parameters as discussed in section 2.

In the above solutions discussed in section 2, the exponent a has relationship with Pasquill’s
Stability Classes (Hanna et al., 1982) and p=1-a is based on the Schmidt’s conjugate law.
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Pasquill’s
Stability A B C D E F
Classes
a for Urban 0.15 0.15 0.20 0.25 0.40 0.60

Table 6. Approximate Correspondence between Pasquill’s Stability Classes and alpha ()
(Hanna, 1982).

In these formulations f(x) is expressed as a linear function of downwind distance as f(x)
=yUx. In this function Uis average velocity and y is turbulence parameter. This

turbulence parameter y is parameterized as the square of turbulent intensity using Taylor

2
statistical theory of diffusion yz[%"j (Arya, 1995; 1999). Turbulent intensity can be

o . e . . L
expressed as (?W] = tan (Oq,) , where o, is the standard deviation of vertical wind direction

in radians. For smallo,, the turbulent intensity which is also depends on atmospheric

stability is approximated as (Arya, 1999): (%’“jzocp.
Pasquill’s
Stability A B C D E F
Classes
O >11.5 10.0-11.5 7.8-10.0 5.0-7.8 2.4-5.0 <24

Table 7. Approximate Correspondence between Pasquill’s Stability Classes and Turbulence
parameters o, (Arya, 1999).

In the above solutions, standard deviation of concentration distribution in crosswind
direction is represented by a power of downwind distance 6y = Rxr (Seinfeld, 1986). These R
and r are constants as depending on the atmospheric stability.

Stability Class
A B C D E F
R 0.443 | 0.324 | 0.216 | 0.141 | 0.105 | 0.071

r 0.894 | 0.894 | 0.894 | 0.894 | 0.894 | 0.894

Source Coefficient

(Turner, 1969; Martin, 1976)

Table 8. Approximate Correspondence between Pasquill’s Stability Classes and Gaussian
plume dispersion parameters (Seinfeld, 1986).

The 24 hourly averaged ground level concentration of RSPM from point, line and area
sources for Jan 2008 has been obtained by using the emission inventory and meteorological
data as input parameters to the models. The power plants are considered as the point
sources. Most of the analytical methods for predicting the concentration from stack need the
plume rise height (Ah) of stack (power plants). There are numerous methods for

calculating the plume rise height; in this study it has been calculated, given by Carpenter et
al., 1970:
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1/3
A 14G(D)
u

, (77)

where I = gV,d?(Ts-Ta)/4T,, mis3; G=1.58-41.4 (A%Z) , dimensionless; (A%Z) = potential

temperature gradient, °K/m; the constant 114 in this equation has unit of m2/3; V is the
stack gas exit velocity, in m/s; d is the stack exit diameter in m; u is the speed at the stack
exit in m/s; Ts is the stack gas temperature; T, is the environmental temperature and g is the
gravitational acceleration, m/s2. This method is especially useful because the potential
temperature gradient factor is used for adjusting the different stability conditions.

The spatial distribution of RSPM concentration obtained from models (Egs. (58), (64) and
(68)) with background concentration 40 pg/m3 for Delhi (Kansal et al., 2011) is shown in Fig.
2 in the form of isopleths, which indicates the hot spots of RSPM ranging from 300-800
pg/m3 at different locations namely 1.T.O. Nizamuddin, Badarpur power station, LP.
powers station, Rajghat power station, AIIMS, Sirifort and Dhaula Khuan, which are major
traffic intersections or power plants. This figure also shows the higher concentration near
the Shahzada Bagh, which has maximum number of industries.

Pitampura

i Shanhara
Shahzada Bagh

Rajghat
Power plast NI 24

LT.O

LP. Powet!
plant

Nizamuddin

Distance (km)

0

15 2
Distance (km)

Fig. 6. 24 hourly averaged concentration of RSPM (ug/m?3) due to all types of sources in Jan 2008.
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The concentrations of RSPM, cumulative sum of concentrations due to point, line and area
sources, is evaluated against observed concentrations obtained from CPCB and NEERI, at
different locations, as shown in Table 9.

Model predicted National
Location Observed (ng/m3) (1g/m?) AmbientAir Quality
HE Standard (pg/m3)

Pitampura 353.00 411.30 100.00
Sirifort 374.00 449.45 100.00
Janakpuri 279.00 345.49 100.00
Shahzada Bagh 478.74 603.01 100.00
Sarojini Nagar 363.77 401.28 100.00

Table 9. Comparison of 24 hourly averaged predicted and observed concentration of RSPM
at different locations in Delhi in Jan 2008.

The table 9 shows that the models predictions are higher than observed as well as NAAQS.
However, these values are well within a factor of two of observed values, which satisfies the
criteria of Chang and Hanna (1982) for assessing the performance of the model with
conclusion that the models are performing satisfactory.

4. Conclusion

In the present study, the statistical (linear and non-linear) and analytical dispersion models
of air pollutants released from point, line and area sources are discussed. Air quality index
has been forecasted using MLR and ANN models. Performance of both the modes has been
compared and observed that ANN model is doing better than MLR.

The analytical models are formulated by considering the wind speed as a power law profile
of vertical height above the ground and vertical eddy diffusivity as an explicit function of
downwind distance and vertical height in different boundary conditions. A case study of
Delhi has been made for predict 24 hourly concentration of RSPM through the application
models with Neumann boundary condition in the month of Jan 2008. The input parameters
namely emission inventory and meteorological variables are pre-processed as per the
requirement of the model. The different types of primary and secondary sources of RSPM
due to vehicular, domestic, industries and power plants have been used in emission
inventory for year 2008. Some traditional methods for determining the meteorological field
are also discussed in this chapter, which are used as an input to these analytical models. The
analytical models are evaluated with observed concentration at different locations in Delhi
obtained from CPCB and NEERI, which show that the concentration levels obtained from
the models are always high in comparison to the observed values and NAAQS. However,
the models are performing satisfactory. Although the present models have the limitation as
the longitudinal diffusion is neglected in comparison to the advection and are not
considering the wind directions at different vertical heights. These models can be used for
other Indian urban cities.

5. Appendix A

The statistical measures, which have been used for statistical evaluation of the performance
of models has been given by Chang & Hanna (2004) as follows:
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5.1 Coefficient of correlation (R)

Coefficient of correlation (R) is relative measure of the association between the observed and
predicted values. It can vary from 0 (which indicates no correlation to +1 (which indicates
perfect correlation). A value of R close to 1.0 implies good agreement between the observed
and predicted values i.e. good model performance.

(e G5

oc,0c,

5.2 Coefficient of determination (R?)
Coefficient of determination (R?), which is the square of coefficient of correlation,
determines the proportion of variance that can be explained by the model.

5.3 Root Mean Square Error (RMSE)
RMSE, is a measure of the differences between values predicted by a model and the
observed values and is expressed as follows:

RMSE=4/(C, -C, )2

5.4 Normalized Mean Square Error (NMSE)
NMSE, as a measure of performance, emphasizes the scatter in the entire data set and is
defined as follows:

N2
NMSE = M

-
. <,

The normalization by EO.EP ensures that NMSE will not be biased towards models that

over predict or under predict. Ideal value for NMSE is zero. Smaller values of NMSE denote
better model performance.

5.5 Fractional Bias (FB)
It is a performance measure known as the normalized or fractional bias of the mean
concentrations:

C, -C

FB = (Co-Gr) o E) ,
0.5(C, +Cp)

where:

Cp: model predictions,

Co: observations,

Overbar (é) : average over the dataset, and

oc: standard deviation over the data set.
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1. Introduction

Inhabitants of many cities around the world suffer the effects of high levels of ozone air
pollution. When the ozone concentration stays above the threshold of 0.11 parts per million
(0.11ppm) for a period of one hour or more, a very sensitive part of the population (e.g. elderly
and newborn) in that environment may experience serious health deterioration (Bell et al.,
2004, 2005, 2007; Gauderman et al., 2004; Loomis et al., 1996; O’Neill et al., 2004; WHO, 2006).
Therefore, being able to predict when exceedances of the 0.11ppm threshold (or any threshold
above this value) may occur is a very important issue.

Depending on the country, different thresholds may be considered to declare environmental
alerts. The US Environmental Protection Agency (US-EPA) has established as its standard
that the three-year average of the fourth highest daily maximum 8-hour average ozone
concentration measured at each monitor within an area over each year must not exceed
0.075ppm (see EPA, 2008). In the case of Mexico, the standard is 0.11ppm and an individual
should not be exposed, on average, for a period of an hour or more (NOM, 2002). In
Mexico City when the ozone concentration surpasses the threshold 0.2ppm an emergency
alert is issued and measures are taken to prevent population exposure to the pollutant (see
http:/ /www.sma.df.gob.mx).

It is possible to find in the literature a large number of works focussing on the study of
the behaviour of air pollutants in general. Among the ones related to ozone air pollution
we may quote, Horowitz (1980), Roberts (1979a, 1979b), Smith (1989) considering extreme
value theory; Flaum et al. (1996), Gouveia & Fletcher (2000), Kumar et al. (2010), Lanfredi
& Macchiato (1997) and Pan & Chen (2008) using time series analysis; Alvarez et al. (2005)
and Austin & Tran (1999) considering Markov chain models; Achcar et al. (2008b, 2009a,
2009b) using stochastic volatility models; and Huerta & Sansé (2005) with an analysis of the
behaviour the maximum measurements of ozone with an application to the data from Mexico
City. Davis (2008) and Zavala et al. (2009) present studies that analyse the impact on air
quality of the driving restriction imposed in Mexico City.

When the aim is to estimate the number of times that a given environmental standard is
surpassed, Raftery (1989) and Smith (1989) use time homogeneous Poisson processes to model
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this event. Aiming to overcome the time homogeneity hypothesis, Achcar et al. (2008a,
2010, 2011) consider non-homogeneous Poisson processes. However, one shortcoming of
those works is that they estimate the parameters involved in the model using the Gibbs
sampling algorithm internally implemented in the software WinBugs. One particular problem
that occurred when using the data set from the monitoring network of Mexico City was
that the software was very slow and sometimes, convergence of the algorithm could not
be achieved unless very informative prior distributions were used. In the present work we
keep the assumption of a non-homogeneous Poisson process. However, the estimation of the
parameters of the intensity function of this Poisson process is made using a combination of
Gibbs sampling and Metropolis-Hasting type algorithms implemented using the R software.
The algorithm produces very fast running time (with rare exceptions) even with non
informative prior distributions. We are going to apply the theoretical part of this work to
the ozone data provided by the monitoring network of the Metropolitan Area of Mexico City.
The Metropolitan Area is divided into five regions or sections corresponding to the Northeast
(NE), Northwest (NW), Centre (CE), Southeast (SE) and Southwest (SW) and the ozone
monitoring stations are placed throughout the city (see Alvarez et al., 2005; Achcar et al., 2008a
and http://www.sma.df.gob.mx). We are going to analyse the data for each region separately.
Even though the threshold to emit an environmental alert in Mexico City is 0.2ppm, we are
going to consider the threshold 0.17ppm in order to see how the frequency of environmental
alerts is affected if 0.17ppm were the new threshold for declaring that type emergency.

This work is organised as follows. In Section 2, the basic assumptions of the Poisson models
are presented. Section 3 describes the Bayesian formulation used. In Section 4, the Gibbs
sampling and the Metropolis-Hastings algorithms used to estimate the parameters of the
intensity functions of the Poisson models are described as well as the methodology used
to select the best model fitting the data considered. An application to the case of ozone
measurements in Mexico City is given in Section 5. Finally, in Section 6 some comments
about the results obtained are presented. The codes of the R programmes used to estimate
the parameters of the models are given in an Appendix before the list of references.

Remark. In here the notation X ~ F is used to indicate that the random variable X has
distribution function F.

2. Some non-homogeneous Poisson models

There are several works that use non-homogeneous Poisson model to study problems in a
wide variety of research areas (see for example Achcar, 2001; Achcar et al., 1998; Ramirez-Cid
& Achcar, 1999; Wilson & Costello, 2005, among others). As in Achcar et al. (2008a, 2010, 2011),
in here, non-homogeneous Poisson processes are used as models to estimate the probability
that an ozone measurement surpasses a given threshold a certain number of times in a time
interval of interest. However, in here we focus mainly in the behaviour of the mean of the
Poisson process. The description of the models considered here are given as follows.

Let N; > 0 record the number of times that a given threshold for a given pollutant is surpassed
in the time interval [0, ), t > 0. We assume that N = {N; : t > 0} follows a Poisson process
which is non-homogeneous in time and with rate function A(¢) > 0, t > 0. Therefore, at time
t, the random variable N; has Poisson distribution with rate function A(t) and mean function
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m(t) = fot)\(s) ds,ie., fork=0,1,...ands,t >0,

[m(t +s) —m(t)]*

P(Nyys— Ny =k) = o

exp (—[m(t+s) —m(t)]). M
The function A(t), t > 0, will depend on some parameters that need to be estimated. Once
those parameters are estimated, the resulting form for A(#) may be substituted in (1) and the
corresponding probabilities may be calculated. Additionally, since the rate function is related
to the rate at which a surpassing occurs, we are able to obtain information on that as well.
There are several forms that A(t), t > 0, may assume. Based on the information provided by
previous works, we are going to consider three forms for the rate function. They are given by
the Weibull (W), Musa-Okumoto (MO) (Musa & Okumoto, 1984), and a generalised form of
the Goel-Okumoto (GGO) (Goel & Okumoto, 1978) models, i.e.,

AW(4) = (a/0) (t/0)* T, )
AMONt) = B/ (t +a), ®)
A(GGO)(t) = apy 7! e P, (4)

respectively. Hence, the vectors of parameters to be estimated are § = (a,0), (¢, 8) € R?, in
(2) and (3), respectively, and is 6 = (a, B, ) € ]Ri in (4).

The problem is reduced to estimating the vector of parameters that produces the behaviour
of A(t), t > 0 that more adequately fits the situation presented by the 0zone measurements of
the Mexico City monitoring network. In order to do so, a Bayesian approach will be used.
Remark. Note that, even though the rate functions (2), (3) and (4) have been considered in
past works, the interest here is to analyse the fitting for more recent data. That is justified
by the fact that the year 2000 was the point in time where the last of a series of important
measures to control pollution emission were taken by the environmental authorities in Mexico
City. Previous preliminary analysis shows that the behaviour of the daily maximum ozone
measurements have changed.

3. A Bayesian formulation of the model

In this section a Bayesian formulation of the model is presented in which the likelihood
function follows a Poisson model with rate function that is time dependent. The aim is to
estimate the parameters describing this rate function. Therefore, assume that there are K > 1
days in which a given threshold is surpassed by the daily maximum ozone measurement. Let
dy,dy, ..., dg be those days and denote by D = {dy,dy, ..., dk} the set of observed data. There
is a natural relationship among posterior and prior distributions and the likelihood function
of the model which is given by

P(0|D) e L(D[6) P(6) ®)

where P(6|D) and P(6) are the posterior and the prior distributions of the vector of
parameters 6, respectively, and L(D|6) is the likelihood function of the model. The
components of (5) are given as follows.
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1. The likelihood function. Since a non-homogeneous Poisson model has been assumed, we
have that the likelihood function will take the form (see for instance Cox & Lewis, 1966;
Lawless, 1986)

L(D|0) {H/\ ] exp (—m(dk)), (6)

where 0 is the vector of parameters. The likelihood function takes different forms
depending on the expression for the rate function A(t), t > 0. Hence, taking that into
account we have the following.

In the case of the Weibull function given by (2), we have that m(W)(t) = (t/0)?, and
therefore,

LD |a, o) o (%)K (rK[df‘1> exp [—(dx/0)"]. (7)

i=1

When considering the Musa-Okumoto function given by (3), we have that m(MO)(t) =
Blog (1 +t/a), and then,

LMOND |, B) o (Hd T )exp [—Blog (1 +dx/a)]. (8)

In the case of the generalised Goel-Okumoto function given by (4), we have that the mean
is m(CGO)(t) = a [1 — exp (—Bt7)], and therefore,

LCOND |a, B, 7) o« (ap)" (ﬁﬂl) exp (—ﬁfd?)
i=1 i=1
exp [—a (1 — eiﬁﬂ)} . 9)

2. The prior distributions. Assuming prior independence among the parameters of each
model considered we have the following prior distributions. In the case of the Weibull
intensity (2), in a first instance we consider for all regions and parameters, uniform prior
distributions defined on appropriate intervals. In a second instance, we take Beta(ay, by)
and Gamma(ay, bp) prior distributions for a and o, respectively. (In here, we are denoting
by Beta(a, b) and Gamma(c, d) the Beta and Gamma distributions with means a/(a + b)
and c/d, respectively, and variances ab/[(a + b)?(a + b+ 1)] and c/d?, respectively.) When
considering the intensity function (3) we take uniform prior distributions, with appropriate
hyperparameters, for all parameters and regions. In the case of the intensity function (4) we
assume that « and B have uniform prior distributions (with appropriate hyperparameters)
for all regions. In the case of the parameter y we have y ~ Gamma(ag, b3) for all regions.
The hyperparameters a; and b;, for i = 1,2,3 are considered to be known and will be
specified later. They will be such that either we have non-informative prior distributions
or using prior information of experts we have informative prior distributions for the
parameters of each model.
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3. The posterior distributions. The posterior distributions for the models considered here
have the following forms. In the case of the Weibull intensity (2), we have that

P(D(,U | D) - D(a1+K_l(1 . a)hl—lo—tlz—ﬂéK—le—th

K
[H d?_l] exp [—(dk/0)"]. (10)
i=1

Remark. In the case of uniform prior distributions for a« and ¢, we have that P(a,0 | D) o
(/0 [T, 4] exp [~ (dk /o)1),

When considering A(t) given by (3), we have that,

K 1 d
K _ K
P(x,p|D) x <,-|=1| i oc) exp ( B log {1 + }) . (11)
In the case of A(t) given by (4) we have that

P(a, B, 7| D) o« (Ba) K+ 11 exp [ (1 o)

exp [—5 (id?)} [ﬁd}‘l} . (12)

i=1

4. Conditional marginal posterior distributions, a Gibbs sampling and a
Metropolis-Hasting algorithm

In order to simulate values from the joint posterior distribution in each model, we use a
combination of Gibbs and Metropolis-Hastings type algorithm (see Metropolis et al., 1953;
Hastings, 1970; Gelfand & Smith, 1990). The estimation of the parameters in each model
will be made through a sample obtained from their complete marginal conditional posterior
distribution using a Metropolis-Hasting algorithm. The values obtained are used in the next
step of the Gibbs sampling. The complete marginal conditional posterior distributions in each
model are given as follows.

1. In the case of the Weibull intensity (2) and complete posterior distribution given by (10),
we have that

P(x|o,D) « ¢y (a,0) a1 (1 — )1
P(o|a,D) o« io(a,0) g lemh0
where

K dy o
P1(,0) = exp [Klog(zx) ~ Kulog(o) + (x ~1) Y log(d;) - <7> ] ,

1

Po(a,0) = exp [7K0(10g((7) - (d—K)a .

ag
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Remark. In the case of uniform prior distribution for « and ¢ we have that P(a |0, D) o
Y1(a,0) and P(0 | a, D) o« o (a, 7).
2. When considering the intensity function given by (3) we have that
P(a|p D) o p3(a, p),
P(B|a, D) o ¢u(a,p),

where

¥3(a, ) = exp

7

K dK
— Y log(d; + ) — Blog 1+?
i=1

’

$ale, B) = exp [K log(p) — plog <1 + %K)

i.e., conditioned on « and D, f ~ Gamma (K, log (1 + dk /a))

3. In the case of the intensity function (4) we have

P(a|B,7,D) e ¢5(a, B, 7),
P(B|a,v,D) « yg(a, B,7),
P(y|a, B, D) o< ¢7(a, B, ) 7“3_1€_h37,

where
¥5(a, B,7) = exp [Klog(oc) —a (1 - e_ﬁd})} ,

1,06(0(, .Br ,Y) = exp

7

K
Klog(B) +ae Pl — gy dY
i=1

1

¥7(a, B, 7) = exp

Klog(y) + we Pk — B i d? +(r-1) i log(di)] .
i=1 i=1

Note that from the forms of most of the marginal conditional distributions obtained here it is
not straightforward to obtain sampled values of the parameters directly from them. Hence,
we are going to obtain a sample by using a Metropolis-Hastings algorithm.

We sample the proposed values for the parameters using their respective prior distributions.
Therefore, if @ = (01,05, ...,0y) is the vector of parameters in the present step of the algorithm,
then the acceptance probability in the Metropolis-Hastings algorithm is given by

$i(07,6(_j)
- 0!) = mi Lot b lid =
q(9],9]) 1n{1, 1/11(9]'/9(_]')) , j=12,...,n, (13)

where 8’ = (01,065,...,0;) is the proposed vector where each coordinate was sampled using
its prior distribution, 6 is the vector  without its jth coordinate and ¢; is the appropriate
1 function that appears in the expression for the marginal conditional distributions.

In order to select the model that best explains the behaviour of the data considered here, we
use the plots of the Monte Carlo estimates for m(t) based on the simulated samples versus
t and the accumulated number of occurrences up to t versus time. If the curves are similar,
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we have an indication of a good fit of the proposed model to the data. We also consider
a Bayesian discrimination method. Hence, from Raftery (1996) we have that the marginal
likelihood function of the whole data set D for Model I,/ =1,2,...,] is given by

V= /L(D\em)P(e[l])deW (14)

where 0l!] is the vector of parameters for Model [ and P(6!")) is the joint prior distribution for
6l!l. The Bayes factor criterion prefers Model i to Model j if Vi/V; < 1. A Monte Carlo estimate
for the marginal likelihood V} is given by

. 1 M ,
_ (L]
V= i:21L<D‘9 ) (15)

where M is the size of the simulated Gibbs sample and olldl i = 1,2,...,M is the sample
obtained when considering the Model [, [ =1,2,...,].

5. An application to the ozone measurements in Mexico City

In this section we apply the results described in earlier sections to the case of daily maximum
ozone measurements from the monitoring network of the Metropolitan Area of Mexico
City. The data used in the analysis (obtained from http://www.sma.df.gob.mx/simat/)
corresponds to seven years (from 01 January 2003 to 31 December 2009) of the daily maximum
measurements in each region. The measurements are obtained minute by minute and the
averaged hourly result is reported at each station. The daily maximum measurement for a
given region is the maximum over all the maximum averaged values recorded hourly during
a 24-hour period by each station placed in the region. The seven-year average measurements
in regions NE, NW, CE, SE and SW are 0.085, 0.097, 0.098, 0.101 and 0.112, respectively,
with standard deviation 0.028, 0.036, 0.036, 0.033 and 0.039. We also have that the threshold
0.17ppm was surpassed 13, 78, 53, 40 and 143 days in regions NE, NW, CE, SE and SW,
respectively.

The computational details of the implementation of the computer programme of the algorithm
used to estimate the parameters are given as follows. When considering the Weibull rate
function, we have used three different initial values for the algorithm generating the values
of « and ¢. Those initial values were based on the results given by Achcar et al. (2008a) for
each specific region. Hence, we have taken one value near the left extreme of the 95% credible
interval for the mean, another near the right extreme and the mean itself. In the case of the
rate functions (3) and (4) similar procedure was considered.

Regarding the hyperparameters of the prior distributions when considering the Weibull rate
function we have the following. In the case of the first stage of the sampling procedure (i.e.,
uniform prior distributions for « and o), we have that in all regions the parameter « has a
U(0,1) prior distribution. The parameter ¢ has a U(0,10) prior distribution when using data
from region CE and a U(0,100) prior distribution for the remaining regions. In the case of
non uniform prior distributions, the value of the hyperparameters may vary from region to
region. In the case of the parameter & we have that the Beta distribution has hyperparameters
a; = 3/25 and by = 2/25 in the case of regions NW, SE and SW, and is Beta(1/8,1/8) and
Beta(7/200,3/200) in the case of regions CE and NE, respectively. When considering the
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parameter o we have that the prior distributions are Gamma(3249/640, 57/640), Gamma(3/2,
1/2), Gamma(9/4, 3/4), Gamma(1.69, 0.13) and Gamma(49/20, 7/20) for regions NE, NW,
CE, SE and SW, respectively.

Remark. Observe that taking either « ~ U(0,1) or a with a Beta distribution, we have that
AW)(¢) is a decreasing intensity function.

In almost all cases and regions we consider a burn-in period of 30000 steps. The exceptions are
the cases of Weibull rate function with « having a Beta prior distribution and regions CE, NE
and SW, and the case of GGO rate function and region SW where we have a burn-in period
of 130000 steps. In all cases a sample of size 10500 was used to estimate the parameters of
the models. The burn-in period was determined by trace plot analysis as well as by using the
Gelman-Rubin test (see Gelman & Rubin, 1992).

Remark. In the case of GGO rate function and region SW, the sampling procedure were as
follows, for each interation producing a value of § we had 20 iterations for « and o. Hence, we
have 20 iterations for «, and the last generated value is used to generate a . This generated
f is used to generate o and again we have 20 iterations for ¢ and the 20th generated value is
used to generate «, and so on. This artifice was necessary to obtain convergence of the Gibbs
and Metropolis-Hastings algorithms.

The estimated mean, standard deviation (indicated by SD) and the 95% credible interval in
the case of Weibull rate function are given in Table 1.

Weibull Mean SD 95% credible interval
uni |no-uni| uni |no-uni uni no-uni
NE o 0.7 | 0.891 | 0.11 | 0.14 | (0.476,0.917) (0.575, 1)
o 3.47 1 91.05 | 2.37 |33.404 [ (0.7635, 9.652) | (28.909, 152.84)
NW o 0.6 | 0.62 [0.063| 0.054 | (0.543,0.792) | (0.526, 0.726)
o 347 | 248 |237 | 1.524 | (0.763,9.561) | (0.642, 5.884)
CE o 0.58 | 0.56 |0.063| 0.052 | (0.462,0.699) | (0.471, 0.674)
o 3.075| 2.49 |2.136| 1.502 | (0.432,8.492) | (0.524, 6.228)
SW o 0.62 | 0.61 |0.013| 0.029 | (0.591, 0.642) | (0.569, 0.675)
o 0.785| 0.84 [0.087| 0.31 | (0.626,0.962) | (0.387, 1.541)
SE o 0.69 | 0.65 ]0.093| 0.075 | (0.525,0.884) | (0.517,0.811)
o 13.83] 10.07 | 10 | 6.373 [(2.129, 39.865)| (1.984, 25.831)

Table 1. Posterior mean, standard deviation (indicated by SD) and 95% credible interval of
the parameters « and o when the Weibull rate function is considered.

In the case of the MOP model, we have that & and B will have U(0,700) and U(1,2500) prior
distributions, respectively, in all regions.

Remark. Note that in the case of the parameters B its marginal conditional posterior
distribution depends on the values of K and dx which may vary from region to region. Hence,
we have that K = 13,78,53,40 and 143, and dx = 1927, 2258,2283, 2282 and 2431 for regions
NE, NW, CE, SE and SW, respectively. Table 2 gives the estimated quantities of interest.
When the GGO rate function is taken into account, we have for all regions that the parameters
B and 7 have U(0.000001,0.001) and Gamma(0.5,1.5) prior distributions, respectively. In the
case of the parameter « we have that for regions NE, NW, CE and SE, its prior distribution is
U(300,2000). In the case of region SW we have a with U(0,3000) prior distribution. A summary
of the estimated quantities of interest is given in Table 3.

The value of the Bayes factor for each model and region are given in Table 4.

We may see from Table 4 that the best model according to the Bayes factor criterion in each
region is the one using the Weibull rate function. In the case of regions NE and CE the model
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MO| Mean SD 95% credible interval
NE « |199.178 | 356.8562 (0, 1115)

B 12.981576| 5.195376 (0, 16.09559)
NW «a [96.21955| 167.9046 (0, 536.9866)

B |10.90067|17.844407 (0, 49.76161)
CE « |209.7355| 102.5246 | (73.91646, 476.3019)

B 121.49208| 4.840937 | (13.94708, 32.71157)
SW «a |507.8983| 109.1856 | (292.9967, 687.4573)

B | 81.2965 |10.885889| (60.82191, 102.7176)
SE a [379.7262| 148.8562 | (134.278, 672.9357)

B 120.83115| 4.98808 | (12.37612, 31.46646)

Table 2. Posterior mean, standard deviation (indicated by SD) and 95% credible interval of
the parameters « and  when the MO rate function is considered.

GGO| Mean SD  |95% credible interval
NE « 1024 483.15 (330.65, 1938.55)
B |3.946E-04| 0.0003 | (2.33E-5, 0.000947)
0% 0.522 0.126 (0.321, 0.8165)
NW « 1200 454.73 | (389.173, 1957.981)
B | 0.00064 | 0.00022 |(0.000212, 0.0009803)
0% 0.624 0.0624 (0.5173, 0.7563)
CE « 1309 |424.0873| (486.984, 1964.205)
B | 0.00067 | 0.00020 | (0.000265, 0.000985)
0% 0.5451 | 0.0573 (0.449, 0.671)
SW  « 710 450.32 (0.6246, 0.8995)
B | 0.000724 |0.000193| (0.000179, 0.000999)
0% 0.77 0.0758 (0.583, 0.9612)
SE « 1059 480.94 | (332.122, 1942.537)
B | 0.00052 | 0.0025 | (0.000118, 0.000969)
0% 0.592 0.076 (0.4511, 0.7464)

Table 3. Posterior mean, standard deviation (indicated by SD) and 95% credible interval of
the parameters «, B and v when the GGO rate function is considered.

Weibull MO GGO
uni no-uni
NE | 3.499E-16 | 2.0712E-19 | 3.564126E-39 | 9.08166E-35
NW | 1.684E-44 | 6.8451E-35 |1.996936E-146| 7.3953E-144
CE [8.2569E-26| 5.6684E-29 |2.673235E-108 |1.52702E-104
SE |2.6252E-29|1.00755E-28 |4.4002195E-89| 4.7143E-86
SW |2.7104E-69 | 7.1844E-57 |4.037815E-250| 7.8386E-233

Table 4. Bayes factor for each model and region considered.

assuming uniform prior distribution for « and ¢ is the one with larger Bayes factor. In the case
of the other regions the version where a has a Beta prior distribution is the one with larger
Bayes factor.

Another way of verifying the fitting of a model to the data, is to perform graphical analysis.
Hence, in Figure 1 we have the plots of the observed and estimated means for each of the
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regions and rate functions considered here. The plain solid line represents the accumulated
observed mean. The lines with B, 4, A and V, correspond to the accumulated estimate means
for models GGO, MO, Weibull where « has a uniform prior and Weibull where « has a Beta
prior, respectively
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Fig. 1. Accumulated observed and estimated means for all models and all regions. Solid
plain line represents the accumulated observed mean. Lines with l, ¢, A and V, correspond
to the accumulated estimate means for models GGO, MO, Weibull where « has a uniform
prior and Weibull where « has a Beta prior, respectively.

It is possible to see from Figure 1 that the model that best fit the data varies according to
the region. We have that for region NE the estimated mean obtained by using the Weibull
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rate function with & uniformly distributed is the one that best fit the observed mean. In
the case of region NW, we have that the GGO model is the most adequate to represent
the behaviour of the observed mean. However, we may notice that towards the end of the
observational period the estimated Weibull mean function (either formulation) also provides
a good approximation. When we look at the observed mean in region CE, we have that the
GGO model fits quite well the observed mean until approximately the year 2007 and then
it starts to drift away from it. However, the estimated mean using the MO model gives a
good approximation from the year 2007 on. The case of region SE is similar to that of region
CE. However, the fitting of the estimated mean function using the GGO model ends earlier
(around 2006) and the fitting using the MO model is not as good as in the case of region CE.
When we consider region SW, we have that the estimated mean function using any of the
models provides a very good approximation for the observed mean. The best approximation
is the one given by the GGO model though.

6. Conclusion

In this work we have considered a Gibbs sampling algorithm to estimate the parameters of a
rate function of a non-homogeneous Poisson process. The methodology was applied to some
models used to study the behaviour of 0zone measurements from the monitoring network of
Mexico City. Two criteria were used to select the model that best adjusts to the observed data.
One of them was graphical analysis and the other was the Bayes factor.

Looking at Table 3 we have that the Weibull rate function is the one producing the largest
Bayes factor and therefore, under this criterion, that is the model that should be considered.
However, when looking at Figure 1, we have that depending on the region of the city
considered, we might have a better adjustment of the estimated and observed mean number
of exceedances if other rate function were considered.

We have that the Weibull rate function has the best graphical adjustment only when region
NE is considered. In the other regions we have that the best graphical adjustment either is
when using the GGO rate function or when using the MO (see Figure 1, regions NW, CE and
SW). There are situations where the GGO rate function adjusts well until a given point in time
and afterwards some of the other rate functions considered are the ones that give the best
graphical fitting (see Figure 1, regions CE and SE).

Looking at Figure 1, we have that perhaps in the case of regions NW, CE and SE one
could consider the GGO model with the presence of change-points. Another option is to
consider two different parametric forms for the rate function of the Poisson process. One of
them explaining the behaviour of the data up to a point in time and another explaining the
behaviour afterwards.

When comparing the results obtained here with previous works, we have the following.
Taking into account the study performed using measurements from 01 January 1998 to 31
December 2004, in all regions the selected model (using the Bayes information criterion and
the deviance information criterion) is when the Weibull rate function is used (see Achcar et
al., 2008a). In terms of graphical adjustment, in most of the cases, results were similar to the
ones obtained here using the 2003-2009 data. However, when considering regions CE and SE,
the fitting of the Weibull rate function is better when using the 1998-2004 data. The values of
the parameters & and o of the Weibull rate function are very different with the exception of
regions NW and SW, where the parameters « are very similar, but the parameter o presents
significant differences.
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In Achcar et al. (2010), we have that the GGO and MO rate function were used when
considering measurements also taken from 01 January 1998 to 31 December 2004. In that
case the regional splitting of the city was not taken into account, but the ozone measurements
were the overall measurements for the Metropolitan Area of Mexico City. In that work, the
presence of a change-point was assumed and we have that the model selected using the
deviance information criterion to represent the behaviour of the ozone measurements was
the GGO with the presence of a change-point. In terms of graphical fitting we have that the
GGO model with a change-point also provides the best fit. When considering the 2003-2009
data and the regional division of the city, we have that not always the GGO model is the
one providing the best graphical fitting. Additionally, when using other criteria for selecting
the models, the GGO may not be the selected model either, as we can see from Figure 1. In
the cases where the GGO rate function is selected as providing the best graphical fitting, we
have that, when compared to the results obtained using the 1998-2004 data, the values of the
parameters & and $ are similar except in the case of region SW. However, the parameter 7
presents very different behaviour (see Achcar et al., 2010).

As we can see from Figure 1, sometimes the MO rate function may be used to explain the
behaviour of the data in the last years of the period 2003-2009. This rate function was also
considered for the overall measurements during the period 1998-2004. The graphical fitting
was much worse than the fitting obtained when using the 2003-2009 data.

We would like to recall that around the year 2000 was implemented the last of the major
environmental measures taken by the environmental authorities in Mexico. We also have that
from that year on, the daily maximum ozone concentration presents a decreasing tendency.
The change in behaviour is captured by the models presented here, where different graphical
fittings and values of parameters are detected when considering the 1998-2004 and 2003-2009
data sets.

An advantage of using the algorithm and consequently the programme presented here is that
it may the modified by the user to adapt to each particular case studied. Each step of the
algorithm and programme can be monitored and therefore, if there is any problem with the
model considered, one can detect precisely where the problem is. Even though in some cases
the burn-in period of the algorithm is larger than in previous cases, the overall running time
is smaller than when considering some other software packages as the ones used by Achcar
et al. (2008a, 2010, 2011).
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8. Appendix

In this Appendix we provide the R code of the Gibbs and Metropolis-Hastings algorithms for

each rate function considered in this work.

1. Weibull rate function
In here we have the code for the case where the Weibull rate function is considered.

w<-function(zona,cant iteraciones,alfa inicial,
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sigma_inicial,al,bl,a2,b2)
# creates the Markov chain and store the initial state
alfa<-vector ("numeric",cant iteraciones)
sigma<-vector ("numeric",cant iteraciones)
alfa[ll<-alfa inicial
sigma[l]<-sigma_ inicial
# upload the vector with the observed data

datos observados<-scan(file = zona, what = double(0), nmax = -1,
sep = non, quote = nn, dec = "o,
skip = 0, nlines = 0, na.strings = "NA",

flush = FALSE, fill = FALSE, strip.white = FALSE,
quiet = FALSE, blank.lines.skip = TRUE, multi.line = TRUE,
comment.char = "", allowEscapes = TRUE)
for(i in 2:cant_iteraciomes) {
# obtain the proposed value from the Beta and Gamma prior
# distributions
alfa propuesta<-rbeta(l,al,bl)
sigma propuesta<-rgamma (1,a2,b2)
# leave sigma fixed and check if the proposed
# value for alpha is accepted
aceptacion<-min(1,aceptar alfa(sigma[i-1],alfa[i-1],
alfa propuesta,datos observados))
a<-runif (1)
if (a<aceptacion)
alfa[i]=alfa propuesta # accepted
else
alfa[il=alfa[i-1] #not accepted
# leave alpha fixed and check if the proposed value
# for sigma is accepted
aceptacion<-min(1,aceptar sigma(tail (datos_observados, 1),
length(datos observados) ,alfali],
sigma[i-1],sigma_propuesta))
a<-runif (1)
if (a<aceptacion)
sigma[i] =sigma_ propuesta #accepted
else
sigma[i]=sigma[i-1] # not accepted
}
}

aceptar alfa<-function(sigma actual,alfa actual,
alfa propuesta,datos_observados) {
n<-length(datos_ observados)
dn<-tail (datos_observados, 1)
logsum<-0
for(k in 1:n){
logsum<-logsum+log (datos_observados [k])

}
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term<-nxlog(alfa propuesta/alfa_actual)+n*log(sigma_actual)
*x (alfa_actual-alfa propuesta)+logsum
* (alfa propuesta-alfa actual)
+(dn/sigma_actual)” (alfa_actual)
- (dn/sigma_actual)” (alfa propuesta)
exp (term)
}
aceptar sigma<-function(dn,n,alfa actual,sigma actual,
sigma_ propuesta) {
term<-n+alfa actualxlog(sigma actual/sigma_ propuesta)
+(dn/sigma_actual)” (alfa_actual)
- (dn/sigma_propuesta) " (alfa_actual)
exp (term)

}

2. GGO rate function
In this subsection of the Appendix we have the code for the Gibbs and Metropolis-Hastings
algorithms when we take the GGO rate function.

ggo<-function(zona,cant_iteraciones,alfa_inicial,
beta inicial,gamma_ inicial, a5, b5,
a6,b6,a7,b7) {
# create Markov chain and store initial values
alfa<-vector ("numeric",cant_iteraciones)
beta<-vector ("numeric",cant_iteraciones)
gamma<-vector ("numeric",cant iteraciones)
alfa[ll<-alfa_inicial
beta[l]l<-beta inicial
gamma [1] <-gamma_inicial
# upload the vector with the observed data

datos observados<-scan(file = zona, what = double(0), nmax = -1,
sep = o quote = "N, dec = L
skip = 0, nlines = 0, na.strings = "NA",

flush = FALSE, fill = FALSE, strip.white = FALSE,

quiet = FALSE, blank.lines.skip = TRUE, multi.line = TRUE,
comment.char = "", allowEscapes = TRUE)

logsum<-0
for(i in 1:length(datos_observados)) {
logsum<-logsum+log (datos observados[i])

}
for(i in 2:cant_ iteraciones) {

# obtain the proposed value from the uniform and Gamma prior
# distributions

alfa propuesto<-runif (1,a5,b5)

beta propuesto<-runif (1,a6,b6)

gamma_propuesto<-rgamma (1,a7,b7)
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# leave the parameters beta and gamma fixed and check if the
# proposed value for alpha is accepted
aceptacion<-min(1l,aceptar alfa(beta[i-1],alfa[i-1],
alfa propuesto,datos_observados,gamma [i-1]))
a<-runif (1)
if (a<aceptacion)
alfa[il=alfa propuesto # accepted
else
alfal[il=alfa[i-1] # not accepted
# leave the parameters alpha and gamma fixed and check if the
# proposed value for beta is accepted
aceptacion<-min (1, aceptar beta(tail (datos observados, 1),
length(datos_observados) ,alfali],
beta[i-1] ,beta_propuesto,
datos_ observados,gamma[i-1]))
a<-runif (1)
if (a<aceptacion)
betal[i] =beta_propuesto # accepted
else
beta[i]=beta[i-1] # not accepted
# leave teh parameters alpha and beta fixed and check if the proposed
# values for gamma is accepted
aceptacion<-min (1, aceptar gamma (datos observados, logsum,
gamma_propuesto,gamma[i-1],betal[i-1],alfali-1]))
a<-runif (1)
if (a<aceptacion)
gamma [1] =gamma_propuesto # accepted
else
gamma [1]=gamma [i-1] # not accepted
}
}

aceptar alfa<-function(beta actual,alfa actual,
alfa propuesto,datos observados,
gamma_actual) {
n<-length(datos observados)
dn<-tail (datos observados, 1)
res<- (alfa propuesto/alfa actual)”n
rexp ((alfa actual-alfa propuesto)
* (1-exp (-beta actual+dn”gamma actual)))
}
aceptar beta<-function(dn,n,alfa actual,beta actual,
beta propuesto,datos_observados,
gamma_actual) {
disum<-0
for(i in 1:n){
disum<-disum+datos observados [i] “gamma_ actual

}
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term<-disums« (beta actual-beta propuesto)
+alfa actualx* (exp (-beta propuestoxdn®gamma_ actual)
-exp (-beta_actual*dn”gamma_actual))
res<- ( (beta_propuesto/beta_actual) “n) «exp (term)
res
}
aceptar gamma<-function(datos observados, logsum,
gamma_propuesto,gamma_actual,
beta actual,alfa actual) {
n<-length(datos observados)
dn<-tail (datos observados, 1)
expsum<-0
for(i in 1:n){
expsum<-expsum+ (datos_observados [1] "gamma_actual
-datos_observados [i] "gamma_propuesto)
}

term<-logsum* (gamma propuesto-gamma_ actual)

+beta actualsexpsum+alfa actual

* (exp (-beta_actual+dn”gamma_propuesto)

-exp (-beta actual+dn”gamma_ actual))
result<- ( (gamma_propuesto/gamma_actual) “n) xexp (term)
result

}

3. MO rate function
In here we present the R code of the Gibbs and Metropolis-Hastings algorithms when the MO
rate function is used.

mo<-function(zona,cant iteraciones,alfa inicial,
beta inicial,a3,b3,a4,b4)
# creates the Markov chain and store the initial state
alfa<-vector ("numeric",cant iteraciones)
beta<-vector ("numeric",cant_ iteraciones)
alfa[ll<-alfa inicial
beta[l]<-beta_inicial
# upload the vector with the observed data

datos observados<-scan(file = zone, what = double(0), nmax = -1,
Sep = n n , quote = nn , dec = n . n ,
skip = 0, nlines = 0, na.strings = "NA",

flush = FALSE, fill = FALSE, strip.white = FALSE,
quiet = FALSE, blank.lines.skip = TRUE, multi.line = TRUE,
comment.char = "", allowEscapes = TRUE)

n<-length(datos observados)

dn<-tail (datos observados, 1)

for(i in 2:cant_iteraciomes) {
# obtain a proposed value for alpha from its Gamma prior distribution
# and check is the wvalue is accepted



A Gibbs Sampling Algorithm to Estimate the Occurrence of Ozone Exceedances in Mexico City 147

alfa propuesta<-rgamma (1l,a3,b3)
acepcation<-aceptar_ alfa(beta[i-1],alfa[i-1],alfa propuesta,
datos_observados)
a<-runif (1)
if (a<aceptacion)
alfa[i]=alfa propuesta # accepted
else
alfal[il=alfa[i-1] # not accepted
# obtain a random sample for the parameter beta using its Gamma
# posterior distribution
betal[il<-rgamma (1,n+1,log(1+(dn/alfalil)))
}
}
aceptar alfa<-function(current beta,alfa actual,alfa propuesta,
datos_observados) {
# obtain the cardinality of the observed data sets and obtain
# the last value of the set
n<-length (datos observados)
dn<-tail (datos_observados, 1)
# calculate the sum of log(di)
logsum<-0
for(i in 1:n){
logsum<-logsum+log ( (datos observados[i]+alfa actual)
/ (datos_observados [i] +alfa propuesta))
}

term<-logsum+current betaxlog((alfa actualsx(alfa propuesta+dn))
/ (alfa propuestax* (alfa actual+dn)))
exp (term)

}
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1. Introduction

Human activities are changing the composition of Earth's atmosphere, and thus influence
the air quality. In that respect, one of the most important elements of the atmosphere are
aerosols. They play a fundamental role in physical and chemical processes affecting both air
quality and regional and global climate. Aerosols affect the Earth’s radiative balance both in
the cloud-free and the cloudy atmosphere. These so-called direct and indirect aerosol effects
which depend on the chemical and physical aerosol properties still represent an uncertain
factor in estimates about climate change.

The direct effect of aerosols is related with scattering and absorption of solar radiation, and
as a consequence, reduction of the amount of radiation reaching the surface (e.g. IPCC 2001).
In case of indirect effects, we distinguish the first and the second one. Aerosols act as cloud
condensation nuclei (CCN), modifying the optical and radiative properties of clouds, e.g.
albedo. This is known as the first indirect effect (Twomey, 1977). The second indirect effect
is related to the shift in the cloud droplet spectrum resulting from the nucleation. It is seen
by a decrease in precipitation and an increase in cloud lifetime (e.g. Charlson et al., 1992).
The best parameters that quantify the direct aerosol effect are the aerosol extinction, linked
also to atmospheric visibility, and the aerosol optical thickness. The aerosol extinction
reveals how aerosols attenuate the solar radiation in relation to a given distance (e.g. per
km); the aerosol optical thickness is the extinction integrated over a whole column of
atmosphere (usually in the vertical from the surface to the top of the atmosphere). Aerosol
extinction can be derived from in-situ measurements (aerosol counters, impactors) or from
path-integrated measurements (transmissometer); aerosol optical thickness is usually
obtained from sun photometer measurements.

Nowadays, in the era of AERONET, information about the aerosol optical thickness (AOT) is
available online for nearly 400 sites in the world; only in Europe the number of AERONET
station is more than 80. Hence, more and more researchers try to find a relationship between the
aerosol optical thickness (AOT) and PMyy (particulate matter with an aerodynamic diameter of
less than 10 um) in order to use it as an indicator of air quality. It should be emphasized that the
aerosol optical thickness values represent vertical column-integrated properties whereas the
PMy data are the “surface” data. This kind of comparison is justified in the well-mixed boundary
layer. Therefore not always both parameters are well correlated. Nevertheless, such a
relationship between (AOT) and PMjowould be useful in air quality monitoring,.

The variation of the extinction coefficient with wavelength can be presented as a power law
function with a constant (related to the power factor) known as the Angstr(’jm coefficient.
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When the particle size distribution is dominated by small particles, usually associated with
pollution, the Angstrom coefficients are high; in clear conditions they are usually low. Long
residence time of air masses over land and in particular the passage over large urban areas
cause high concentrations of fine particles and thus high values of the Angstrom
coefficients. The opposite effect can be observed over water. The longer the time that the air
masses spent over water the more evident is a change in the aerosol size

distribution caused by the deposition of continental aerosols. As a result of this process the
measured Angstrém coefficient values become much smaller. Therefore this parameter is a
good tracer for the concentration of aerosols originated over land e.g. black carbon
(Kusmierczyk-Michulec et al., 2007; Kusmierczyk-Michulec &Van Eijk, 2007).

This chapter will give an overview of various efforts tending toward finding a relationship
between AOT and PMj, Moreover, it will discuss possibility of using the Angstrom
coefficient in air quality estimation. The aerosol optical thickness and the Angstrom
coefficient are routinely monitored by AERONET sun photometers, or can be estimated
using satellite data, therefore their application in air quality monitoring would be of great
value.

2. Methodology

This section presents definitions of the main parameters usually used by various authors in
the AOT-PM formulas.

2.1 Aerosol size distribution and related optical parameters: extinction, aerosol
optical thickness and Angstrom coefficient

The aerosol size distribution can be represented by the number size distribution N(r), the
volume size distribution V(r), or by the mass size distribution m(r). In each case the
lognormal function is used and details are presented e.g. by Seinfeld and Pandis (1998).

The aerosol number size distribution for a given aerosol type can be presented by the
following equation, where r is the particle radius, r, is the median radius, o is the standard
deviation and Nj, is particle concentration:

dN(r) _ Nn _(nr-Ing,) M
dinr  o+2 op 2062
From the number size distribution can be derived directly an effective radius Rest (in pm):
J- 3 dN (7’
d ln r
o= @
Jr d In r

The effective radius is a very useful parameter in characterization of the aerosol mixtures.
Assuming that particles are spherical the following relation can be used to calculate the
mass concentration PM at the surface in (pg/m3):

3 AN(r)
Inr
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PM=2mp | r dinr (3)
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where p is the aerosol mass density in (g/cm?3) .
The spectral optical coefficient, called the extinction coefficient ext (1) (in km-1) can be
calculated from the number size distribution:

i ﬁﬁ”dmr @)

rm
ext(A)=n I rZQm
T

min

nr

where A is wavelength, r is radius and Q.. is the extinction efficiency factor, being a function
of the complex index of refraction (Mie, 1908). The coefficient Q. can be calculated
according to algorithm published by Bohren and Huffman (1983). The size-distribution
integrated extinction efficiency <Q..> is defined as (Hansen &Travis, 1974):

erQm :ﬁ\,(;) dinr
— nar
< Qext >= N dN(r) (5)
[P S dIny
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The extinction coefficient integrated over the whole column of atmosphere is a
dimensionless parameter and it is called the aerosol optical thickness (AOT):

Aon@:%ﬁmumwwHTmﬂ@ﬂmM ©)
H,

min min

where f(h) represents the vertical distribution of aerosols, h is the altitude in km, Hpin and Hmax
are the lower and the upper altitude, respectively, at which a given aerosol type can be found.
Variation of the extinction coefficient with the wavelength can be presented in the form of a
power law function (Angstrom, 1929):

ext(2) =y A" )
The same type of relation is also valid for the aerosol optical thickness,
AOT(2)= 7,2 ®)

where y. and v, are constant and « is the Angstrém coefficient (also known as Angstrém
exponent or Angstrom parameter). Usually, this parameter is determined in the spectral
range from 440 nm to 870 nm.

From the set of equations 2-6 the following relation between PM and AOT can be derived:

PM = Ex AOT(A) )

where coefficient ¢ is defined as:

__ 4pRy
3<Q,,>H
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and the vertical distribution H is given by:

a1 fnn 1
H..

min

2.2 Visual range (VR) and air pollution index (API)

Some authors looking for the best correlation between the particulate matter (PM) and
optical parameters take into account not only the standard parameters like AOT or aerosol
extinction but also other parameters like visual range (e.g. Baumer et al., 2008; Jung et al.,
2009) or air pollution index (e.g. Xia et al., 2006; Lasserre et al., 2008). Because of that reason
it is worth to present definitions of the above parameters.

According to the empirical formula by Koschmieder (1925) the total atmospheric extinction
coefficient at 550 nm is inversely proportional to horizontal visibility, known also as visual
range (VR) in (km):

VR = —In(0.02) (12)
ext(550)

Air Pollution Index (API) is a number used by government agencies to characterize the
quality of the air at a given location. For example in China, the estimates of API are
provided by the State Environmental Protection Agency (SEPA), (http:/ /www.sepa.gov.cn/
english/ air_s.php3). The API level in China is based on the level of 5 atmospheric
pollutants, namely sulfur dioxide (SO.), nitrogen dioxide (NO.), suspended particulates
(PMyg), carbon monoxide (CO), and ozone (Os;) measured at the monitoring stations
throughout each city. An API daily value gives information about the most concentrated
pollutant of the day. Some authors (e.g. Lasserre et al. 2008) used API index to determine the
PM; concentration. However in such a case the exact chemical composition is not known.

3. Experimental

The overview of the main experimental techniques used to measure the particulate matter
(PM) and optical properties like AOT and aerosol extinction are shortly presented in the
subsequent subsections. Since the aim of this paper is to give an overview of different
approaches leading to a relationships between PM and AOT, it is worth to mention as well
various experimental techniques. None of them is perfect. In consequence the method of
measurements can have an effect on such a relationship.

3.1 Aerosol optical thickness (AOT) measurements

3.1.1 Sun photometer measurements

The spectral aerosol optical thickness and derived aerosol properties are routinely available
from AERONET network (Holben et al.,, 2001). The measurements are made with CIMEL
sun photometers. The instruments measure the direct solar radiation, from which the
spectral values of the aerosol optical thickness can be derived. Most of the instruments in
this network have the following channels: 440 nm, 670 nm, 870 nm and 1020 nm; some of
them have more channels and thus can give more detailed spectral information. In addition,
the sky radiance in aerosol channels in the azimuth plane (the almucantar technique) and in
the principal plane is measured. The technical details of the instrument are described in the
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Cimel Sun Photometer Manual. These data are used in the AERONET standard procedures
to retrieve information on columnar aerosol characteristics such as the aerosol optical
thickness, Angstrém coefficient and size information. Data processing, cloud-screening
algorithm, and inversion techniques are described by Holben et al. (1998, 2001), Eck et al.
(1999), Smirnov et al. (2000), Dubovik and King (2000), and Dubovik et al. (2000).

3.1.2 Multi-Filter Shadow-band Radiometer (MFSR) measurements

The spectral aerosol optical thickness data can be also obtained from the measurements
using the multi-filter shadow-band radiometer. The instrument measures simultaneously
the total sky irradiance and the diffuse sky irradiance. These measurements allow
estimation of the direct solar beam irradiance at the central wavelengths in each channel,
and then, the aerosol optical thickness spectral values (e.g. Harrison and Michalsky, 1994;
Olszewski et al., 1995). Similarly to sun-photometer measurements, the high quality MFSR
measurements can be performed only for cloud-free days. This method of measurements of
AOT was reported for example by Vaughan et al. (2001) or Alexandrov et al. (2005).

3.1.3 Satellite retrievals of the aerosol optical thickness

Satellites are best suited to determine the spatial distribution of aerosols over large areas
during extended time periods, needed to evaluate their effects. Satellite observations since
more than 25 years provide the aerosol index (AI) from the Total Ozone Mapping
Spectrometer (TOMS) (Herman et al., 1997) and, over the oceans, the aerosol optical
thickness (AOT) from the Advanced Very High Resolution Radiometer (AVHRR).
Instruments become more and more sophisticated, reaching the compromise between
spatial and spectral resolution, i.e., the Moderate Resolution Imaging Spectrometer (MODIS)
(Kaufman and Tanré, 1996).

The accuracy of the aerosol optical thickness derived from the satellite data depends on the
quality of data (e.g. radiometric calibration) but also on the algorithm used for conversion of
satellite data to the AOT data. Since the retrieving process of AOT is performed only during
daytime and for cloud-free pixels, the important step is the proper cloud mask. The smaller
is a pixel size the more efficient is the process of removing cloudy pixels. Usually,
instruments used for aerosol retrieval are designed for this purpose, such as Along Track
Scanning Radiometer 2 (ATSR-2) or MODIS, and have small pixel sizes. Use of instruments
with high spectral resolution but with a large pixel size, like for a example Global Ozone
Monitoring Experiment (GOME) or Scanning Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY) results in a very low probability of clear sky pixels which
limits the usefulness of such instruments for aerosol retrieval (e.g. Kusmierczyk-Michulec
and De Leeuw, 2005).

It is worth to notice that the AOT retrieved from satellite data is the end product of a very
complex data processing which involves many assumptions and may be a source of many
uncertainties. The total radiance received by a sensor at the top of the atmosphere (TOA)
contains contributions from aerosols, molecules, and the surface. Instead of radiance, it is
often more convenient to use reflectance, i.e. a dimensionless function, defining the ratio of
the measured radiance to the solar flux at the top of the atmosphere. In both representations
the molecular contribution is assumed to be well known.

The main issue is the separation of the aerosol and surface contributions to the total
reflectance. The high underestimation in the surface reflectance (e.g. over bright surface),
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results in a large overestimation of the retrieved aerosol optical thickness. Similarly, the
overestimation in the surface reflectance values may lead to underestimation of the AOT
values, producing even the negative AOT values.

Thus, the proper surface correction is crucial. Over land the surface contribution to the TOA
reflectance in the spectral range between 380 nm and 670 nm is not higher than 60% (except
in the case of snow) (Ku$mierczyk-Michulec and De Leeuw, 2005). This contribution
increases with wavelength reaching a value of around 80% at 770 nm. These numbers are
based on the analysis of the surface reflectances taken from the GOME surface reflectance
database (Koelemeijer et al., 2003). Over water, the proper surface correction is also
important, especially in the UV and the visible part of spectrum. In that range the
contribution of the water-leaving reflectance to the TOA reflectance is the most significant,
around 60%, depending on the type of water and atmosphere. This contribution decreases
with the wavelength, reaching at 670 nm around 1-8%. For Case I waters (Morel, 1988), i.e.,
mainly oceanic waters which optical properties are determined by phytoplankton and their
immediate derivatives, the contribution at 670 nm will be almost negligible, because the
water-leaving reflectance is close to zero. For Case II waters (Morel, 1988), i.e., all coastal
waters which optical properties are also determined by the presence of sediments or
dissolved yellow substances, this contribution can be much higher.

To account for the surface contribution different approaches, depending on instruments, can
be used. For example, in case of MODIS instrument, the surface reflectivity at visible
wavelengths is obtained by assuming a constant ratio between surface reflectivity at 2100 nm
and that at 470 and 660 nm (eg. Chu et al., 2003; Remer et al., 2005). For MERIS data Retalis &
Sifakis (2010) suggested using the differential textural analysis (DTA) algorithm which
quantifies the contrast reduction as local “textural degradation” by comparing “a pollution
image” and a “reference image”, representing a day with the lowest level of aerosol
concentration. For the aerosol retrieval with GOME data (Ku$mierczyk-Michulec and De
Leeuw, 2005), the surface reflectance databases can be used (Koelemeijer et al., 2003) or
combined approach using two instruments: GOME and ATSR-2 (Holzer-Popp et al., 2002).

The accuracy of the retrieved aerosol optical thickness values is tested by comparison with
collocated sun photometer measurements e.g. available from the AERONET stations. In this
way a bias between retrieved and measured AOT values can be found. It is especially
important in case both AOT from ground measurements and satellite retrievals are used as a
one dataset.

3.2 Aerosol extinction measurements

To measure the aerosol extinction, several methods can be used. Wang et al. (2010) reported
the aerosol extinction measurements carried out by a visibility meter. According to the
empirical formula by Koschmieder (1925) the total atmospheric extinction coefficient at 550
nm is inversely proportional to horizontal visibility. Hence, the aerosol extinction coefficient
at 550 nm can be derived after removal the molecular contribution from the total
atmospheric extinction coefficient.

Jung et al. (2009) used the transmissometer system, consisting of a transmitter and a
receiver, to measure the atmospheric transmission over a long-path at a given wavelength.
Using the exponential relationship between the transmittance and extinction, and removing
the molecular contribution, the aerosol extinction can be determined (e.g. Ku$mierczyk-
Michulec et al., 2008).



Optical Measurements of Atmospheric Aerosols in Air Quality Monitoring 159

3.3 PMyo measurements

The most frequently used techniques to measure PMjo (particulate matter with an
aerodynamic diameter of less than 10 pm) data are presented below. Some of these methods
were used to determine PM, 5 (particulate matter with an aerodynamic diameter of less than
2.5 um) or even PM ¢ (particulate matter with an aerodynamic diameter of less than 1 um).

3.3.1 Beta — absorption technique

The beta-absorption technique is used for example in The Netherlands (e.g. Ku$mierczyk-
Michulec et al., 2007). The PMyo (particulate matter with an aerodynamic diameter of less
than 10 um) and black carbon concentrations are measured by the Dutch National Air
Quality Network (LML) operated by RIVM (http:/ /www.rivm.nl/ milieukwaliteit/lucht/).
Black carbon (particles mostly smaller than 2.5 um) is available as daily values and PM10 is
available on an hourly basis.

RIVM'’s National Air Quality Monitoring Network in the Netherlands performs continuous
PM measurements i.e. PMjp and PM:s, using an FAG-type B-dust monitor (Van Elzakker,
2000). The sampling air is heated (to 50 °C) in order to remove water from aerosol particles
(Buringh and Opperhuizen, 2002). The drawback of the heating is a removal of semi-volatile
compounds eg. ammonium nitrate which leads to the losses in PM measurements. The
correction methods for a systematic underestimation by the sampling equipment are
described by Hammingh (2001) and discussed in detail by Buringh and Opperhuizen (2002).
The amount of black carbon is estimated based on the PM measurements using the so-called
light-reflectance method (Buringh and Opperhuizen, 2002).

3.3.2 Tapered element oscillating microbalance (TEOM) technique

The tapered oscillating microbalance technique was used for example in Beijing (e.g. Xia et al.,
2006; Wang et al., 2010), in Amazonia (Artaxo et al., 2002), in the South-Eastern France (e.g.
Péré et al., 2009), in the North France and Belgium (Pelletier et al., 2007) or in Italy (Barnaba et
al., 2010). Similarly to beta-absorption technique, the sampled air is heated before collecting
the aerosols on a filter, to avoid humidification of the filter. In consequence of heating, a loss of
semi-volatile compounds can occur. Using this method of measurements, an underestimation
can exist on PMyp values due to the volatilization of ammonium nitrate or semi-volatile organic
species during the conditioning procedure at 50 0 C (e.g. Allen et al., 1997). The uncertainty of
PMio measurements using TEOM, reported by authors, is + 10%.

3.3.3 Aerosol spectrometer measurements

The aerosol spectrometer determines the concentration of aerosols by quantifying the
scattering caused by the passage of particles of various sizes through a light beam produced
by a laser diode. This technique was used for example in Beijing (e.g. Jung et al., 2009) to
measure PMyy, PM;5 and PM7( mass concentrations. The PM concentrations were measured
under dry condition (RH<40%) by diluting the sample air with dry clean air.

4. Influence of relative humidity (RH) on aerosol optical properties and
particulate matter (PM)

When the ambient relative humidity is changing the hygroscopic atmospheric aerosols
undergo processes of phase transformation, droplet growth, and evaporation. The phase
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transformation from a solid particle to a saline droplet usually occurs spontaneously when
the ambient relative humidity reaches a level called the deliquescence humidity. Its value is
specific to the chemical composition of the aerosol particle (e.g. Orr et al., 1958; Tang, 1976).
The relative humidity influences the size of hydroscopic particles, the effective radius of an
aerosol mixture, their density and finally the aerosol scattering properties. In consequence,
values of the particulate matter (PM), the aerosol extinction, the aerosol optical thickness
(AOT) and the Angstrém coefficient are modified. Similar effect can be observed when the
aerosol composition changes (e.g. Kusmierczyk-Michulec, 2009).

The main aerosol components affected by a change in the relative humidity are sea-salts
(SSA, i.e. NaCl) and anthropogenic salts e.g. ammonium nitrate (NH4sNO3) and ammonium
sulphate ((NH4)25SO4). It should be mentioned that another aerosol component on which the
relative humidity could have an influence is organic carbon (OC). In contrast to black carbon
(BC) which is considered to be insoluble (e.g. Kanakidou et al., 2005), about 40% of organic
carbon (OC) is soluble (Rullean, 2000, personal communication; IPPC, 2007). However, there
is still a lack of detailed description of the interactions among organic and inorganic aerosol
compounds and water (e.g. Kanakidou et al.,, 2005). The interest in the hygroscopic
properties of OC relevant to atmospheric applications started within the last few years only
and the data are still rather scarce. Hence, considering all associated uncertainties, the
common assumption is that OC is not hygroscopic.

The relative humidity modify the optical properties not only the hygroscopic aerosol
mixtures but also mixtures containing some contribution of non-hygroscopic aerosols like
for example organic carbon or black carbon (e.g. Kusmierczyk-Michulec, 2009). Due to the
wetting process the hydroscopic particles grow, modifying the effective radius of an aerosol
mixture and finally the values of aerosol extinction or the aerosol optical thickness. This
effect is substantial especially when RH > 90%; at RH =98% an increase in AOT value may
be up to 6 times its value at RH=80% (Kus$mierczyk-Michulec, 2009). This effect is observed
at different wavelengths, but for higher RH, the increase in AOT values is more evident at
412 nm than at 865 nm. As a consequence of such a non-uniform increase, the Angstrém
coefficient also becomes a function of RH.

The observed variations in the Angstrt’)m coefficient values can be explained by changes in
the effective radius of a mixture. These changes can be caused by relative humidity, as well
as, by aerosol composition. For example, an increased contribution of small aerosol particles
causes that the effective radius decreases and the Angstrom coefficient increases. However,
increase or decrease in relative humidity does not exert such a change in the Angstrém
coefficient like the one caused by modification in the composition of an aerosol mixture
(Kusmierczyk-Michulec, 2009).

A change from dry to wet radius, and from dry to wet density depends on the aerosol
component, and more precisely on the type of salt. The general formulas proposed by some
authors like for example Gong et al. (1997) are practical but not so accurate like formulas for
different salts based on the laboratory work and suggested by Tang (1996) and Tang and
Munkelwitz (1994). In case of known aerosol composition it is better to use the formulas
suggested by the latter authors.

5. Relationships between optical parameters and particular matter

5.1 Linear and non-linear models: overview
In the past years a number of studies have explored the possibility of using optical
parameters for evaluation air quality and estimation the particular matter (PM)
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concentration. Most of these studies focused on finding a linear relationship between AOT
data obtained from ground-based sun photometers and PM;o measurements (e.g. Chu et al.,
2003; Xia et al., 2006; Kusmierczyk-Michulec et al., 2007; Péré et al., 2009; Wang et al., 2010;
Barnaba et al., 2010) or PM>5 (e.g. Jung et al., 2009; Wang et al., 2010). To improve the AOT-
PM relationship some authors have investigated the possibility of using non-linear models
(e.g. Pelletier et al., 2007; Liu et al., 2005, Vidot et al., 2007). Jung et al. (2009) have found that
non-linear models between visual range and PM concentrations (PMio, PM25, PM1,) give
very high correlation coefficients (cf. Table 1).

Similarly to the ground-based AOT, also a possibility of using satellite-derived AOT has
been explored For that purpose mostly MODIS data has been used (e.g. Wang &
Christopher, 2003; Engle-Cox et al., 2004; Li et al., 2005a, 2005b; Koelemijer et al., 2006;
Barnaba et al., 2010), but also MERIS data (e.g. Retalis & Sifakis, 2010), SeaWiFS data (e.g.
Vidot et al., 2007; Fischer et al., 2009) and MISR data (e.g. Liu et al., 2005). Since the aerosol
retrieval is quite complex thus the AOTs derived from satellite are less accurate than
ground-based AOT, and hence a weaker correlation between AOT-PM (c.f. Table 1).

AOT represents the column integrated value while PM is measured at ground level, thus the
correlation between them may depend on the vertical distribution of aerosols. In case a
boundary layer is well-mixed, the column integrated value should be a good indicator of a
surface observation and vice versa. Otherwise, the vertical distribution of aerosols should be
taken into account. Another factor having an influence on the AOT-PM relationship is the
relative humidity. While PM represents dry aerosols, the AOT measurements are taken at
ambient conditions. In case the hygroscopic aerosols are present, an increase or decrease in
RH causes changes in their sizes, volume and density, and eventually in the aerosol optical
thickness values. Changes in RH may also explain sometimes observed seasonal changes in
the AOT values (e.g. Kusmierczyk-Michulec & Rozwadowska, 1999) which may lead to
observed seasonal variations between AOT-PM relationships (e.g. Xia et al. 2006). In winter
the air is much drier than in summer, so in winter RH should have lower impact. On the
other hand, the altitude of the mixing layer is lower in winter; thus for a given AOT the PM
value is expected to be larger in winter than in summer.

Thus, estimation of PM concentrations from AOT may lead to significant errors. To reduce
the uncertainties, some authors (e.g. Koelemijer et al., 2006; Li et al., 2005a) have suggested
scaling of the AOT values by dividing them by the boundary layer height and the
hygroscopic growing factor describing the increase of the aerosol extinction cross-section
with relative humidity. The positive result of this approach was reported by e.g. Koelemijer
et al. (2006). Similar improvements were noted by Wang et al. (2010). To improve the
correlation between the aerosol optical thickness and the particulate matter, the authors
applied the vertical-and-RH correcting method to the measurements in Beijing. The authors
found that the correlation coefficients between AOT and PMjo and between AOT and PM:5
have increased from 0.52 to 0.65 and from 0.48 to 0.62 respectively. Analogous effect was
achieved by Barnaba et al. (2010). To get information about aerosol vertical profiles, the
authors used the lidar measurements to calculate the monthly AOT weighing functions as
the ratio between the lidar-derived monthly median aerosol extinction profiles and the
associated AOT. These monthly vertical scaling factors allowed for conversion the AOT
values into the surface aerosol extinction values. Next, after applying the RH-correction, the
dry aerosol extinction values were compared with the dry PM values leading to the
significant increase correlation coefficient (cf. Table 1). The potential of this method was
demonstrated for the data from the Po Valley (Italy).
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Source Study area Model description phica R2
parameters
Ku$mierczyk- Nog—gréeca; {%cﬁels: Angstrom 0.84
Michulec et al., The Baltic Sea a &OC/TPM coefficient (a) 0.88
(2002) a &SSA/TPM 0.91
Linear model between
Chu et al. (2003) Ispra (Italy) AOT & PM10: Ground based AOT 0.82
PM10=55 x AOT +8
Wang &Christopher Alabama Linear model between AOT retrieved from 0.49
(2003) (USA) AOT & PM2.5 MODIS 10 km )
Engle-Cox et al. USA Linear model between AOT retrieved from 0.40
(2004) AOT & PM2.5 MODIS 10 km )
. AOT retrieved from
. .. . Linear model between
Li et al. (2005a) Beijng (China) AOT & PM10 (APY) MODIS 0.29
(corrected)10 km
. Hong Kong Linear model between AQT retrieved from
Li etal. (2005b) (China) AOT & PM10 MODIS Tkm 050
. Non-linear model AOT retrieved from
Liu et al. (2005) Eastern USA between AOT & PM2.5 MISR 0.48
Linear model between Ground based AOT 0.77
Xia et al. (2006) Beijing (China) AOT & PMI0: at 440 nm 0.70
’ summer/autumn/ 0.61
winter/spring 0.37
. Linear models between AOT at 550 nm
Koelemijer et al. retrieved from 0.46
Europe AOT & PM10
(2006) AOT & PM2.5 MODIS 0.59
’ (corrected)10 km
Non linear models: .
Vidot et al. (2007) Westem AOT & PM10 AOT etrieved from | - 043
P AOT & PM2.5 '
Non linear model
Pelletier etal. (2007) | Lille (France) | efyeet AOT & PMIO 1 roind based a0T | 076
emi parametric
. at 440, 670 & 870 nm
approach (Principal
Component Analysis)
Linear model between 0.59
AOT & PM10 Ground based AOT '
s The Hague .
Ku$mierczyk- (The Non-linear models at 555 nm
Michulec et al., Netherlands) a &BC/PM10:
(2007) 1) PM<50pug/m3 Angstrom 0.83
2) 50pg/m*<PM<200 coefficient (a) ’
o /md 0.84
. South-Eastern Linear model between Ground based AOT
Péré etal. (2009) France AOT & PMI10: at 440 nm 069
PM10=54 x AOT +13
Non-linear models: Visual range (VR) ggg
Beijing (China) VR &PM1 based on aerosol 0.81
Jung et al. (2009) g VR &PM2.5 extinction at 550 nm ’
VR &PM10 Ground based AOT 0.70
Linear models between at 550 nm 0' 44

AOT & PM2.5
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Source Study area Model description Optical R2
parameters
The Taklaman | = AOT at 550nm
& Gobi Linear models between retrieved from 048
Fischer et al. (2009) Deserts/ The AOT & PM2.5 SeaWiFS. selected 0' 50
U.S. Pacific AOT & PM10 for a/<0 7 ’
Northwest e
Linear models between Ground based AOT 0.66
AOT & PM10 at 300 nm 0.94
Barnaba et al. (2010) The Po Valley AOT (corrected) &PM10
(Italy) AOT at 550nm
AOT & Pcli\/IIO retrieved from 0.32
AOT (corrected) &PM10 MODIS, 50 km 0.35
Linear models between
AOT & PM10
PM10=96.96 x AOT + Ground based AOT 0.52
Beijing 22.67 at 550 nm 0.77
Wang et al. (2010) (China) ext & PM10
AOT & PM2.5 Aerosol extinction 0.48
PM2.5=19.58 x AOT (ext) at 550 nm 0.66
+8.52
ext & PM2.5
Linear model between
Retalis & Sifakis Athens AOT & PM10: AOT at ?ﬁ) nm 0.83
(2010) (Greece) PM10=195.7 x AOT + reml\e/[‘gfmsr"m :
14.5

R2 squared correlation coefficient, TPM- total particulate matter, SSA - sea salts

Table 1. Models associating optical parameters with particular matter concentrations in
some of the previous studies.

5.2 Use of the Angstrom coefficient in air quality estimation

5.2.1 Importance of the spectral measurements

Measurements at one single wavelength will not supply accurate information about the
aerosol mixture. Figure 1 shows that one single measurement of the aerosol optical thickness at
one wavelength, e.g . A=555 nm, will not provide unique information about an aerosol type.
The condition that AOT (555) = 0.2 at RH=40% was satisfied by three different mixtures
(Figure 1A). Mixture 1 (mix1) consists of 40% of WS (NH4sHSO, r,=0.112, 0=0.58), and 60% of
SSA (NaCl, r,=0.5, 0=0.56). Mixture 2 (mix2) consists of 20% of WS, 20% of OC (Organic
Carbon, r,=0.06, 0=0.3) and 60% of SSA. Mixture 3 (mix3) consists of 40% of WS, 40%of OC and
20%of BC (Black Carbon, ,=0.0118, 0=0.3). In consequence, depending on the type of aerosol
mixture, different PM values can be obtained. For example at RH=40%, a mixture 2 would lead
to approximately 1.4 times higher mass than mixture 1. Accordingly, a mixture 3 would
produce approximately 0.6 times lower mass than mixture 1. The reason is than mixture 3
contains a large amount of fine particles of BC, which results in much smaller total mass.

The similar situation is demonstrated in Figure 1B, but for RH=80%. Three different
mixtures satisfy the condition that AOT (555) =0.2 at RH=80%. Figure 1C shows that a
distinction among mixtures is possible using the Angstrt’)m coefficient as an additional
parameter. In each case the same composition of aerosol mixtures were used. The effect of
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humidity was taken into account by using the formulas proposed by Tang (1976, 1996) and
Tang & Munkelwitz (1994).

A)
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Fig. 1. Three different aerosol mixtures giving as a final result AOT(555)=0.2. The
composition of mixtures is as follows: mix1: 40% of WS, 60 % of SSA; mix2: 20% of WS, 20%
of OC, 60% of SSA; mix3: 40%of WS, 40% of OC, 20% of BC. A) & B) Number concentration
of aerosol particles in each mixtures estimated for RH=40% and RH=80%, respectively. C)
The Angstrom coefficient as a function of aerosol mixture and relative humidity.
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5.2.2 Ambiguity of the proposed formulas

Table 1 gives an overview of various linear and non-linear formulas, developed for different
geographical locations and based on measurements taken under different ambient
conditions. Some formulas forecast the amount of PM on the basis of dry AOT values; other
use AOT values defined at ambient conditions. The AOT is a function of wavelength. Table
1 demonstrates that usually a wavelength for which AOT was determined depends on the
type of instrument used for measurements. Hence, the variety of spectral bands: 440 nm (eg.
Péré et al. 2009), 550 nm (e.g. Jung et al. 2009), 555 nm (Ku$mierczyk-Michulec et. al. 2007),
500 nm (Barnaba et al., 2010) or 560 nm (Retalis & Sifakis, 2010). Because of that reason a
direct comparison is often not straightforward. In addition, most of the formulas presented
in Table 1 do not inform about chemical composition. However, it should be emphasized
that the AOT-PM relationship depends on the chemical composition of the atmospheric
aerosol mixture.

In general transition from AOT at one wavelength to AOT at another wavelength can be
done using the Angstrom coefficient (see eq. 8). In case the chemical composition is not
known and the spectral measurements are not available, the Angstrom coefficient can not be
determined. In such a case, a direct comparison between amounts of PM in various locations
may lead to ambiguity.

Let's assume that AOT at 550 nm is 0.2. Depending on the aerosol type, the Angstrém
coefficients will vary, from very low, even negative ones corresponding to e.g. desert dust,
to very high values, typical for the industrial aerosol type. The higher is the Angstrém
coefficient the more significant is the contribution of fine particles usually related to the
presence of black carbon or anthropogenic salts (e.g. Ku$mierczyk-Michulec, 2009). To
compare PM values based on AOT at 550 nm with PM values determined using AOT at 440
nm, application of equation (8) is necessary. To illustrate this problem the formula of Péré et
al. (2009) was selected as one of those which use AOT at 440 nm. Figure 2 shows possible
changes in PM values caused only by the fact that the Angstrom coefficient is not known.
Figure 2 demonstrates that lack of information about the Angstrom coefficient value may
lead to large uncertainties in PM estimation. A difference between the extreme cases (i.e. a=-
0.5 and a=2) is about 8 pg/m3.

PM10=54 x AOT(440) +13

-0.5 0 0.5 1 1.5 2

Angstrom coefficient
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Fig. 2. Influence of the aerosol type, defined by the different Angstrom coefficient values on
the estimation of PMjg values. The simulations are based on the formula proposed by Péré et
al. (2009) for the South-Eastern France.
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Another aspect that should be mentioned is a seasonal character of a data sample which is
used to derive AOT-PM relationship. In winter time the amount of PM is usually much
higher than in summer time, hence possible variations between various formulas. Because of
that reason one formula derived for summer data will give different results than a formulae
based on the winter data. Figure 3 illustrates such a situation. The amount of PMy for the
Netherlands depends on season, or more precisely whether a formula was obtained for
winter data or other seasons. It is interesting to notice that PMjo for France, estimated on the
basis of formula obtained for summer data, gives comparable values as the “summer”
formula for the Netherlands.

AOT(555)=0.2, Angstrom coefficient=1.5
90

80
70
= 60

£
E.DSO-
S 40 4
530-
20 1
10
O-

Greece France NL (sprmg) NL NL (winter)
(summer) (autumn)

Fig. 3. Estimation of PMj for three locations in Europe, for the same AOT. The simulations
are based on the following formulas: Greece (Retalis & Sifakis, 2010), France (Péré et al.,
2009) and The Netherlands (Kusmierczyk-Michulec et al., 2007).

5.2.3 Application of the Angstrom coefficient

When aerosol measurements are made at a land, it can be expected that they represent a
mixture which composition depends on the aerosol sources and the air mass history. The
large influence will have the type of aerosol emitted by nearby sources, e.g. factories. In
general, the main aerosol components of natural atmospheric mixtures include sea-salts
(SSA), black carbon (BC), organic carbon (OC), dust-like particles (DL), and anthropogenic
salts like ammonium hydrogen sulphate (NH4HSO,), ammonium nitrate (NHsNOs3) and
ammonium sulphate ((NH4)2SO;), which belong to a large group of water-soluble particles
(WS). Each of these aerosol components is characterized by its own optical and physical
properties like for example refractive index or aerosol size distribution (e.g. McClatchey et
al., 1984). The optical properties of the aerosol mixture can be represented by the aerosol
extinction or by the aerosol optical thickness. Both parameters can be modelled using the
external mixing approach. The resultant aerosol optical thickness (or aerosol extinction) is
obtained as the corresponding weighted averages of the extinction coefficients using the
volume percentages (e.g. McClatchey et al., 1984; Hess et al., 1998). The influence of aerosol
composition on aerosol optical thickness and the Angstrém coefficient at various relative
humidity conditions is discussed by Kusmierczyk-Michulec (2009).
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Since the aerosol optical thickness represents the integrated effect, measurements of AOT at
one single wavelength will not supply accurate information about the aerosol mixture (see
sections 5.2.1 & 5.2.2). If spectral measurements are available they provide an additional
parameter, the Angstrom coefficient. This parameter can help to indicate the probable
aerosol type which can be useful information (Kuémierczyk-Michulec, 2009). The Angstrom
coefficient is far less sensitive to variation in RH than AOT. Moreover, the variations in
aerosol vertical distributions have less impact on this parameter.

The Angstrom coefficient values include information about proportion between the fine and
coarse modes. The fine mode usually can be attributed to the continental/industrial aerosols
while the coarse mode represents sea-salts or dust particles (if there is evidence that dust
particles can be present). In view of the dependence of the aerosol optical properties on the
size distribution and the chemical composition, and the chemical speciation as function of
particle size, a relation is expected between the Angstrém coefficient and the chemical
composition. Ku$mierczyk-Michulec et al. ( 2002) demonstrated that empirical relations
between aerosol mass concentrations and Angstrém parameters can be derived. The authors
showed that the relations apply to mass concentrations of sea salts, black carbon and organic
carbon, expressed in terms of their ratio to the total particulate matter.

The high correlation coefficients between BC/PMjy and the Angstrdm coefficients
(Kusmierczyk-Michulec et al., 2002; 2007) prove the usefulness of the latter parameter.
Therefore it is recommended to use it as an additional parameter in air quality estimation.

6. Conclusions

The increasing number of AERONET stations and thus easy access to ground-based AOT
data explains a growing interest in using optical measurements of aerosols in air quality
estimation. Moreover, the continuous effort in making improvements of the aerosol retrieval
from the satellite data indicates that optical measurements will be one of the standard future
methods of estimation the level of pollution.

This chapter gives an overview of various efforts tending toward finding a relationship
between AOT and PMjo It discusses advantages and disadvantages of using optical
measurements of atmospheric aerosols in estimation of the particulate matter. One of the
aspects discussed is that the AOT-PM relationship depends on the chemical composition of the
atmospheric aerosol mixture. Because of that reason, to avoid ambiguity in comparing various
formulas proposed by different authors for different locations, it would be valuable to use the
spectral measurements, and include the information about the Angstrém coefficient.

Since the AOT-PM relationship is a simple parametric equation, having a very local character,
we should accept that we will not obtain one general equation valid for all locations. However,
it would be advantageous to use a similar methodology in obtaining such a relationship. It
would make the comparisons between locations and formulas much easier.
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1. Introduction

Atmospheric carbon dioxide is one of the infra-red active trace gases responsible for the
anthropogenic global warming. Due to the increasing use of fossil fuels within the lower
atmosphere, but also within the urban boundary layer of urban agglomerations, an increase
of the CO, concentration must be expected. Less is known about the temporal and spatial
behavior of this trace gas, especially in cities and their surrounding areas. Between 2002 and
2004 first investigations were made about the distribution of the CO, concentration within
the urban canopy layer of the city of Essen, Germany (51°28'N, 7°0°E). These first
measurements should develop and verify a mobile measuring methodology to determine
the air quality indicators, first of all CO,, but also CO, NO, SO,, O3, in dependence of the
urban types of land use, the topographical circumstances and the meteorological conditions
and how to transfer this methodology to other cities. For this implementation there were
additional mobile measurements done in different cities within different climatic zones from
2006 till 2010.

The structure of emission within an urban area is mainly characterized by traffic and the
private domestic heating (especially in winter). The proportion of power plant and
industrial facilities is less, because of the plume height of the stacks. Most of this emission is
blown away from the urban sites. On the basis of the predominantly low source heights and
the invariable and variable factors, which determine the distribution of the trace substances
and define their chemical transformation, the question was how the emission is dependent
on the local urban types of land use and how these were affiliated with each other. Because
of the different sources of emission the urban air quality is spatially as well as temporarily
extremely volatile. Some reasons for this inhomogeneous field of emission are the
transportation infrastructure, different heights of the emission sources and the limited
exchange of the urban canopy layer within the street canyons. Therefore, it is hardly
possible to use results of air quality measurements from fixed urban measuring stations. An
adequate transferability of these could not be guaranteed for more than the immediate
proximity of the station. One way of analyzing the fine structure of the different fields of
emission is creating a numerical analysis model which enables a prediction of the traffic-
related exposure. However, this modeling requires a corresponding number of input values
and a suitable validation.
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Another possibility detecting the inhomogeneous urban fields of emission is using mobile
air quality measurements. The advantage of this type of methodology is the high density of
measurements, which could be mapped spatially. Although especially in the applied urban
climatology the methodology of mobile measurements to detect data of air temperature and
air humidity has been practiced for a long time, mobile air quality measurements do not
have quite a long tradition. Already in the 1920’s mobile air temperature measurements
were made (Schmidt, 1927; Peppler, 1929). The first ones were semi-mobile, but in the course
of the time the technological development allowed to measure continuously from the
beginning to the end of the transect. Due to the high quality demands on the measurement
equipment the number of mobile air quality measurements is low, mainly with a bulk on the
air pollutants CO, NO and O, also for particulate matters. Up to now, there is no adequate
single methodology for mobile air quality measurements, which ultimately ensures a
comparability of the results of different publications. Thus all publications vary on the
subject of travelling speed, length of the measuring route, the sampling rate of the analyzers,
the measuring time and period and the types of detected trace elements (e. g. Heussner,
1988; Luria et al., 1990; Shorter et al., 1998; Kuttler & Strafiburger, 1999; Idso et al., 2001;
Bukowiecki et al., 2002; Kuttler & Weber, 2006; Henninger, 2008a).

2. Urban carbon dioxide

Attention on the urban CO, concentration was already paid in the 19th century. Probably

one of the oldest analysis of continuously measured carbon dioxide within an urban area

was from 1877 till 1910 in the outskirts of Paris, France (Stanhill, 1982). During the
measuring period the annual average of the carbon dioxide varied between 284 ppm and

325 ppm. After the mid-20th century investigations considering the urban CO; started in its

entirety. One of the first was a two-year measurement campaign in Vienna (Austria).

Already at this time Steinhauser et al. (1959) were able to point out that an increase of the

CO, concentration is dependent on the wind direction, which blows gently from the urban

sectors and that domestic fuel combustion caused a significant difference of trace gas

concentration between summer and winter month.

Traffic, domestic fuel combustion, industrial facilities, and power stations are verifiably the

most important sources of CO, emission within urban conurbations. But in the case of

carbon dioxide, the urban vegetation must also be mentioned, in fact the plant respiration
has an undeniable amount on the total urban CO; concentration. But of course urban green
areas have the function of natural CO; sinks of the anthropogenic carbon dioxide (Nowak &

Crane, 2001; Yang et al., 2005; Henninger, 2005a; 2008; Henninger & Kuttler, 2007; 2010).

Down to the present day the available literature shows a continuously increasing number of

publications dealing with the arise and allocation of urban carbon dioxide. A simple

classification offers five types of detecting CO, within the urban boundary layer:

1. Investigations of the turbulent vertical flux of carbon dioxide, especially within urban
street canyons (e. g. Nemitz et al., 2002; Grimmond et al., 2004; Moriwaki & Kanda,
2004; Salmond et al., 2005; Velasco et al., 2005; Vogt et al., 2005; Coutts et al., 2007).

2. Analyzing the stable carbon isotopes to determine CO, sources (e. g. Clarke-Thorne &
Yapp, 2003; Pataki et al., 2003; Carmi et al., 2005; Pataki et al., 2006).

3. Stationary CO, measurements to determine the diurnal or seasonal course of the
concentration within a given type of land-use (e. g. Ghauri et al., 1994; Derwent et al,,
1995; Inoue & Matseuda, 2001; Manuel et al., 2002; Sikar & La Skala, 2004; Salmond et
al., 2005).
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4. Measuring the gradient of carbon dioxide between urban and rural locations (e. g. Berry
& Colls, 1990a/b; Ziska et al., 2004; George et al., 2007).
All of these studies were carried out by stationary measurements. These investigations
require a lot of time, work, and equipment to ensure the transferability from the
measurement location to its nearby vicinity. Measuring vertical turbulent fluxes and long
time-series of CO, present representative concentration and fluxes, which can be very
heterogeneous over small spatial scales.
An opportunity to solve this problem made it necessary to create a measurement
methodology, which is applicable for different types of land usage and of trace elements,
but also representative, so that an ultimately statistical reproducibility of the results can be
guaranteed. This enables to classify a fifth type to determine urban carbon dioxide:
5. Mobile measurements with the aid of mobile air quality laboratories (e. g. Idso et al.,
1998; 2001; Henninger, 2005a; 2008; Henninger & Kuttler, 2007; 2010).
Although mobile measurements promise a high spatial and temporal density of area-
covering information, still only few publications deal with mobile measurements of CO»
within urban environments. Especially, there is a gap between considering various
influencing factors within the urban canopy layer, which could affect the pattern of the CO»
concentration permanently. Publications about mobile measurements were based on a
definite measuring route to determine typical inhomogeneous fields of air pollutants within
urban spaces (e. g. Luria et al., 1990; Shorter et al., 1998; Idso et al., 1998; 2001; Bukowiecki et
al., 2002). All these exemplarily shown investigations were only made over short time
periods of few days up to several weeks. Due to this it is impossible to consider different
seasons and different times of the day, which affect the variability of the CO; concentration
within the urban boundary layer. Accordingly it is also impossible to get representative and
reliable statements about the atmospheric CO, concentration within the urban canopy layer.
Particularly with regard to the current discussion about reducing the emission of CO,,
analyzing urban trace elements becomes a specific relevance because today’s urban
agglomerations must be considered as one of the major carbon dioxide sources with an
increasing tendency in the future. An accurate impression of the exhaust of the greenhouse
gas is only possible if multifarious patterns of the different urban land uses are considered
because not every urban land use is coevally a CO; source. So this is one of the major
uncertainties, precisely because it is very difficult to relate CO> concentration to a specific
type of land use by 100 %. Advective processes may have more or less influence, which
could not be completely eliminated. However, it is very important to differ between urban
green areas, industrial, commercial and residential areas. Mobile measurements have the
ability to assure this because all different types of land use could be achieved, so that there is
not only a differentiation between the land use, but also a diverse structure within one land
use. For example residential areas can be classified by the variation of the structure of
housing (Henninger, 2008a).
Due to a heterogeneous structure of different types of land use within urban areas we must
expect a great number of diverse fields of emission of different atmospheric trace gases.
Therefore these could poorly be recorded by conventional stationary measurements.
Stationary measurements are particularly suitable for long-range homogeneous areas,
however, their temporally highly resolved results could hardly be transferred to other types
of land use. Hence, there is the opportunity of mobile measurements to solve this problem
within such a heterogeneous structure of an urban area. An important point of discussion
regarding mobile air quality measurements is the temporal and spatial representation in
contrast to standardized stationary measurements. With the aid of highly frequented spatial
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air quality measurement trips it is possible to have numerous measuring points along the
measuring route. Due to this highly frequented spatial detection of different trace
substances a mobile measuring route is well suited for recording the non-homogeneous
urban area with its diverse fields of emission based on their different types of urban land
use. Generally, the urban field of emission is mainly dependent from the emissions of traffic
and the domestic fuel combustion, less from the emission of power plants and industrial
areas. Especially, because of the uneven distribution of these different types of emission
sources, mobile measurements are inevitable and the only possibility of obtaining spatially
high resolutions of the pattern of different air quality substances. In addition, a high
quantity of mobile survey tests solves the disadvantage of a low temporal solution
(Henninger, 2005a; 2008; Henninger & Kuttler, 2007; 2010).

Due to the fact that it is not possible to fade out the weather conditions and other
influencing factor it must be the aim to analyze the dependence of urban CO. concentration
by temporal variable (e. g. air temperature, atmospheric stability) as well as invariable (e. g.
surface configuration) influencing factors within the urban canopy layer. It should prove
how the urban CO, concentration is influenced by spatial variations as well as diurnal and
seasonal meteorological conditions (Henninger, 2005a; 2008).

3. Measurement methodology

3.1 Mobile measurements

Even though, there exist many different investigations of mobile air quality measurements,
there are lots of significant differences in spite of the used methodology. So it was necessary
to create a general measuring method, which has the ability to determine the urban air
quality in a representative way so that an ultimate statistical demonstrable reproducibility
of results can be guaranteed.

The mobile measurements were made by a mobile laboratory. The analytical equipment
allowed, in addition to CO,, a continuous determination of the air quality indicators carbon
monoxide (CO), nitrogen monoxide (NO), nitrogen oxides (NOx), ozone (O3) and particulate
matter (PMig) during the measuring trips at a height of 1.50 m above ground level. The air
sampling was done on the right-hand side of the mobile laboratory to reduce the influence
of passing motor vehicles. In addition to the trace elements the meteorological values air
temperature and air humidity were measured in the front of the mobile lab at 2 m above
ground level, also barometric pressure, solar radiation and UV radiation at 3.50 m above
ground level on the roof top of the vehicle.

In consequence that the different air quality indicators were based on diverse analytical
methods the equipment had to be calibrated before every measuring trip. Due to the fact
that carbon dioxide is not classified as a classical air pollutant there is no engaging guideline
how CO; should be measured in ambient air. So the CO, analyzer was calibrated according
to the official guideline of the German VDI (VDI guideline 3950, sheet 1, 1994). The
analyzers of the other air pollutants were also verified according to the VDI guidelines 2459,
sheet 6, 1980 (CO), 2453, sheet 2, 2002 (NO, NO,) and 2468, sheet 6, 1979 (Os). Carbon
dioxide and carbon monoxide were analyzed using IR absorption, ozone by UV absorption.
In contrast, the nitrogen oxides were determined by chemiluminescence. Air quality
analyzers as well as the equipment for meteorology were calibrated with a measuring
frequency of 1 Hz, which made temporal corrections of all data less complicated.
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The maximum driving speed was 30 km h-! along streets (8 m s) and 60 km h! (about 16 m
s1) on freeways. In spite of the known delay times of the analyzers (e. g. CO, =13 sec.) and a
measuring frequency of 1 Hz the spatial resolution of the measurement was 8 m and 16 m
respectively. With regard to the delay times of the different instruments and the low driving
speed of the mobile lab measurements could be made approximately in real time. At the end
of each measuring trip the analyzers were still kept on running for another of 30 seconds.
Due to this the delay times of all analyzers were considered. This subsequent temporal
correction of the measured values for CO;, CO, NO, NO,, O; and PMyo, but also for the
meteorological parameters enabled most accurate and representative results of the air
quality and meteorology along the transect. In addition to the measured values also GPS
coordinates (measurement frequency of 1 Hz) allowed to relate every recorded value of the
air quality indicators to its GPS-point along the measuring route.

Looking for a representative and an almost unaffected measuring method for air quality
indicators within streets canyons to determine the pollutants without a direct influence of
diverse vehicles standing or waiting in front of the mobile laboratory or beside it, was a
great afford. Due to traffic jams or red lights there could be a lot of interruptions of the
analysis of the data. Such a situation causes an accumulation of the air borne pollutants and
accordingly ensures an increase of the concentration. A similar problem for measuring more
or less representative values could be the exhaust plume of the vehicles, which are driving
directly in front of the mobile lab and thus leads to a distortion of the results. Every second
logged data were marked manually using GPS to solve this problem. For that each traffic
stop and traffic jam could be mapped along the transect and was filtered out before the
analysis of the raw data. It is of great importance that the suction unit of the air quality
indicators of the mobile laboratory is placed on the opposite side of the road traffic and thus
is already protected against the direct impact of vehicle emissions. Additionally a safety
distance of > 2 m from the directly vehicles in front of the mobile lab was adhered to reduce
the influence of others. This safety distance is based on Clifford et al. (1997). They could
prove by different simulations that the influence on the concentration of the exhaust plume
of vehicles in front of another is significantly decreasing and is nearly negligible up to 1.50
m or more meters. Nevertheless, the raw data must be checked for plausibility despite
marking the data. So individual values of the data set, which deviate significantly from the
others, should be removed manually before the subsequent analysis.

However a comparison of the concentration CO, concentration pattern along the transect
indicates that there are no significant differences between the carbon dioxide courses with
and without filtering out the stops (n = 150, a > 0.5). A correlation between the corrected
and the uncorrected results for the diverse measuring routes offers a correlation coefficient
R2=0.94 (n = 150; a > 0.5) for all measuring times, day and night. This correlation coefficient
is shown exemplarily for the whole measuring period in figure 1. Divided into day and
nighttime measurements, the nighttime survey test indicates a plainly higher R2 = 0.98 (n =
60; a > 0.5) in comparison to the measuring trips during the day (R2 = 0.90; n = 90; a > 0.5).
Due to a lower probability of traffic-related interruptions and verifiable more stable
atmospheric conditions overnight the effect of different sources of CO, emissions is
vanishingly low. The atmospheric conditions are based on the calculation of the stability
index of Pasquill (1961) and Polster (1969) by using the data of meteorological stations,
which were installed along the measuring route. Anyhow it was not abandoned filtering out
the obviously influenced data because ultimately, even if there is a correlation coefficient of
R2>0.90 for all measuring trips, the determined values were still influenced.
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Fig. 1. Scattergram for the correlation between the uncorrected und corrected results of the
CO;, measurements made within different urban areas (n = 150)

Because of a relatively high spatial fluctuation of the trace gas concentration along the
measuring route it was necessary to calculate the arithmetic mean values of the so-called
homogeneous road sections (Kuttler & Wacker, 2001; Henninger, 2005a; 2008; Henninger &
Kuttler, 2007; 2010). Spatial fluctuations could be caused by the change of the structure of
housing along the streets, varying density of traffic or the change of land use and different
climatopes. By this way, creating different route sections along the transect enables a direct
comparison of single measuring trips with each other and a better interpretation for the data
processing. Though every road section is characterized by a type of land usage, the length of
a section could vary from time to time. So it is unavoidable that a continuous transition from
one type of land usage to another could not always be guaranteed. Exemplarily, due to a
length of 63 kilometers the measuring route could be subdivided into 61 road sections with
a length of nearly 1000 meters each (Henninger, 2008a). In order to reduce the influence of
the transition from one area to the neighboring road section it was ensured that these five
seconds of travelling (~ 40 m) were not taken into account.

3.2 Measuring site

Generally all urban areas present a heterogeneous structure due to the different types of
land use. As it is reflected in the local emission structure of the different trace elements
within the urban site. For this reason, the measuring route has to take all urban types land of
use into account in order to obtain a representative pattern of the appropriate carbon
dioxide situation.

First measurements determined the near surface urban carbon dioxide by a mobile
laboratory in the city of Essen, Germany (51°28°N, 7°0°E) between 2002 and 2004 to verify
the theoretical deliberations. Due to its location and structure within the conurbation area
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“Ruhrgebiet”, Essen should be representative for its structure of anthropogenic carbon
dioxide emissions. Regarding its structure of emission within the urban canopy layer of
Essen, the most important impacts within the investigation area are determined to be the low
emission heights of traffic and domestic fuel. The measurement route had a total length 63
kilometers and led the transect from the south to the north of the urban area. It displayed a
serpentine route to ensure that the measuring transect included all varieties of urban land use.

Additional mobile measurements have been made between 2003 and 2010 within different
urban areas with diverse sizes and in different climatic zones to investigate the
transferability of the measuring method (Tab. 1):

Location Measuring time | Trace elements References

Henninger, 2005a/b;

CO,, CO, NO, | Henninger, 2008a;

NO,, O3 Henninger & Kuttler, 2007;
Henninger & Kuttler, 2010

Essen, Germany (51°28°N,
7°0°E); 580,000 inhabitants; | 2002 till 2004
A =210 km2

Krefeld, Germany (51 CO,, CO, NO,

20'N, 6° 35 'E); 238,000 2003 till 2004 NO.. O Henninger, 2005b
inhabitants; A = 138 km?2 X S
Bad Ems, Germany
(50°25°N, 7°45°E); 10,000 2005 ligz’ ((?)O,IIJ\IN? ’ | Henninger 2008b/ ¢
inhabitants; A = 16 km? o 23 B0
Koblenz, Germany
(50°21°N, 7°36E); 106,500 2006 ;%2’ 80’11\1{/? !
inhabitants; A = 105 km?2 x 2% S0
Kigali, Rwanda (1°57°S,
AT CO,, CO, NO, .
30°4°E); 1,000,000 2008-2009 NO,, Os, PMio Henninger 2009a/b

inhabitants; A = 738 km?2
Saarbriicken, Germany

(49°14°N, 7°0°E); 176,000 2010
inhabitants; A = 167 km?2

CO,, CO, NO,
NO,, O3, PMyo

Table 1. Schedule of mobile CO, measurements with the same measuring methodology

Based on the described measuring method further investigations were made by Ptak (2009).

Between 2005 and 2007 she performed in two German cities (Miinster; 51°57°N, 7°37°E and

Liidenscheid; 51°13°N, 7°37°E) mobile carbon dioxide measurements, confirmed the method

and the following described representative status of it.

Generally, for the choice of a measuring route in dependence of the location and its

characteristic and typical urban types of land use the following factors should be

considered:

- a big variety of different types of land use because all types of urban usage within the
urban area should be taken into account,

- the route should be planned along roads with not much traffic, to ensure that increased
CO» concentration within the investigation area does not necessarily be attributable
only to urban traffic and
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- acomparable and a similar type of land use respectively should be at the beginning and
end of the measuring route.

3.3 Measuring times

A total of 150 mobile measurements was made between 2002 and 2010 on weekdays and
weekends regarding different conditions. Most of the mobile measurements were made
during clear and calm weather conditions (v < 1.5 m s?) and at different times of the day.
The low wind speed guaranteed more pronounced local differences of the near surface
urban carbon dioxide in relation to the respective types of land use. Thus enables a
representation of the urban CO; situation for a so-called "worst-case" with low exchange
ratios and a negligible influence on a long-distance transport.

The measurement times were primarily based on the daily occurring rush hour. Due to the
fact that during the daily rush hours only a short-term situation of the daily air pollution is
rendered, the measurements were made in each case before (4 a.m. - 7 a.m. respectively 1
p-m. - 4 p.m.) and after the traffic peak hours (10 a.m. - 1 p.m. respectively 7 p.m. - 10 p.m.)
to enable inter alia a uniform traffic flow along the measuring route, but of course also a
homogeneous structure of trace elements, especially for CO,, in order to show a
representative carbon dioxide situation within the urban canopy layer.

The mobile measurements should be performed during both day- and nighttime hours. So
the influence of e. g. urban green areas as potential sources of CO, (respiratory gas exchange
at night) and CO; sinks (photosynthetic gas exchange during the day) can be considered.
The natural diurnal variations in CO, concentration, aroused by the gas-exchange cycle of
the biosphere could be represented. For this reason additional trips were taken between 11
p-m. and 2 a.m. to cover the transition time from the first to the second part of the night.
This night-time measuring period ensures the determination of the second peak of natural
CO; caused by the respiratory gas exchange around midnight (Allen, 1965). In addition it
was also possible to have a look at the atmospheric boundary layer conditions in connection
with the times of the day and its influence on the urban CO,. Regardless, the dependence of
the time of the day measurements should be placed on weekdays (Monday till Friday) as
well as on weekends (Sunday) and holidays (Henninger, 2005a; 2008).

3.4 Classification of variable and invariable influencing factors

Trace elements within the urban area are highly volatile components of the air. As a result of
the heterogeneous urban structure the pattern of the CO, concentration along a measuring
route is affected by a number of different temporal variable as well as invariable influencing
factors (Henninger, 2008a). Therefore it is not possible to evaluate the urban carbon dioxide
along a transect considering only different measuring times and different weather
conditions like e. g. Idso et al. (1998; 2001) did in Phoenix, Arizona, USA, giving a
representative statement about the behavior of near surface urban carbon dioxide. Instead,
the multidimensional dependence of CO, was determined first by a correlation analysis
(Pearson and Bravais) and a partial/multiple correlation analysis (Schonwiese, 2006). The
different influencing factors were analyzed separately to identify the dominant one. Hence,
it was necessary to differentiate between the following temporal variable and invariable
factors (Tab. 2; Henninger, 2008a):
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Temporal variable factors Temporal invariable factors
Atmospheric stability of the urban canopy Sky view factor (i)
layer
Air temperature Surface configuration
Air humidity Traffic density

Urban vegetation

Table 2. Schedule of the different influencing factors which could manipulate the CO,
pattern within the urban canopy layer

The decision to interpret traffic density as a temporal invariable factor is based on the
calculation of traffic data from the council, which is being published at the end of each
month. Thus, there is a fixed number of vehicles for each hour.

4. Statistical proofs

Using various statistical methods like cluster analysis, test of significance (f-fest) and
correlation analysis the reproducibility of the mobile measuring trips should be verified. A
statement should be given for the situation of air quality within its urban investigation area
and whether this determined pattern of carbon dioxide concentration is not only a snap-shot,
but rather a recurring incident. The statistical analysis should show whether the measured
CO; data is in both temporal and spatial behavior representative and reproducible for the
route sections or whether it is the result of a random acquired CO, pattern.

Primarily, the single linkage cluster analysis with an Euclidean distance (in ppm) should
give information about similarities of the behavior of CO, concentration along the transect
between all completed measuring trips for a definite investigation area. Exemplarily, this is
shown in figure 3. It offers five separate clusters, which are identical with the five different
times of measuring. This result was checked by a comparison between two measuring trips,
being connected in one cluster but also for measuring trips being placed in different clusters
by a big distance. Figure 4 presents a uniform allocation of CO; along the transect for the
measurements made at the same time of the day which creates one similar cluster. An
additional test of significance (t-test) confirmed this validation. Measurements taken at the
same time of the day, but on different days display no significant differences (a > 0.5, Fig. 4).
In contrast, trips driven at diverse times show significant differences (a < 0.05) respectively
a high significant difference (a < 0.01) and no similarities in respect of the pattern along the
transect (Fig. 5).

These results could be proven for all survey tests of the first initial measurements which
were taken between 2002 and 2004 (n = 44) as well as for the all additional ones driven
between 2003 till 2010 (n = 150) to validate the measuring methodology being devised by
Henninger (2005a). The preliminary statistical analysis demonstrates that there is, in
dependence on the time of the day, a recurrent CO; pattern along the transect. That is why a
reproducibility of the behavior of CO, concentration can be verified and enables an
allocation of the different classified variable and invariable influencing factors along the
transect (Henninger, 2008a).
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5. Reproducibility of the data

At this stage the statistical analysis of the mobile measurements of near surface carbon
dioxide between 2002 and 2010 has shown that it is possible to resolve the CO, mixing ratio
spatially as well as temporarily in dependence of the structure of the urban types of land
use. It could be demonstrated that the methodology of measuring carbon dioxide near the
ground was not only feasible for one urban area, but it rather works for every urban
settlement. Notwithstanding of the general achievements mentioned before, the
reproducibility of the data should be offered for one detailed example reconstructing the
conclusion of this disquisition. As a consequence the results of a measuring period of at least
two years within the city of Essen could explain the applicability of the method the best way.
First of all, with the aid of a cluster analysis the CO, data for the whole measuring period (n
= 40) were divided into meaningful sub-collectives and groups respectively. This calculation
based on the comparison of the temporal courses of the CO, concentration patterns during
each measuring trip. As it is shown in figure 2 three defined clusters were composed of the
respective measuring trips for the seasons autumn, winter and spring. Therefore it could be
assumed that the temporal behavior of the involved measurements offer extensive
similarities within each season. A solitary exception indicated the summer months. The
splitting of the summer measuring trips into two clusters could be explained by the
significant concentration differences, which occur between the day- and night-time situation
during this season. Indeed, there are also detectable night and day concentration gradients
for carbon dioxide during the other three seasons, but plainly smaller and less noticeable.
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Fig. 2. Seasonal cluster analysis and cluster diagram of all CO, measuring trips taken in 2002
and 2003 within the urban area of Essen, Germany (n = 40)
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This result was also analyzed by a test of significance (t-test), which showed that a < 0.05 (Si
=95 %) indicates, however, that there is no direct correlation between the measuring trips in
spring, summer, autumn and winter. Finally, this ¢-test confirmed the results of the cluster
analysis displayed in figure 2.

For the next step the data of each “seasonal cluster” were treated separately. A secondary
cluster analysis revealed that in the individual assessment of the seasons the groups were
clearly distinguished from each other again. Five different clusters could be established
within the four “seasonal clusters”, each identical with the five different times of measuring.
As an example of this result the “summer cluster” is shown in figure 3. This one was not
only specifically chosen to point out the similarities of the measuring period from June to
August because it could not only be shown how the five clusters represent the different
measuring times, but also the well-known splitting within the season, which was mentioned
in figure 2. The day time measurements were reflected in one cluster group (10 am. -1 p.m,;
1 p.m. - 4 p.m.), also the night-time measuring trips (11 p.m. - 2 a.m.; 4 a.m. - 7 a.m,; Fig. 3).
The measurements from 7 p.m. till 10 p.m. can also be assigned to the day time hours
because throughout this part of the day there was no sundown at all during the
measurements.
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Fig. 3. Cluster diagram of the summer CO> measuring trips within the urban area of Essen,
Germany (n = 10)
Nevertheless, there had to be similarities within the measurements at the same time to

constitute a separate cluster for these trips. Therefore, measuring trips, which offered a
common cluster (e. g. 16.06.03, 7 p.m. - 10 p.m. and 12.08.03, 7 p.m. - 10 p.m., Fig. 3), were
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analyzed on their relationship between two characteristics (route sections and average
values of the route sections) and ongoing calculating of the correlation coefficient after
Pearson and Bravais. The result is, that the CO, patterns of the two measuring trips along the
transect reveal a nearly identical profile (Fig. 4). This feature of figure 4 was confirmed by a
high correlation coefficient of R2 = 0.91. The variety in the concentration levels along the
measuring route and the difference between the two curves respectively could be explained
in virtue of wind speed (16.06.03 v > 1.5 m s! and 12.08.03 v < 1.5 m s1) during the
measurements. However, it is obvious that wind speed affects the height of the near surface
urban CO; concentration, but not the spatial pattern and the occurrence of trace elements.

A comparison of two measuring trips, which were not related in a temporal cluster (e. g.
11.06.03, 11 p.m. - 2 a.m. and 08.07.03, 4 a.m. - 7 a.m., Fig. 5), confirmed the output of figure
3 as well as figure 4. There are almost no similarities shown in the CO; pattern of two survey
tests (R2 = 0.17), which had not been done at the same time of day. A crucial moment to this
significant difference is the distinction of the atmospheric stability and the variation of the
traffic density during these two times of measuring.
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Fig. 4. CO, profiles (R2 = 0,91) for two summer measuring trips with an identical measuring
time (7 p.m. - 10 p.m.), but different measuring days within the urban area of Essen,
Germany. Though both trips are part of one cluster (fig. 3) they showed up different wind
speed, but no significant differences (a > 0.5) for the carbon dioxide situation along the
measuring route

An additionally implemented calculation of the product moment correlation coefficient by
Pearson ratifies similarities to the results of the cluster analysis (Tab. 3). Thus the calculation
showed high correlation coefficients for the same times of measuring, but only low positive
to low negative correlations for the different times. Furthermore, using the t-fest, it could be
demonstrated that the measuring trips of the same season driven at the same measuring
time, revealing a common cluster, offered no significant differences (a > 0.5). Accordingly to
this, it could be calculated that for measurements taken at different times of the day
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indicated a significant (a < 0.05) and a highly significant difference respectively from each
other (a < 0.01). These results could be illustrated for all seasons. That is why it could be
postulated that in dependence of the time of day and the season a recurring pattern of near
surface carbon dioxide along the measuring route is verifiable. So this could be regarded as
an evidence for the conclusion that the reproducibility and thus the representativeness of
the CO; data is given determined within the urban area.
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Fig. 5. CO; profiles (R2 = 0.17) for two measuring trips with different measuring times (4
am.-7am. & 11 p.m. - 2 am.), but identical wind speed (v < 1.5 m s1) within the urban
area of Essen, Germany. Both trips are not part of the similar cluster (fig. 3), showing a
significant difference of a < 0.05 for the carbon dioxide situation along the measuring route

Evening | Evening Midnight Midnight Morning Morning Night Night Day Day
1 2 1 2 1 2 1 2 1 2

Evening 1 [1.00} 0.89 0.26 0.38 0.06 0.31 -0.27 -0.44 0.12 -0.10
Evening 2 0.89 1.00] 0.28 0.39 0.1 0.35 -0.25 -0.38 0.13 -0.05
Midnight1 0.26 0.28 1.00) 085 -0.12 -0.09 -0.21 -0.20 0.22 -0.02
Midnight 2 0.38 0.39 0.85 1.00) -0.09 -0.01 -0.34 -0.39 0.06 -0.16
Morning 1 0.06 0.1 -0.12 -0.09 [1.00] 0.76 0.07 0.06 0.02 0.08
Morning 2 0.31 0.35 -0.09 -0.01 0.76 1.00] 0.12 0.01 0.27 0.36
Night 1 -0.27 -0.25 -0.21 -0.34 0.07 0.12 1.00} 0.92 047 048
Night 2 -0.44 -0.38 -0.20 -0.39 0.06 0.01 0.92 042 047
Day 1 0.12 0.13 0.22 0.06 0.02 0.27 047 042 1.00] 0.80
Day 2 -0.10 -0.05 -0.02 -0.16 0.08 0.36 048 047 0.80 [1.00}

Table 3. Product moment correlation coefficience exemplarily shown for CO, measuring
trips in winter (evening =7 p.m. - 10 p.m.; midnight =11 p.m. - 2 a.m.; morning = 10 a.m. -
1 p.m.,; night =4 a.m. -7 am.,; day =1a.m. - 4 p.m.); evening 1 = 11.12.02, evening 2 =
05.02.03; midnight 1 = 06.01.03, midnight 2 = 19.02.03; morning 1 = 02.12.02, morning 2 =
12.02.03; night 1 = 19.12.02, night 1 = 12.02.03; day 1 = 05.02.03, day 2 = 18.02.02.
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The statistical analysis of the CO, concentration in 2002 and 2003 was confirmed in the
following years by comparing measurements along the same measuring route. Measuring
trips throughout the different seasons of winter and summer 2004 as well as in spring 2005
have revealed that there is a roughly similar pattern of carbon dioxide near the ground (R2 >
0.78; a > 0.5). Exemplarily, this is shown with the aid of another cluster analysis (Fig. 6) and
a CO; profile (Fig. 7) for measuring trips within Essen in summer 2004 compared to those
from 2003.
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Fig. 6. Cluster diagram for CO; measuring trips within the urban area of Essen, Germany,
for summer 2003 appendixed by an additional CO, measurement in summer 2004 at the
same time of the day (4 a.m. - 7 a.m.), the same measuring route and comparable weather
conditions

Figure 8 offers that the applied measuring methodology tested within the city of Essen is
solely suitable for mobile measurements at this city structure. It could be proven that
statistically representative, recurring patterns of CO, and other trace elements can also be
determined within other urban areas, as it is shown for one route within the city of Krefeld.
For day time as well as for the night-time measuring trips it is clearly obvious that there is
no significant difference (a > 0.5) between the CO; patterns along the transect. Particularly,
the comparison of the night-time measurements of 17.02.04 and 20.02.04 showed a nearly
congruent CO, profile (R? = 0.98; Fig. 7) due to a several days lasting clear and calm weather
condition with v <1 m s and a negligible atmospheric exchange. Similar to the city of Essen
a lower correlation coefficient (R2 = 0.70), which is displayed in figure 6 for the day time
measurements of 11.03.2004 and 13.03.2004, indicated a higher variability of potential CO.
sources (primarily from motor vehicles).
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Fig. 7. CO; profiles (R2 = 0.79) for three summer measuring trips with an identical

measuring time (4 a.m. - 7 a.m.) within the urban area of Essen, Germany, different

measuring days (black line = 2003; grey line = 2004), but comparable wind speed (v <1.5 m

s1). The trips are part of one cluster (fig. 6) and showed up no significant differences (a >

0.5) for the carbon dioxide situation along the measuring route
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Fig. 8. CO; profiles (R2 = 0.90) for two winter measuring trips with an identical measuring
time (10.30 p.m. - 1.00 a.m.), but different measuring days within the urban area of Krefeld,

Germany, a < 0.5
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The transferability of the measuring methodology was also checked for mobile
measurements of near surface carbon dioxide and particulate matters (PMjg) in smaller
towns, which do not have such an enormous emission of trace elements in comparison to
urban agglomerations. Moreover, the method was used to determine different air quality
indicators in the tropical city of Kigali, Rwanda. Exemplarily, based on figure 9 it is revealed
for measuring trips within the city for Kigali, Rwanda, during the dry seasons of 2008 and
2009 for two different day time measuring periods.
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Fig. 9. PMyo profiles (R2 = 0.89) for measuring trips during the dry seasons of 2008 and 2009
with identical measuring times (9 a.m. - 10 a.m. = solid lines & 4 p.m. - 5 p.m. = dotted
lines) within the urban area of Kigali, Rwanda, and different measuring days, but
comparable wind speed (v < 1.5 m s1). The trips showed up no significant differences (a >
0.5) for the particulate matter situation along the measuring route

6. Discussion and concluding remarks

Carbon dioxide is one greenhouse gas, which is responsible for the anthropogenic induced
climate change. Above all, urban agglomerations are a potential CO, source due to its usage
of fossil energy sources. Less is known about the temporal and spatial behavior of this trace
gas, especially in cities and their surrounding areas. Most studies were carried out by
stationary measurements. But these investigations could hardly ensure the transferability
from the measurement location to its nearby vicinity. An opportunity to solve this problem
is using mobile air quality measurements, which ensure a highly frequented spatial as well
as temporal density of area-covering information within an urban environment.
Unfortunately, there are less investigations using the methodology of mobile measurements
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along exactly coordinated transects. Furthermore the problem of existing methods is the

significant difference within the methodologies of mobile air quality measurements. Thus it

was necessary to create a methodology, which is applicable for different types of trace
elements, but it also has to be representative, so that a ultimately statistical reproducibility
of the results can be guaranteed.

Momentarily valid is the statistical analysis of the collected mobile measurements of near

surface carbon dioxide between 2002 and 2010 has shown the possibility to resolve the CO>

pattern within the urban canopy layer spatially as well as temporally in a high frequency in
dependence of the structure of urban types of land use. It could be demonstrated that the
methodology of measurements was not only feasible for one urban area, but it rather works
for every urban settlement, because the transfer to other urban settlements is possible. Also
it was obviously necessary to have a measuring period of more than one year and an exact
consideration of the specific types of land usage because otherwise seasonal and spatial
variations of the urban CO, mixing ratio could not be reproduced satisfactorily. So this
investigation could be considered as a supplemental step in measuring urban CO, apart
from fixed measurement locations using statistical proofs (test of significance, correlation
analysis, product-moment analysis) to demonstrate which factors most strongly influence

CO, within the urban canopy layer.

Based on these solid results of the diverse investigations within different urban areas

(different sizes of the urban areas as well as varying climatic zones) three findings could be

accentuated, which should be considered in the context of planning mobile air quality

measurements, which need a minimum of necessary mobile measuring trips along the
transect to determine the spatial and temporal behavior of near surface urban carbon
dioxide:

1. The comparison of different measurement times throughout the day indicated that
there is only one significant difference between day- and night-time measuring trips (a
< 0.05, Fig. 3). Therefore it remains to be noted that two day- and night-time
measurements at a predefined time, however, showed only a weakly significance (a >
0.1). It may be sufficient to get a first look and compare the time of day CO. profile of an
urban space. The most important requirement for a comparison of measuring trips with
one another is not measuring within the same year, but at the same time of day.

2. Two more additionally trips should be made at exactly the same day- or night-time and
at similar atmospheric conditions (clear and calm weather conditions; low wind speed v
< 1.5 m s1) to confirm the area-use-dependent CO; pattern for the comparative trips
and to ensure an adequate comparability of the determined data of the first two
measuring trips (one day, one night-time trip). Following the analysis of two equal
measuring times with a distinct comparable CO, profile (a > 0.5), it must be assumed,
based on the results of all measurements from 2002 to 2010, that also a third and fourth
measuring trip for analog conditions constitutes a similar result, which ultimately
reveals that more than four runs (two day and two night-time measurements) seem to
be superfluous. A necessity of a third or perhaps fourth measuring trip is only given,
when the first differs significantly from the second one (whether it is a day- or night-
time trip). Also it is negligible, if it is on weekdays and on weekends respectively. The
differences between the CO; patterns along the measuring route are undersized and not
significant, as it is displayed for the cluster analysis in figure 10 and the CO; profiles in
figure 11.
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3. Furthermore it could be demonstrated in the course of the measurements from 2002 till
2010, that there are significant differences between the seasons (Fig. 2). So consequently,
all four seasons must be considered to get an adequate impression of the spatial as well
as temporal near surface pattern of the urban CO,. At least it could be concluded that it
is sufficient, being planned to measure urban carbon dioxide within the urban canopy
layer over a minimum period of one year, calculating with at least sixteen mobile
measurements (eight day- and eight night-time measurements), and assuming that the
exit criteria mentioned in fact number 2 are fulfilled.

Based on the mentioned three-point plan Ptak (2009) used this handout for measuring
carbon dioxide near the ground with the aid of a mobile laboratory within to urban areas. At
least she planned a measuring period of one year. While it was great afford measuring CO»
within the urban canopy layer of two cities which are far apart from each other, she
calculated, as it was supposed, 16 measuring trips (four per season; two per night and day)
for Miinster as well as Liidenscheid. Finally, she got a highly frequented spatial as well as
temporal area-covering pattern of the CO, situation of both urban sites, which were also
replicable and recurring for comparing trips one year later.
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Fig. 10. Cluster diagram for CO, measuring trips within the urban area of Essen, Germany,
for summer 2003 appendixed by an additional CO, measurement on a weekend at the same
time of the day (4 am. - 7 am.), the same measuring route and comparable weather

conditions
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Fig. 11. CO; profiles (R2 = 0.89) for three summer measuring trips with an identical
measuring time (4 a.m. - 7 a.m.) within the urban area of Essen, Germany, and different
measuring days (solid lines = weekdays; dotted line = weekend), but comparable wind
speed (v < 1.5 ms1). The trips are part of one cluster (fig. 10) and showed up no significant
differences (a > 0.5) for the carbon dioxide situation along the measuring route
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1. Introduction

Nitrous acid (HONO) plays a significant role in the photochemistry of the troposphere,
especially in the polluted urban atmosphere, due to its photolysis by solar UV radiation into
the hydroxyl radical (OH), which is one of the most important oxidant in the atmosphere
(Alicke et al, 2002). Some previous observations showed unexpected high HONO
concentrations up to several ppb at urban or rural sites during the daytime or nighttime
(Qin et al., 2009; Su et al., 2008a, 2008b; Yu et al., 2009) but gas-phase chemical models
usually underestimated HONO observations, particularly in the daytime. HONO sources
are thought to be direct emissions, homogeneous gas reactions, and heterogeneous reactions
on aerosol surfaces. Sarwar et al. (2008) incorporated gas-phase reactions, direct emissions, a
heterogeneous reaction, and a surface photolysis reaction into the CMAQ model, and
simulations still indicated HONO underestimation by comparison with measurements,
especially in the daytime. Li et al. (2008) suggested a reaction of electronically excited
nitrogen dioxide (NO5") with water vapor as follows,

NO; + ho (A>420 nm) — NO' (R1)
NOy + H;O — HONO + OH (R2)
NOy'+ M — NO; + M (where M is Np, Oy, or H>O) (R3)

The reaction rate for Reaction R2 given by Li et al. (2008) is 1.7x10-13cm3 molecule! s, which
is an order of magnitude larger than that found by Crowley and Carl (1997). Although
further experiments to reduce uncertainty in the rate constant need to be conducted, the
HONO increase due to Reaction R2 may be potentially significant in some industrialized
regions with elevated emission levels of NO, (= NO + NO») and volatile organic compounds
(VOCs). Wennberg and Dabdub (2008) implemented the NO," chemistry into an air quality
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model and found that simulated ozone (O3) were enhanced by as much as 55 ppb in the
southern California for a summer episode in 1987. However, Sarwar et al. (2009) did similar
work and illustrated that the simulated increases were considerably smaller than those
reported by Wennberg and Dabdub (2008) due primarily to the current low emissions of
NO4 and VOCs compared to the emission levels in 1987. Ensberg et al. (2010) then used the
emissions in both 1987 and 2005 to assess impacts of the NO," chemistry on air pollution in
the south coast air basin of California showed that the NOy" chemistry increased the
effectiveness in reducing Os; through NOx emissions reductions alone. Li et al. (2010)
coupled the NO;" chemistry, four heterogeneous reactions on aerosol surfaces recommended
by Jacob (2000), and secondary HONO formation from the NO; heterogeneous reaction with
semivolatile organics suggested by Gutzwiller et al. (2002) into the WRF-CHEM model
version 3.2, and found that the additional HONO sources significantly improved HONO
simulations by comparison with differential optical absorption spectroscopy (DOAS)
observations (Zhu et al., 2009), especially in the daytime.

The purpose of this study is to use the state-of-the-art WRF-CHEM model version 3.2 to
assess effects of the photoexcited NO, chemistry and heterogeneous reactions on
concentrations of O3 and NOjy(total reactive N-containing compounds) in Beijing, Tianjin
and Hebei Province of China (BTH region), where emissions of NO, and particulate matter
(PM) are high (Zhang et al., 2009).

2. Model description

2.1 WRF-CHEM model

Used in this research is the Weather Research and Forecasting/Chemistry (WRF-CHEM)
model version 3.2 (Fast et al., 2006; Grell et al., 2005). The WRF-CHEM model contains two
components: a meteorological module and a chemistry module. The two modules use the
same mass and scalar preserving flux scheme, the same horizontal and vertical resolutions,
the same physics schemes for subgrid-scale transport, and the same time step (Grell et al.,
2005). A detailed description of the WRF-CHEM model can be found on the website
http:/ /ruc.noaa.gov/wrf/WG11/ and http:/ /www.wrf-model.org. In this study, the WRF-
CHEM model employs the microphysics scheme of Lin et al. (1983), the Yonsei University
(YSU) PBL scheme (Noh et al., 2001), the Noah land-surface model (Chen & Dudhia, 2001),
the RRTM long wave radiation parameterization (Mlawer et al., 1997), and the Goddard
short wave scheme (Chou & Suarez, 1994). For gas chemistry chosen is an updated lumped-
structure photochemical mechanism CBM-Z (Zaveri & Peters, 1999). Photolysis rates are
calculated by the TUV scheme (Madronich, 1987). The chosen aerosol module is MOSAIC
(Fast et al., 2006; Zaveri et al., 2008) with an 8-size-bin representation and the biogenic
module is based on the description of Guenther et al. (1993, 1994), Simpson et al. (1995), and
Schoenemeyer et al. (1997).

Two nested domains shown in Fig. 1. are employed in the simulation. Domain 1, 2, and 3,
consists of 83x65, 58x55 and 55%55 horizontal grid cells with 81 km, 27 km and 9 km,
primarily covering East Asia, North China, and the BTH region, respectively. The stretched
vertical coordinate in the model that extends up to approximately 50 mb uses 28 vertical
model layers with nonuniform thickness and a 28 m first layer above the ground.
Meteorological initial and boundary conditions are from NCEP reanalysis data, which are
also used for nudging every 6 h. The chemical initial and lateral boundary conditions are
constrained by the output of a global chemical transport model MOZART-4 (Emmons et al.,
2009) every 6 h. The detailed description of mapping species concentrations from the
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MOZART to the WRF-CHEM can be found on the website http://www.acd.ucar.edu/wrf-
chem/. Monthly anthropogenic emissions of SO,, NO,, CO, VOCs, PM;o, PM> 5, BC, and OC
in 2006/2007 were obtained from (Zhang et al., 2009) and those of NH3 from Streets et al.
(2003) and monthly emissions of other species were derived from Zhang et al. (2009). Model
simulations were performed in August 1-31, 2007 with a spin-up period of 7 days (July 25-
31).
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Fig. 1. Modeling domains used in this study and seven measurement sites in Beijing, Tianjin,
and Hebei Province in Domain three.

Four different model simulations, i.e., Cases R, S, T and E, were conducted to assess impacts
of the NO," chemistry and heterogeneous reactions on O3 and NOy in the BTH region. Case
R is a reference, using the standard CBMZ mechanism and the MOSAIC module. Case S
contains Case R with Reactions R1-R3. Case T is the same as Case S besides inclusion of 3.1%
emissions of HONO/ NOy (See Section 2.2). Case E includes Case T with Reactions R4-R7
(See Section 2.2).

2.2 Parameterization of HONO sources

The NO;" chemistry (Reactions 1-3) (Li et al., 2008) is added to the CBM-Z mechanism. The
rate of photoexcitation is simplified as 3.5 times the photolysis of NO; because the former is
3~4 times higher than the latter (Ensberg et al.,, 2010). The quenching rate constants for
Reaction (R3) are 2.7x10711, 3.0x10-11, and 1.7x10-10 cm3 molecule! s for N, O, and H,O,
respectively (Li et al., 2008). The uncertainty in the rate constant for Reaction (R2) is £50%
(Li et al., 2008), so the rate constant (R2) is chosen as 9.1x10-14 cm3 molecule! s, which is the
mean value of 1.7x10-13 cm3 molecule! s-1 from Li et al. (2008) and 1.2x10-14 cm3 molecule-! s-1
from Crowley and Carl (1997).
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For heterogeneous reactions on aerosol surfaces we follow Jacob (2000) recommendations as
below,

HO, — 0.5H,0, y=0.2 (R4)
NO; — HNO; y = 0.001 (R5)
NO, — 0.5HNO; + 0.5HONO  y = 0.0001 (R6)
N,Os - 2HNO;  y=0.1 (R7)

The reactive uptake of HO2, NO;, NO,, and N»Os by aerosols is depicted by using a simple
reaction probability parameterization (Jacob, 2000),

-1
k:[i+i] A 1)
Dg vy
where k is the first-order rate constant, a, the aerosol equivalent radius (m), D, the gas-
phase molecular diffusion coefficient being 105 m2s! (Dentener & Crutzen, 1993), v, the
mean molecular speed (ms?), A, the aerosol surface area per unit volume of air, and vy, the
uptake coefficient of reactive species. Considered aerosols are sulfate, nitrate, organic
carbon, and black carbon. Taken from Chin et al. (2002) are parameters for aerosol density,
size distributions, and hygroscopic growth rates at ambient relative humidity. A fraction of
2.3% of the NO, emitted in diesel exhaust is assumed to be heterogeneously converted to
HONO (Gutzwiller et al., 2002). Additionally, direct HONO emissions are estimated by
0.8% emissions of NO, (Kurtenbacha et al., 2001), which is also adopted in other studies
(Aumont et al., 2003; Sarwar et al., 2008). Thus, 3.1% (= 2.3% + 0.8%) of NOx emissions is
used to reflect HONO direct emissions and secondary HONO formation from the NO»
heterogeneous reaction with semivolatile organics in diesel exhaust.

3. Results and discussion

3.1 Impacts of the NO; chemistry and heterogeneous reactions on O; and NOy

Shown in Fig. 2. are the largest differences in simulated daily maximum 1-h Os;
concentrations between Cases S and R. Typically 10~20 ppb increases in daily maximum 1-h
O; concentrations are found in suburban areas and 30~50 ppb enhancements in major cities,
i.e., Beijing, Tianjin, Shijiazhuang, and Baoding, over the BTH region. The values are much
higher than the results (1~13 ppb) given by Sarwar et al. (2009). This demonstrates that the
NOy" chemistry can play a key role in some industrialized regions with elevated emissions
of NOx and VOCs. The conclusion is consistent with the suggestion of Sarwar et al. (2009).
Monthly mean daily maximum 8-h O3 concentrations near the surface are enhanced in the
range of 8~18 ppb in most areas of the BTH region due to the NOy* chemistry and the
largest increase is located close to Shijiazhuang (Fig. 3.). The enhanced concentration range
in the BTH region is much higher than that of 1~6 ppb in some urban areas and in the
vicinity of isolated large NOx sources in the United States of America (Sarwar et al., 2009).
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Fig. 2. Largest enhancements of daily maximum 1-h O3 (ppb) in Beijing, Tianjin, and Hebei
Province in August of 2007 due to the NO," chemistry (Case S - Case R). YF, BJT, TJ, CZ, BD,
and SJZ denotes Site Yangfang, Beijing Tower, Tianjin, Cangzhou, Baoding, and
Shijiazhuang, respectively.
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Fig. 3. Monthly mean enhancements of daily maximum 8-h O3 (ppb) near the surface in
August 2007 due to the NO;" chemistry (Case S - Case R). YF, BJT, T], CZ, BD, and SJZ are
the same as mentioned in Fig. 2.
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Fig. 4. Monthly mean daytime NOy concentration differences (ppb) near the surface in
August 2007 due to the NO;" chemistry (Case S - Case R). YF, BJT, T], CZ, BD, and SJZ are
the same as mentioned in Fig. 2.
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Fig. 5. Monthly mean daytime NOy concentration differences (ppb) near the surface in
August 2007 due to heterogeneous reactions on aerosol surfaces (Case E - Case T). YF, BJT,
TJ, CZ, BD, and S]Z are the same as mentioned in Fig. 2.
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For monthly mean daytime surface NOy concentrations the NO," chemistry causes 4~15 ppb
increases in the BTH region and the largest enhancement is found near the Bohai Bay (Fig.
4.) due to much lower heights of the planetary boundary layer (PBL) and much higher
values of relative humidity around the Bohai Bay than those in the other areas of the BTH
(Figures are not shown here). This agrees with the results of Sarwar et al. (2009).

Elevated PM concentrations in Beijing, Tianjin, and Shijiazhuang lead to 5~15 ppb decreases
in monthly mean daytime NOy concentrations near the surface when heterogeneous
reactions on aerosol surfaces are considered (Fig. 5.). Comparatively, during the nighttime
high relative humidity, low heights of the PBL, and stable atmospheric conditions are
favorable for enhancements in PM concentrations and PM hygroscopic growth rates and
finally result in 10~29 ppb decreases in the nighttime NOy concentrations in Beijing, Tianjin,
and Shijiazhuang cities and increases in areas with the reduced nighttime NOy
concentrations being larger than 10 ppb over the BTH region (Fig. 6.).

113°E 114°E 115°E 116°E  117°E
NO, [ppb]
-30 -20 -10
Fig. 6. Monthly mean nighttime NO, concentration differences (ppb) near the surface in
August 2007 due to heterogeneous reactions on aerosol surfaces (Case E - Case T). YF, BJT,
TJ, CZ, BD, and SJZ are the same as mentioned in Fig. 2.

3.2 Comparison of simulations and observations

3.2.1 Observed data used for model comparison

HONO observations in Beijing in August 13-25 of 2007 were from Zhu et al. (2009). HONO
concentrations were measured by the differential optical absorption spectroscopy (DOAS),
which was described in detail by Zhu et al. (2009) and Qin et al. (2006). The specific
detection limits are 0.41 ppb for HONO, 2.17 ppb for Os, and 0.63 ppb for NO,, respectively
(Zhu et al.,, 2009). O; and NOx were also simultaneously monitored at seven sites across
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Beijing, Tianjin, and Hebei Province (BTH region), partially as the Beijing Atmospheric
Environmental Monitoring Action conducted by Chinese Academy of Sciences. The
detection limit of a Thermo Environmental Instrument (TEI) model 49 analyzer is 2 ppb for
O3, and that of a conventional chemiluminescent gas analyzer (TEI Model 42C) is 0.05 ppb
for NO.. Li et al. (2010) find that there is a nice agreement between O; and NO»
measurements from DOAS and Chemiluminescence in Beijing. The correlation coefficient is
0.97 for O3 and that is 0.83 for NO». The intercept of 0.75 for NO, is much better than that of
12.0 given by An et al. (2009). This is due to inclusion of heavy emissions from the Badaling
expressway for DOAS measurements, and also confirms the suggestions of An et al. (2009).

3.2.2 Comparison of simulated and observed HONO concentrations

For Case R simulated hourly HONO concentrations are always considerably
underestimated by comparison with observations in the period of August 13-25, 2007 (Fig.
7a). Diurnal averages in 13 days (August 13-25, 2007) are approximately 25 times lower than
observations (Fig. 7b). The mean bias (MB), the normal mean bias (NMB), the root mean
square error (RMSE), the normal mean error (NME), and the correlation coefficient (RC) is -
0.98 ppb, -97%, 1.10 ppb, 97%, -0.56, respectively. When the four HONO sources are
included (Case E), the WRF-CHEM model well simulates observed HONO daily variations
within the studied period (Fig. 7a) and simulated daytime HONO concentrations are also
considerably improved (Fig. 7b). This leads to significant improvements in diurnal averaged
HONO levels, and the corresponding MB, NMB, RMSE, NME, and RC is improved to -0.28
ppb, -28%, 0.37 ppb, 29%, 0.91, respectively.
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Fig. 7. Comparison of simulated hourly mean (a) and (b) diurnal-mean HONO
concentrations (ppb) with observations from DOAS in August 13-25 of 2007.
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3.2.3 Comparison of simulations and observations of O3 and NO;

Daily Os peaks are substantially improved in most cases when the four HONO sources are
included (Case E) although Cases R and E show similar daily O3 variations (Fig. 8.). This
further indicates the importance of the NO," chemistry, heterogeneous reactions on aerosol
surfaces, secondary HONO formation from the NO, heterogeneous reaction with
semivolatile organics, and direct emissions in the industrialized region with high emissions
of NO,, VOCs and PM. Daily NO, simulations also demonstrate certain improvements at
some sites, e.g., Sites Baoding and Shijiazhuang, in different days (Fig. 9.). For diurnal
averages in 13 days (August 13-25, 2007) the O3 peak is improved (Case E, Fig. 10a), with an
increase of 25.5 ppb (= 64.2 - 38.7 ppb). NO variations are excellently reproduced both in the
day and at night (Fig. 10c). NO; levels are well simulated in the nighttime whereas those are
underestimated in the daytime (Fig. 10b).
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Fig. 8. Simulated and observed O; concentrations (ppb) at seven sites in Beijing, Tianjin, and
Hebei Province in August 13-25 of 2007. O3 measurements are from Chemiluminescence.
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Fig. 9. Simulated and observed NO; concentrations (ppb) at seven sites in Beijing, Tianjin,
and Hebei Province in August 13-25 of 2007. NO, measurements are from
Chemiluminescence.
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Fig. 10. Comparison of simulated diurnal-mean Os (a), NO> (b), and NO (c) concentrations
with observations (ppb) averaged over all monitoring sites in August 13-25 of 2007.

4. Conclusions

Incorporated into the state-of-the-art WRF-CHEM model were four sources of HONO, i.e.,
photoexcited NO; (NOy") chemistry, heterogeneous reactions on aerosol surfaces, secondary
HONO formation from the NO, heterogeneous reaction with semivolatile organics, and
direct emissions, and simulations were conducted in Beijing, Tianjin, and Hebei Province
(BTH region) in August of 2007. Results indicate that the NO," chemistry and heterogeneous
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reactions on aerosol surfaces have considerable impacts on concentrations of O3 and NO,
(total reactive N-containing compounds) in the BTH region. The NO," chemistry produces
30~50 ppb enhancements in daily maximum 1-h surface O3 concentrations in major cities,
8~18 ppb enhancements in monthly mean daily maximum 8-h surface O; concentrations,
and 4~15 ppb increases in monthly mean daytime surface NO, concentrations over the BTH
region. Heterogeneous reactions on aerosol surfaces lead to 5~15 ppb decreases in monthly
mean daytime NOy concentrations and further substantial decreases in monthly mean
nighttime NOy concentrations, with a maximum decrease of nearly 29 ppb in major cities
over the BTH region. This suggests that inclusion of the four HONO sources could
aggravate acid deposition in industrialized areas with high emissions of NO, (NO + NO»),
volatile organic compounds, and particulate matter. Comparison with observations
indicates that HONO simulations are significantly improved and O; concentrations are well
simulated in most cases when the four sources of HONO are included in the WRF-CHEM
model.
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1. Introduction

Cairo is the largest city of Africa and one of the world’s megacities, with a population of
more than 20 million people and containing more than one third of the national industry. It
is a rapidly expanding city which leads to many associated environmental problems. As a
result, it is also one of the most air polluted megacities in the world (Molina and Molina,
2004). It suffers from high ambient concentrations of atmospheric pollutants including
particulates (PM), carbon monoxide, nitrogen oxides, ozone and sulfur dioxide (Abu-
Allaban et al., 2007, Abu-Allaban et al., 2002, El-Metwally et al., 2008). The pollution
phenomenon locally known as “Black cloud” over Cairo has been attributed to many
reasons among which are biomass burning, local emission and long range transport during
the fall season. Several studies have been conducted to address and discuss the forth
mentioned reasons for the increased pollution levels over Cairo and the greater Delta region
using ground-based and satellite air quality data as compared to other megacities (Abu-
Allaban et al., 2002, 2007, 2009; Alfaro and Wahab, 2006; El-Askary and Kafatos, 2008; El-
Metwally et al., 2008; Favez et al., 2008; Kanakidou et al., 2011; Mahmoud et al., 2008; and
Marey et al., 2010; Prasad et al., 2010 and Zakey et al., 2004). Marey et al. (2010) utilized a
multi sensor approach using the Moderate Resolution Imaging Spectrometer (MODIS) and
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the Multi-angle Imaging SpectroRadiometer (MISR) with meteorological data and trajectory
analyses to determine the cause of these events and to examine reasons for the black cloud
formation over Cairo. MODIS fire counts identify the aerosol source as the burning of
agricultural waste after harvest season in the Nile Delta region. MISR data show that these
fires create low altitude (<500 m) plumes of smoke that flow over Cairo in a few hours, as
confirmed by Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) forward
trajectory analyses. However, Prasad et al. (2010) suggest that the long range transport of
dust at high altitude (2.5-6 km) from the Western Sahara and its deposition over the Nile
Delta region is one of the major contributors to air pollution episodes during this season.
Cairo experiences different seasonal climate systems impacted by the western desert
through sand and dust storms, as well as local, increasing anthropogenic activities. As a
result, it is characterized by a complicated meteorology, varying with the time of the year
and resultant pollution which is worst during the black cloud episodes reported in this
paper and in turn affecting the local climate (Zakey et al., 2004) During winter the climate is
generally cold, humid and rainy; while during the summer season the predominant weather
is hot and dry (Zakey et al., 2008). Hence, the city witnesses significant impacts on the public
health (Hossny et al., 2001). On the other hand, Alexandria as a Mediterranean city has
better climate conditions, yet being the largest industrial city, with ~55% of total Egyptian
industry, suffers from pollution episodes, which are, however, still not as intense as the ones
usually observed over Cairo. El-Metwally et al., (2008) and El-Askary et al., (2009) revealed
that Cairo’s and Alexandria’s aerosol includes; “background pollution”, “pollution-like”,
and “dust-like” components. Generally speaking, Egypt is influenced by the regional scale
trade wind system that is enhanced during the warm period of the year resulting in winds
over Egypt are from North supporting the sea-breezes along the Mediterranean coastline
(Kallos et al., 1998, 2007; El-Askary et al. 2009). It has been thought that pollution episodes
occur only over Cairo and are due to local emissions; however, we will show that there are
large emissions from the surrounding cities that are likely contributing to Cairo pollution.
On the other hand, it is noteworthy that the low topography of Cairo bounded by Giza
(western highlands) and Mokatam (eastern highlands) contributes as well to the onset of
these pollution events, compared to the surrounding region previously reported (El-Askary,
2006). During the autumn season, aerosols originating from the biomass burning from
different cities within the Nile Delta, add to the region’s anthropogenic aerosols, and hence
contribute to bigger pollution events. Here, we propose a wider contribution from other
anthropogenic sources in surrounding cities among the major contributors to this problem.
Cairo, Alexandria, together with other cities within the greater Nile Delta region extending
from ~ 29° to 31° N, are the sites of the present study. Five locations within the Delta
together with Alexandria, a coastal city, have been selected for this analysis based on their
locations with respect to Cairo and the reported polluting events. Cairo together with the
other relevant cities is located in the Northern Delta Region, which is a heavily populated
area. However, Alexandria is located along the Mediterranean Sea and is the only coastal
city involved in this analysis (Figure 1).

This work presents an attempt to study the wide spatial distribution of pollution over
Northern Egypt. (Table 1) shows the locations of the cities under investigation and their
main sources of air pollution, namely heavy traffic / industrial / residential / commercial /
mixed emissions or biomass burning.
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Fig. 1. Base Map for cities under consideration

City Latitude Longitude Activity or pollution source
Alexandria 31.213 N 29.944 E Industrial/Residential and traffic sectors
Burn harvest byproducts
Tanta 30779 N 30.996 E Industrial/Residential
Damanhur 31.040 N 30.469 E Burn harvest byproducts/Residential
El Mahala 30.975 N 31163 E Indus?rlal / Excessive emissions from brick
factories
Burn harvest byproducts
El Mansoura 31.039 N 31.379 E Industrial / Residential
Cairo 30.064 N 31249 F Excessive pollution from industrial/ Dump

sites burning and traffic sectors

Table 1.Cities locations for AOD and WYV analysis and their possible pollution source

2. Aerosol Optical Depth (AOD) and Water Vapor Column (WVC) data used

Over the last decade aerosols have been studied quantitatively regionally and globally using
satellite remote sensing. Such studies are very useful in climate studies (Kaufman et al.,
2002; King et al., 1999). The Mediterranean basin aerosols belong to a variety of sources,
either being natural (sea salts, desert dust) or anthropogenic (local sources) due to the
increasing urbanization and industrialization, as well as long range transport from Europe
(Astitha et al., 2008; Kallos et al., 1998, 2007). As such, AOD obtained from the MODIS data
was used to study urban air quality (Engel-Cox et al., 2004). Diversity in the aerosol origin
influences to a great extent their optical properties (Pace et al., 2006). The data set used in
this study involves six years of monthly average observations of AOD over the Delta region
derived from MODIS level-2 AOT atmospheric daily products data at a 10 km resolution.
The WVC data are obtained at the 1-km MODIS spatial resolution. The Level 2 data are
generated at the 1-km spatial resolution level using the near-infrared algorithm during the
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day and at 5%5 1-km pixel resolution for both day and night. The AOD parameter obtained
from the MODIS data is used as an indicator for the black cloud impacts on the optical
properties of the aerosols forming in the vertical column of the atmosphere. It is well
known that Northern Egypt suffers from variability of atmospheric pollutant sources and
hence the mixing processes scenario in the atmosphere is most likely a mixed aerosol type.
Since we are studying the impact of anthropogenic pollutants on aerosol optical properties
during the fall season, characterized by the well known black cloud pollution episodes, a
seasonal component is expected to affect the AOD values. Therefore, AOD obtained from
the MODIS sensor over the period February 2000 to August 2009 is detrended using
climatological values to remove any seasonal contribution to observed main anomalies
(Gautam et al., 2007). De-seasonalizing is performed for the time series at each grid location
by calculating the deviations from the climatological mean annual cycle. Hence, the
anomalies in the annual cycle can more easily be inferred.

The high AOD values over Cairo are a result of the unregulated continuous emissions,
coupled with the stable meteorological conditions by weak wind currents as well as almost
neutral stratification (El-Askary, and Kafatos, 2008). High AOD values associated with
slowly moving air masses are generally accompanied by higher precipitable water vapor
(Xia et al., 2007). We anticipate that high WVC will be observed regionally over locations
where high AOD is also observed. The MODIS precipitable water product consisting of the
water-vapor column is essential in understanding the aerosol properties, and aerosol-cloud
interactions (Jin et al., 2005).

2.1 Aerosol data analysis

Monthly average Aerosol Optical Depth (AOD) and Water Vapor Clear Column (WVC)
over Cairo, Alexandria and the Delta cities of Damanhur, Tanta, El Mahala and El Mansoura
were analyzed for 2000-2009. High AOD values are observed during the September,
October and November (SON) season, over all locations at different levels showing the
regional extent of such pollution events. Figures 2a and 2b show monthly average values of
AOD and monthly AOD anomaly during the period from February 2000 to August 2009
over the six cities.

Figure 2a shows a strong variability and similarity in the aerosol patterns over the entire
region associated with the presence of a clear annual component for the locations under
investigation. It also shows the presence of two main peaks corresponding to dust and
anthropogenic episodes superimposed on the annual variability over the six locations
within the entire time period (Figure 4) (El-Askary, and M. Kafatos, 2008). ~ This result
favours the idea of treating the overall pollution phenomenon as a regional one, rather than
just being a local phenomenon over Cairo. However, for better visualizing the high AOD
concentrations without the annual variability component, the climatology has been
extracted out and only the anomaly is presented here (Figure 2b). Moreover, it is clear that
the AOD variability over Cairo, El Mahala and Tanta are slightly higher than El Mansoura
and definitely higher than those over Alexandria and Damanhur (Figure 2b).

This is attributed to the fact that Alexandria and Damanhur are located in the vicinity of the
Mediterranean and are subject to a component of sea and land breeze as well as wet deposition
which contribute to a speedy cleaning up of the atmosphere. Alexandria is the biggest
industrial city of Egypt, since it accommodates >65 % of the petroleum related industries and
>55 % of the entire industrial sector, yet as we said above, it doesn’t suffer as intense pollution
episodes as Cairo, raising a question about the overall sink of these pollutants.
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Fig. 2. Aerosol Optical Depth (unitless) Over Delta Region Cities from February 2000 to
August 2009 a) Original data B) De-seasonalized data

As emphasized here, the aerosols over the Northern coast of Egypt and the Delta region can
have origins other than just local ones. These seasonal aerosols may be either from natural
causes, for instance desert dust particles directly transported from the Western desert regions;
or anthropogenic aerosols from the industrialized areas, maritime particles produced over the
Mediterranean and smoke particles from seasonal biomass fires (Barnaba and Gobbi, 2004).
Luria et al. (1996), Millan et al. (1997), Kallos et al. (1998, 2007), Prasad el al. (2010) found that
this geographical region is exposed to long range transport of anthropogenic pollutants as well
as dust particles. According to their findings, long range transported (mainly from Europe)
anthropogenic aerosol concentrations are very high during the warm period of the year due to
the prevailing trade wind patterns, photochemical activity and absence of precipitation.
During the transient seasons, and mainly spring, the desert dust transport is a major
contributor. Sea-salt particles contribute to aerosol concentrations over the coastal areas,
mainly during weather conditions with strong winds (synoptic scale component). It becomes
more important during winter due to the passage of synoptic systems and during summer due
to trade winds (from N) and the wave breaking activity along the coast. Here we also show
long range transport of desert dust from Western Sahara that passes over the eastern Sahara
during September-October (Figure 3).
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Fig. 3. The long range transport of pollution (aerosols) across the Mediterranean Sea (west to
east) during Fall season.

The eastward movement of plume of desert dust (red color region, Figure 3) is visible over
the Mediterranean using daily MODIS AOD during the month of October, 2008 (Figure 3).
The high altitude desert dust gets deposited over the Nile Delta due to the presence of
favourable wind field (subsidence) over the region. This phenomena not only causes large
increase in the aerosol loading over the region but also increases the complexity of nature
and source of aerosols (Prasad et al., 2010) (Figure 3). The mixing of anthropogenic pollution
with the desert dust eventually increases the total pollution load and also affect the climatic
conditions over the region. The variability in AOD follows this known pattern (Figure 4).

Small error bars in the plot reflect a narrow region of uncertainty; in other words, the
accuracy of the plotted data with varying AOD values over different months of the year is
high. The primary peak is during the spring season in all cities and can be easily attributed
to the contribution from desert dust (Figure 4). This is due to the well known intense dust
storms over Sahara associated with the prevailing south western winds, called Khamasine,
affecting the Greater Cairo region. Figure 2 also indicates a smaller increase in the aerosol
levels during October of each year compared to April and May, with particularly high
values over Cairo, El Mahalla and Tanta; while the data show slightly earlier increase
during the month of September over Alexandria, Damanhur and El Mansoura, and
continuing through November. Higher AOD values have been observed from the AOD
seasonal mean plots over Cairo, El Mahala and Tanta during September and October of each
year, yet lower values have been observed over El Mansoura, Damanhur and Alexandria.
The highest AOD values are observed over Cairo owing to its low topography and the
frequent appearance of an inversion layer during this time of the year (El-Askary, 2006). As
it is well known, during autumn, the prevailing winds are from northern and west sectors
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Fig. 4. Seasonal means of Aerosol Optical Depth (unitless) from February 2000 until August
2009 over the Delta region

with moderate to low speeds (>65%) (Favez et al., 2008). This is attributed mainly to the sea
breeze formation that exhibits a daily variability. These sea breezes penetrate deep inside
from the coast since they are supported by the regional circulation. Since Cairo is
downwind from well known pollution sources (e.g. the industrial area of Alexandria,
seasonal biomass burning in Nile Delta, and other major urban areas), the resultant air
pollution concentrations in the vicinity of it must have a considerable contribution over
regional scale.

2.2 Enhanced total column water vapor with dust storms and pollution aerosols

Our aerosol related results have been corroborated through studying the WVC during the
same time frame over the same locations. The relationship between water vapor and
aerosols of all kind is well known (Steyn and Kallos, 1992). Therefore, looking at the water
content in the atmosphere over the area under consideration we will be able to derive useful
correlations with the aerosol concentrations (or AOD) and better explain the seasonal
variability. For this reason, time series of WVC were constructed for the same time period
and locations as for AOD (Figure 5).
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Fig. 5. Water Vapor Column (cm) over the Delta region cities and Alexandria from February
2000 until August 2009

Precipitable water vapor is a measure of the water vapor content of the air. It is one of the
most important greenhouse gases of the atmosphere, participating in a major way in the
energy cycle (latent heat). Moreover, it regulates the planetary temperatures through
absorption and radiation emission, most significantly in the thermal infrared (the
greenhouse effect). However, the indirect forcing involving the interactions between
aerosols and clouds, impacting climate, has large uncertainties (Houghton et al., 2007).

Satellite data over the area under consideration show that there is an increasing trend in
WVC off the coast of Egypt and over the Nile Delta region. The increase over Cairo and the
Delta region is consistent with pollution patterns, implied by the AOD values, during 2000-
2009. This is due to the existence of absorbing and non-absorbing aerosols emitted from the
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Fig. 6. Power correlation between MODIS AOD and MODIS water vapor (near infra-red,
clear column) from February 2000 till May 2009 the six cities.

different cities (Prasad et al., 2006) (Figure 5). However a more increasing trend has been
observed over Alexandria, Damanhur and Mansoura as compared to the increasing trend
over Cairo, Tanta and El Mahala. This is likely due to the near coastal location of the first
three cities compared to the inland location of the later ones. Their location contributes to a
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higher degree in the presence of more WV particulates due to higher evaporation rates
associated with the Mediterranean. The observed increasing trend of the WVC over the
Delta region suggests the aerosol contribution in possible local climate changes. Figure 6
shows monthly MODIS derived AOD versus mean water vapor (near-infrared, clear
column) variations.

Enhanced level of water vapor is found over the inland cities (Cairo, Mahala and Tanta)
subjected to intense dust storms and anthropogenic pollution. We have studied total column
aerosol loading and associated water vapor content during the whole time period. Inland
cities clearly indicate an increase in power correlation between mean MODIS AOD and
mean MODIS water vapor (near-infrared clear column) from 0.0004%, 4.6%, 13.8% (Over
Alexandria, Damanhur, Mansoura) to 18.7%, 27%, 29.9% (Over Tanta, Mahala, Cairo) due to
the influence of dust and pollution outbreaks evidenced from the absolute rise in AOD
(Figure 4). Power correlation study of mean MODIS AOD with mean MODIS WVC is found
to be more sensitive for such studies than the use of max MODIS AOD (Prasad et al., 2007).

2.3 AOD and WVC cross correlation analysis

A cross correlation analysis was carried out for the six cities twice, in order that any aerosol
contribution from one location to another would be determined. The first analysis deals
with the AOD observations while the second analysis is performed on the WVC values. For
each parameter this analysis has been carried out six times having each city taken as a
reference point, with lags ranging from the preceding to the following six days during the
entire period of study.

(Table 2) shows only the significant correlation coefficients (CCs) for AOD with their
corresponding lag values. The term rank is used here to indicate the order of the highest
correlations between the ranked and the reference cities for lag 0.

High and significant CCs with confidence level 95% are observed between all the cities and
their corresponding reference city at zero lag. High CC between cities indicates the regional
scale of the phenomenon (i.e. subject to the same meteorology), hence are more dominant in
cities within the Delta region that are more inland and away from the Mediterranean Sea.
Delay in CC means local transport between cities, yet high and significant coefficients are still
observed at a lag of one preceding or following days in most of the cases. This shows that
pollution might not be local for some cities, in other words, some cities may be receiving most
of the pollutants from the surrounding locations. Figure 7 shows high and significant CCs of
AOD between Alexandria and Cairo for few days through different years at one day lag which
provide the evidence of transported pollutants from Alexandria to Cairo.

The presented results strongly support the notion of contributing aerosols from surrounding
cities to the pollution crisis over Cairo.

CCs and rank values in (Table 2) show that El Mahala and Tanta AOD values contribute to a
great extent to the severe pollution episode experienced over Cairo. A CC of 0.995 and a
rank of 1 are observed between Cairo and El Mahala in both cases when each of them is the
reference city. Moreover a CC of 0.7558 is observed at lag -1 and lag 1 when El Mahala and
Cairo are considered as the reference cities for each other, respectively. Since the reference
city leads to positive lag values, it is clear that El Mahala is the site contributing to the Cairo
pollution and not the other way around. This means that the ground based strong pollution
from smokestacks of brick factories and other industrial activities located in El Mahala, are
partially contributing to the black cloud events over Cairo and the Delta region.
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a) Alexandria Reference* b) Tanta Reference* ¢) Damanhur Reference*
City CcC lag City CcC lag City CcC lag
04959 -1 04707 -2 0.4037 -2

Tanta 0.7775 0 Alexandria 0.6890 -1 Alexandria  0.6398 -1
Rank(3) 06890 1  Rank(5) 07775 0  Rank(5) 0.889% 0

04707 2 04959 1 0.5150 1

05150 -1 Damanhur 0.4052 -2 0.6617 -1

Damanhur  0.8896 0 Rank (4) 0.7558 -1 Tanta 0.9425 0
Rank (1) 0.6398 1 0.9425 0 Rank (2) 0.7558 1
04037 2 0.6617 1 0.4052 2

04353 -1 El Mahala 0.7013 -1 0.6058 -1

El Mahala  0.7409 0 Rank (2) 09867 0 El Mahala  0.9259 0
Rank (5) 0.7122 1 0.7858 1 Rank (4) 0.7926 1
0.4884 2 03982 2 0.4301 2

0.4982 -1 El Mansoura 0.3846 -2 0.6578 -1

El Mansoura 0.8249 0 Rank (3) 0.7412 -1 ElMansoura 0.9678 0
Rank (2) 0.6915 1 09571 0 Rank (1) 0.7377 1
04214 2 07064 1 0.3412 2

04655 -1 0.7227 -1 0.6313 -1

Cairo 0.7519 0 Cairo 09902 0 Cairo 0.9276 0
Rank (4) 0.7186 1 Rank (1) 07874 1 Rank (3) 0.7911 1
0.4933 2 04173 2 0.4416 2

d) El Mahala Reference* e) El Mansoura Reference* f) Cairo Reference*

City CcC lag City CcC lag City CcC lag
04884 -2 04214 -2 0.4933 -2

Alexandria 0.7122 -1 Alexandria 0.6915 -1 Alexandria 0.7186 -1
Rank (5) 0.7409 0 Rank (5) 0.8249 0 Rank (5) 0.7519 0

0.4353 1 0.4982 1 0.4655 1

0.3982 -2 0.7064 -1 0.4173 -2

Tanta 0.7858 -1 Tanta 0.9571 0 Tanta 0.7874 -1
Rank (2) 0.9867 0 Rank (2) 0.7412 1 Rank (2) 0.9902 0
0.7013 1 0.3846 2 0.7227 1

0.4301 -2 03412 -2 0.4416 -2

Damanhur 0.7926 -1 Damanhur 0.7377 -1 Damanhur 0.7911 -1
Rank (4) 0.9259 0 Rank (1) 0.9678 0 Rank (4) 0.9276 0
0.6058 1 0.6578 1 0.6313 1

0.4026 -2 0.6546 -1 0.7365 -1

El Mansoura 0.7782 -1 El Mahala  0.9546 0 El Mahala  0.9950 0
Rank (3) 0.9546 0 Rank (3) 0.7782 1 Rank (1) 0.7558 1

0.6546 1 0.4026 2 0.3527 2

0.3527 -2 0.6750 -1 0.4180 -2

Cairo 0.7558 -1 Cairo 0.9529 0 El Mansoura 0.7725 -1
Rank (1) 0.9950 0 Rank (4) 0.7725 1 Rank (3) 0.9529 0
0.7365 1 0.4180 2 0.6750 1

Table 2. Lag correlation analysis of daily AOD values from February 2000 until August 2009
over Alexandria and the five other cities within the Delta Region (* Reference station leads
for positive lags)
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High CC between two cities can be explained also as that the regional scale meteorology is
responsible for the formation of air pollution episodes. It can be interpreted also as plume
travelling times are small and after a while polluted air masses are merged forming uniform
conditions.

The CC between Tanta and Cairo shows how the AOD over Tanta played a considerable
role in the Cairo pollution episodes. Having Cairo as a reference city, Tanta came in the
second position with a CC of 0.9902 after El Mahala; however taking Tanta as a reference
city, Cairo occupied first rank with the highest CC of 0.9902. Meanwhile, high CC of 0.7874
is also observed at lags of -1 and 1 day when Cairo and Tanta are the reference cities,
respectively. This means that Tanta is also contributing to the Cairo pollution event and,
again not, the other way around. From the CCs observed at 0, 1 and -1 lags for El Mahala,
Tanta and Cairo, it is clear that most of pollution forming activities is mainly observed
during the months of September and October per the high AOD values observed.

The CCs and the ranks of El Mansoura, Damanhur and Alexandria indicate that these cities
have fixed ranking all the time, namely rank 3, 4 and 5, respectively when taking El Mahala,
Tanta and Cairo as reference cities. Therefore, the AOD analysis shows that these three
cities contribute less to the black cloud events over Cairo. Similar cross correlation analysis
of the WVC has been performed to understand the dynamics of cloud formation in
association with the aerosol loadings in the atmosphere. Due to the high observed AOD
levels over the 6 locations during the dust and pollution seasons, we conclude that the Delta
region is a strong source of pollution airborne particles. These particles can travel long
distances to other cities and neighboring Mediterranean countries and thus influence the
aerosol radiative forcing at regional scales. Moreover, aerosols are likely to affect the water
cycle by suppressing precipitation in a region of the world which is already very dry (Favez
et al., 2008), (Rosenfeld, 2000, 2008). Favez et al. (2008) analyzed the chemical composition
of bulk aerosols over 1.5-3 years at two urban sites in Cairo. Their analysis indicated very
high levels of mineral dust (over 100 pg/m3) in winter and spring; and more than 50 pg/m3
in summer and autumn. There is an important effect, namely direct and indirect radiative
forcing because of the aerosol relation with water vapor (Houghton et al., 2001; Tegen et al.,
1996 and Hsu et al., 2003). The use of water vapor column as an indicator for dust storms
and massive pollution events has been pointed out by (El-Askary and Kafatos, 2008; El-
Askary et al., 2003), owing to cloud condensation nuclei formation as an indirect effect of
such atmospheric phenomena.

(Table 3) shows high and significant CCs for WVC with confidence level 95% between all
the cities and their corresponding reference city at zero lag as observed in the AOD case
shown in (Table 2). In this analysis we have sub-categorized the six locations under
investigation into two main categories, coastal (Alexandria) and near coastal/inland (El
Mansoura and Damanhur) versus further inland (Cairo, Tanta and El Mahala). We have
found that the ranking of the six locations based on the cross correlation analysis of the
WVC taking each one of the three further inland cities as a reference, matches very well the
ranking observed from the AOD correlation analysis. However, when considering the
coastal, near coastal/inland cities as the reference stations, the rankings differ from the ones
obtained when correlating the AOD values.

For instance, when having any of the coastal/near coastal/inland cities designated as the
reference station, the other two cities of the same category achieve the first two ranks which
was not the case obtained in the AOD case (Table 2). This is because coastal cities are highly
exposed to the sea breeze that transfers water vapor from the sea, leading to the formation
of higher WVC. Therefore, we can say that the WVC observed over these locations is
primarily due to sea breeze. When examining the inland cities, a similar ranking observed
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as the AOD one (Table 2), suggests higher water vapor content over the inland cities due to
aerosol loading either from natural or anthropogenic origin (Figure 6).

a) Alexandria Reference* b) Tanta Reference* ¢) Damanhur Reference*
City CcC lag City CC lag City CcC lag
03478 -1 0.5876 0 05652 -1
Tanta 0.5876 0 Alexandria 03478 1 Alexandria  0.9620 0
Rank (5) Rank (5) Rank (2) 0.6190 1
0.2570 2
02570 -2 Damanhur 03591 -1 04737 -1
Damanhur  0.6190 -1 Rank (4) 0.7396 0 Tanta 0.7396 0
Rank (1) 0.9620 0 04737 1 Rank (5) 0.3591 1
0.5652 1
05128 -1 El Mahala 05583 -1 02832 -2
El Mahala  0.7688 0 Rank (1) 09398 0 El Mahala  0.6107 -1
Rank (4) 0.3644 1 05881 1 Rank (3) 0.8975 0
0.5128 1
05920 -1 El Mansoura 03732 -1 0.2696 -2
El Mansoura 0.9466 0 Rank (3) 0.7585 0 ElMansoura 0.6314 -1
Rank (2) 0.5588 1 04805 1 Rank (1) 0.9947 0
0.6410 1
Cito g2y o o qoms 5 G ghe
Rank () 3554 1 Rank@ gsges 1 Rank@) g5 g
d) El Mahala Reference* e) El Mansoura Reference* f) Cairo Reference*
City CcC lag City CC lag City CcC lag
Alexandria 0.3644 -1 Alexandria 0.5588 -1 Alexandria 0.3554 1
Rank (5) 0.7688 0 Rank (2) 09466 0 Rank (5) 0.7857 0
0.5128 1 05920 1 0.4937 1
0.2433 -2 0.4805 -1 0.2617 -2
Tanta 0.5881 -1 Tanta 0.7585 0 Tanta 0.5668 -1
Rank (2) 0.9398 0 Rank (5) 03732 1 Rank (2) 0.9313 0
0.5583 1 0.4979 1
05128 -1 0.6410 -1 0.4898 -1

Damanhur 0.8975 0 Damanhur  0.9947 0 Damanhur 0.8869 0
Rank (4) 0.6107 1 Rank (1) 0.6314 1 Rank (4) 0.5618 1

0.2832 2 0.2696 2
0.5164 -1 0.2745 -2 0.2693 -2
El Mansoura 0.9151 0 El Mahala 0.6119 -1 El Mahala  0.5886 -1
Rank (3) 0.6119 1 Rank (3) 0.9151 0 Rank (1) 0.9799 0
0.2745 2 0.5164 1 0.5493 1
0.5493 -1 0.5623 -1 0.4897 -1
Cairo 0.9799 0 Cairo 0.9035 0 ElMansoura 0.9035 0
Rank (1) 0.5886 1 Rank (4) 0.4897 1 Rank (3) 0.5623 1

0.2693 2

Table 3. Lag correlation analysis of daily WVC values from February 2000 until August 2009
over Alexandria and the five other cities within the Delta Region (* Reference station leads
for positive lags)
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Favez et al., (2008) observed very high chloride levels during the autumn season over Cairo.
At most 50% or even less of this is attributed to sea salt particles. However, the high
concentrations of non-sea-salt chloride are thought to be of industrial origin. This
observation matches well with our conclusions not only over Cairo but also is more evident
with our AOD and WVC analyses over the other five cities. The higher increasing trends of
the WVC observed over the coastal and near coastal cities, as compared with lower still
increasing trends over the inland cities, are now better understood. Although sea salt
contributes to some extent in such trends, yet the anthropogenic component appears to be
dominant.

3. Hysplit air mass back-trajectories showing possible sources of pollution
outbreaks

The black cloud extent is believed to be of regional nature yet it is more dominant over
Cairo. AOD, WVC and cross correlation analyses have demonstrated the contribution of
other cities to Cairo pollution. For better understanding the climatology, we have used the
NOAA Air Resources Laboratory (ARL) HYSPLIT 4 model (http://www.arl.noaa.gov)
(Draxler and Hess, 1998; Draxler, 1997) for computing trajectories over Cairo and hence
supporting our investigation of the different sources of the pollution episodes over Cairo.
Gridded meteorological data, at regular time intervals, are used in calculation of air mass
trajectories. For the back-trajectories, data are obtained from existing archives.

A complete description of input data, methodology, equations involved, and sources of
error for calculation of air mass trajectory is presented by (Draxler and Hess, 1997). The
back trajectories of the black cloud event of October 2006, showing its source and path
followed before its arrival over Cairo, are studied using a one day back-trajectory (Figure 8).
In this analysis we show air mass back-trajectory at four different sets of heights above the
earth’s surface to locate vertical extent of the different contributions in the pollution during
the black cloud season over Cairo. These heights are panel a) 1100, 1200 and 1300 m, panel
b) 800, 900 and 1000 m, panel c) 500, 600 and 700 m, and panel d) 200, 300 and 400m. The
reason for selecting different heights is because we know that the Delta region and Cairo are
subject to an inversion layer that has been described in (El-Askary and Kafatos, 2008). They
concluded that anthropogenic pollutants during September, October, (mainly), and
November are found at a very low altitudes, less than 1 km from the earth surface, as
revealed from cloud top pressure values (> 920 mb). A disturbed temperature gradient
leading to an inversion layer prevents pollutants from rising, occupying low elevation,
hence, keeping the air from naturally being ventilated. Trapping aerosols and pollutants
below the temperature inversion layer, results in an increase of their concentration, hence,
creating a permanent haze that develops into a health hazardous situation (El-Askary and
Kafatos, 2008).

The HYSPLIT back trajectory was initialized with a starting date of October 10, 2006 over
Cairo, El Mahala and Alexandria at every hour interval up to the previous day over the
above mentioned heights (Figure 8). Wind rose diagrams are also presented to show the
dominant wind directions during the trajectory analysis at the corresponding altitudes as
close as possible. These back-trajectories show that at the layer 800-1300, (panels a & b), the
origin of the air masses is from the west along the coast. Since the land does not become too
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hot during this period of the year, we assume that this layer (800-1300) is above the
boundary layer especially at night hours. The layers below 800 m seem to have a daily
variability that is shown as track changes. This is evident due to the sea breeze formation as
well as the other non-classical mesoscale circulations, sea-land breeze type of circulations
between the dry land and the wetlands at the Nile Delta, (Segal et al., 1989). This kind of
atmospheric circulation with almost neutral stratification form poor dispersion and
transport conditions that makes the polluted air masses remains long time over bigger areas
of the cities under consideration. Therefore, it is clear that at lower altitudes, trajectories
representing stationary patterns indicate the presence of polluted air masses for longer time
periods over Cairo and the Delta region. This is attributed to the fact that in autumn times
the local meteorology, i.e. lower wind speed and weaker convection, favour aerosols
accumulation in a shallow boundary layer and thus promote Black Cloud formation. (Panel
c) green curve represents the trajectory at 500 m above the surface which roughly
corresponds to the middle of the boundary layer height (Favez et al., 2008). It is clear that at
this level there is a great contribution from El Mahala local loadings to the pollutants
observed over Cairo.

This observation matches well the CC shown in (Table 3) suggesting the great contribution
of El Mahala pollutants to the black cloud outbreaks observed at Cairo.

Moreover, the red curve representing the trajectory at 700 m above the surface shows that
there is a great contribution from Alexandria local loadings to the pollutants observed over
Cairo. This in turn sheds light on the fact that ash burns from the rice harvest are not the
only and direct reason for such pollution outbreaks. This output agrees well with the
conclusion that the thermal inversion is a major player during this pollution episode as well
as the varying aerosols condition over Alexandria (El-Askary, 2006; El-Askary and Kafatos,
2008; El-Askary et al., 2009). The back trajectory curves obtained in (panel d) show that a
low elevated inversion is observed that keeps most of the aerosols hanging locally (Kandil et
al., 2006).

The wind field over the northern part of Egypt exerts a clock wise daily rotation due to the
local thermal circulations “sea breezes”. Such rotation is well known in coastal areas with
sea breeze formation (Kusuda and Alpert, 1986; Steyn and Kallos, 1992). It is worth noting
that the sea breezes in the area penetrate deep inside Egypt because they are supported by
the regional flow pattern directed from north to south “differential heating between land of
Africa and Europe and the Mediterranean waters” during the warm period of the year
(Astitha et al., 2008; Kallos et al., 1998, 2007). This pattern is always from north to North
West, opposite the land breeze cells hence don’t allow the development of land breeze
circulation cell. Therefore most of the locally produced pollutants from Alexandria and
other Delta cities migrate south towards Cairo and not towards the Mediterranean Sea (see
Figure 1. in El-Askary and Kafatos, 2008).

4. Conclusions

This study clearly indicates the complicated pattern of aerosol production and transport
over the Nile Delta and Cairo. Air masses exhibit mesoscale circulations and each city air
quality is affected from other cities, mainly from North which is clearly shown over Cairo.
AOD analysis clearly indicates large amounts of aerosols forming the black cloud events
over various locations within the Delta region and Alexandria. We can now observe the
wide spatial extent of such hazardous phenomena, not only over Cairo. Water vapor plots
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show a gradual increase in the WVC in accordance with the excess aerosol loading (high

AOD) during the black cloud season possibly attributed to urban pollution. Power

correlation of mean AOD and WVC increases over cities with higher aerosol loadings. Cross

correlations among time series variations of AOD and WVC are performed to investigate
their dynamics and mutual relationships. The preformed cross correlation analysis showed

a high correlation in the AOD values over the different locations, emphasizing the wide

extent of the black cloud over other Delta cities and not only over Cairo. Taking Cairo as the

reference location, our analysis indicates the heavy contribution of El Mahala and Tanta
local emissions to the permanent haze over Cairo. This in turn highlights the importance of
the transportation pattern contributing to such motion. Episodes of high aerosols loading
from natural and anthropogenic nature are observed over study area in varying magnitudes
concurrently during April and October of each year. Moreover, cross correlation analysis
shows high dependence between aerosol patterns of Cairo with El Mahala and Tanta.
Moreover, it shows a higher association of WVC with AOD for inland cities as compared
with the coastal ones. The atmospheric pattern is also revealed from the backward
trajectory analysis performed using the HYSPLIT model. The model runs emphasized the
fact of the regional contribution from other locations to the excessive pollution episodes
over Cairo. Different altitudes show different wind circulation patterns and hence different
vertical levels of contribution, yet higher amounts are observed below the inversion layer.

Hence, it is clear that the HYSPLIT backward trajectory analysis confirmed the origination

of pollution episodes over Cairo from El Mahala and Alexandria at different pressure levels

that still fall below the inversion layer reported previously. Wind rose diagrams at different
altitudes show a significant agreement with the trajectory directions observed.

In conclusion, our approach used here in studying the aerosol components has enabled us to

obtain useful information on relationships and dynamics of atmospheric aerosols and water

vapor over Cairo and the Nile Delta region with the following summary:

1. Monthly variation of aerosol and water vapor in the atmosphere indicate a consistent
and accountable variation over the whole region. It has also illustrated the origin and
dynamics of the black cloud over Cairo and the Nile delta

2. Cross correlations indicate strong correspondence between aerosol conditions in Cairo
and those of El Mahalla and Tanta indicating feedback of pollution.

3. Back trajectories of aerosol profile variations indicate different vertical levels of
pollution contribution, consistent with the picture of the prevailing low elevation
temperature inversion.

4. It is suggested that observations at higher time resolution may be capable of revealing
more information on relationships among aerosol components over the Nile Delta
cities.

5. Itis also suggested that the same techniques could be carried out at other cities of Egypt
such as Suez, Arish and Aswan.

Such analysis could have important implications for policy makers in Egypt and other
highly polluted urban environments.
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1. Introduction

New England is an ideal region for studying air quality because of its unique geographic
location, diverse landscapes and ecosystems, and varying climatic conditions. New England
is often referred to as the “tailpipe” of the United States because it is directly downwind of
major urban and industrial pollution sources located throughout the Midwest, Ohio Valley,
and Washington D.C.-New York City metropolitan corridor (Fig. 1a). Sources in these urban
areas emit pollutants into air masses which are then transported to the northeastern U.S. by
the prevailing circulation patterns over the U.S. (i.e., the jet stream). Consequently, the air
quality of New England reflects a combination of local, regional, and distant anthropogenic
and natural trace gas and aerosol sources.

In order to study the chemical and physical mechanisms influencing the atmospheric
composition over New England, the University of New Hampshire’s (UNH) AIRMAP
program has been conducting continuous measurements of important trace gas (e.g., ozone
(O3), carbon monoxide (CO), nitric oxide (NO), total reactive nitrogen (NOy), sulfur dioxide
(SO»), carbon dioxide (COs), mercury) and meteorological parameters throughout the region
for the past decade. Continuous measurements of volatile organic compounds (VOCs) have
also been made at the UNH Atmospheric Observing Station at Thompson Farm (TF) (43.11
°N, 70.95 °W, elevation 24 m) in Durham, New Hampshire (NH) since 2002 (Fig. 1b). VOCs
are ubiquitous components of the atmosphere, and this broad category consists of
nonmethane hydrocarbons (NMHCs), halocarbons, oxygenated VOCs (OVOCs), organic
nitrates, and reduced sulfur compounds. VOCs enter the atmosphere from numerous
primary anthropogenic (i.e., vehicles, natural gas, industrial solvents, fossil fuel combustion)
and natural (i.e., vegetation, ocean) sources, and may also serve as precursors to secondary
pollutant (i.e., O3, OVOCs, secondary organic aerosol (SOA)) production (e.g., Fehsenfeld et
al,, 1992; Singh and Zimmerman, 1992). The oxidation of NMHCs (RH) in the presence of
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sufficient levels of nitrogen oxides (NOx = NO + NO,; NO; = nitrogen dioxide) is the major
production mechanism for O3 in the lower troposphere (Equations 1-5) (e.g., Carter, 1994).
Ozone and particulate matter are the major components of photochemical smog and thus
impact visibility, potentially damage vegetation and crops, and serve as respiratory lung
irritants (U.S. EPA, 2010). A minor branch in the NMHC-NO,-Os reaction mechanism
produces alkyl nitrates (RONO.) (Equations 1-6) (e.g., Roberts, 1990; Flocke et al., 1998).

RH + OH — R + H,0 1)
R + O, — ROz )

RO, + NO — RO + NO, €)
NO, + hv - NO + O (4)

O+0,+M—03+M )
RO, + NO — RONO, (6)

In addition, VOCs have a wide range of atmospheric lifetimes (seconds to years), and are
removed from the atmosphere by oxidation (OH, O, nitrate, halogens), photolysis, and/or
deposition. Furthermore, several NMHC:s (i.e., benzene, toluene, Cg aromatics), OVOCs (i.e.,
formaldehyde, acetaldehyde), and halocarbons (i.e., tetrachloroethene) are classified as
hazardous air pollutants by the U.S. Environmental Protection Agency because they are
potential carcinogens and/or harmful to human health (US. EPA, 1998, 2008, 2010).
Therefore, a complete, accurate, and quantitative description of the atmospheric VOC
distribution is necessary for characterizing the air quality in a particular region, studying the
oxidation capacity of the atmosphere, and evaluating air quality and climate change models.
Prior research conducted at TF has found that the air quality of this semi-rural area of New
England is influenced by a complex mixture of anthropogenic VOCs from local, regional
and more distant source regions, as well as from substantial biogenic sources (forests,
coastal seaweed/algae) (e.g., Russo et al., 2010a, 2010b; Sive et al., 2007; Talbot et al., 2005;
White et al., 2008, 2009; Zhou et al., 2005, 2008). Unique spatial and diurnal VOC trends are
exemplified by a study conducted at six different locations throughout the New Hampshire
seacoast region in August 2003. During this one day study, several anthropogenic NMHCs
exhibited large nighttime mixing ratio enhancements (White et al., 2008), the marine derived
halocarbons exhibited a distinct spatial gradient from coastal to inland sites (Zhou et al.,
2005), and the alkyl nitrates were uniformly distributed throughout the study area (Russo et
al., 2010a). The distinct VOC trends observed in the continuous measurements at TF and
from the August 2003 study led to a concerted effort to determine the sources and processes
contributing to the VOC distribution over New England. We are aware of only one other
detailed regional VOC measurement campaign conducted in the southwestern U. S. focused
on examining the spatial variation of VOC mixing ratios and sources (Katzenstein et al.,
2003). Similar types of studies are clearly needed. The objectives of this chapter are to
discuss the sources and spatial and temporal trends of VOCs during four spatial surveys
conducted throughout New England during 2006 and 2007 and to put the results in context
with the overall atmospheric distribution of VOCs observed at the Thompson Farm field site
in Durham, NH.
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2. Methods

Spatial surveys were conducted on June 21, 2006, September 21-22, 2006, January 10-11,
2007, and May 22-23, 2007. Ambient air samples were collected in 2 liter canisters along four
~250-300 mile (~400-480 km) loops radiating out from UNH in Durham, NH and included
portions of western Maine (ME), eastern Vermont (VT), northern and eastern Massachusetts
(MA), extreme northeastern Connecticut (CT), and northern Rhode Island (RI) (Fig. 1b).
During each survey, four pairs of researchers collected samples every 10-15 miles (16-24 km)
for a total of 24 samples on each route. The time of sample collection and the geospatial
coordinates were recorded at each sampling location using a global positioning sensor
(GPS). The sampling sites were generally open areas (i.e., fields, public parks) upwind of
major sources and were chosen during the first sampling trip (June 21, 2006) which was
conducted during the daytime (~09:00-19:00 EDT). The three subsequent surveys were
conducted at night (~19:00-05:00 EDT) when winds were predicted to be low (<5 m s1) to
minimize the influence of photochemistry and to capture local nighttime emissions. The
four sampling routes covered a wide geographic area that spanned considerable variation in
altitude, land use, and population density. Moreover, the four surveys provide information
on the seasonal variation of VOC sources.

In order to characterize the diurnal variation of VOCs throughout the region, hourly
ambient canister samples were collected over 24 hour periods on September 8-9, 2006 in
Waterford, ME, September 12-13, 2006 in Hinesburg, VT, September 27-28, 2006 at Pack
Monadnock, NH and at six locations on January 13-14, 2007 and May 29-30, 2007 (Fig. 1b).
These diurnal sampling sites were selected to cover a range of local housing and population
densities and included public parks and private property where permission was granted
from local authorities and landowners.

Prior to sampling, the 2-liter electropolished stainless steel canisters (University of
California, Irvine, CA) were prepared by flushing with UHP helium that had passed
through an activated charcoal/molecular sieve (13X) trap immersed in liquid nitrogen. The
canisters were then evacuated to 102 torr. After each sampling campaign, the canisters were
analyzed at UNH on a three gas chromatograph (GC) system equipped with two flame
ionization detectors (FID), two electron capture detectors (ECD), and a mass spectrometer
(MS) for C»-C1o NMHCs, C;-C; halocarbons, C;-Cs alkyl nitrates, OVOCs, and select reduced
sulfur compounds (Sive et al., 2005; Zhou et al., 2005, 2008). The compounds discussed in
this work are C>-C7 alkanes, C>-C; alkenes, isoprene, ethyne, Cs-Cg aromatics, monoterpenes
(o-pinene, B-pinene), trichloroethene (C;HCls), tetrachloroethene (C2Cls), methyl iodide
(CH3l), dibromomethane (CH:Br;), bromoform (CHBr3), methyl nitrate (MeONO>), ethyl
nitrate (EtONQO,), 2-propyl nitrate (2-PrONO»), and 2-butyl nitrate (2-BuONO,). A 1500 cc
aliquot from one of two working standards was assayed every ninth analysis. The
measurement precision for the whole air standards (i.e., relative standard deviation (RSD) =
(standard deviation of peak areas/average of peak areas) was <1-4% for the C>-Cyo NMHCs
and 5-10% for the halocarbons and alkyl nitrates.

Hourly measurements from the automated in situ GC system at TF (Sive et al., 2005; Zhou et
al., 2005, 2008) corresponding to the same time periods as the regional sampling surveys are
also used to describe the diurnal variation of NMHCs and to calculate emission rates.
Details of the custom designed four channel (2 FIDs, 2 ECDs) GC system, sample
preconcentrator, sample trapping and splitting, calibrations, and instrument control are
given in Sive et al. (2005) and Russo et al. (2010b). A 1500 cc aliquot from one of two
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working standards was assayed every tenth analysis. The precision (i.e., RSD) for each of the
hydrocarbons discussed in this work ranged from 3-10%. Additionally, measurements of Os,
CO,, wind speed, and wind direction (e.g., Mao and Talbot, 2004a, 2004b; Talbot et al., 2005)
at TF are included to further characterize the air mass composition and atmospheric
dynamics during each survey.
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L)
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725 72
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Fig. 1. (a) Location of New England (enclosed in circle) in the United States. (b) Sampling
sites during the four regional spatial surveys (blue dots) and diurnal studies (red stars)
conducted throughout Maine, New Hampshire, Vermont, Massachusetts, northeastern
Connecticut, and northern Rhode Island.

3. Atmospheric distribution of VOCs throughout New England

3.1 Seasonal variation and general distributions

The general seasonal variation of Co-Cg NMHCs, CoHCls, C2Cly, and C;-Cs alkyl nitrates at
TF during 2004-2008 is presented in detail in Russo et al. (2010a,b), but a brief discussion is
given here. The dominant removal mechanism of NMHCs, C,HCl;, and CxCly from the
atmosphere is reaction with the hydroxyl radical (OH) which is produced following the
photolysis of Os. Hence, atmospheric OH concentrations in the Northern Hemisphere are
highest during the summer and are lowest during winter (e.g., Logan et al, 1981;
Spivakovsky et al., 2000). Furthermore, the rate of reaction between NMHCs and OH
generally increases with increasing carbon number (e.g., Atkinson et al., 2006). Overall, the
highest monthly mean C;-Cs NMHC, alkyl nitrate, and halocarbon mixing ratios were
observed in winter (December, January, February) and decreased throughout the spring at
TF (Russo et al., 2010b). The lowest mixing ratios were observed during middle to late
spring through the summer corresponding to the time period when NMHC removal
processes are fastest. Ethane is the longest lived NMHC in the atmosphere and was
generally the most abundant. More specifically, ethane peaked in January-February (~2400
pptv; pptv = parts per trillion by volume) and was minimum in late summer (~900 pptv,
August-September). The C;-C4 alkane mixing ratios decreased from December-January peak
levels (propane ~1500 pptv, i-butane ~270 pptv, n-butane ~500 pptv) to minimum mixing
ratios in May-September (propane ~400-600 pptv, i-butane ~50-75 pptv, n-butane ~100-120
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pptv). The minimum monthly mean mixing ratios of the short-lived VOCs (Cs-Cs alkanes,
propene, toluene and C,HCI3) occurred in April-May and were factors of 2-4 lower than in
winter. Their monthly mean mixing ratios increased in early summer and remained at
similar levels through late summer (September). Benzene, ethyne, and ethene exhibited
minimum monthly mean mixing ratios from late spring through summer. The monthly
mean C,Cly mixing ratios were fairly uniform all year (~10-15 pptv). The total alkyl nitrate
(ERONO; = sum of C;-Cs alkyl nitrates) mixing ratio was highest in late winter (February-
March) and lowest in late summer. Methyl nitrate was relatively uniform (monthly mean ~3
pptv) all year. Ethyl nitrate was slightly lower in summer (mean ~2.2 pptv) than in winter
(~2.7 pptv). 2-propyl and 2-butyl nitrate were the most abundant alkyl nitrates and
exhibited the largest seasonal variation (monthly mean mixing ratios were factors of 1.5-3
higher in winter) (Russo et al., 2010a).

The spatial distributions of NMHC, halocarbon, and alkyl nitrate mixing ratios during the
four driving sampling campaigns are shown in Fig. 2, and the statistics for each survey are
given in Table 1. Most hydrocarbon mixing ratios were lower during June 2006 than during
the overnight September 2006, January 2007, and May 2007 sampling campaigns reflecting
more active photochemistry during the summer and the daytime (Table 1). The minimum
NMHC, halocarbon, MeONO,, and 2-PrONO, mixing ratios observed during each survey
were highest in January and follow the general seasonal trend in background mixing ratios
discussed in the preceding paragraph. In addition, the mean and median mixing ratios of i-
butane, n-butane, ethyne, and benzene were higher during January than during the other
three surveys (Table 1, Fig. 2). However, the distribution of VOCs throughout the
atmosphere over New England during the four intensive spatial surveys exemplifies the
influence of short-term pollution events and local emissions on the general VOC pattern.
Ethane was the most abundant compound measured throughout the region in June (mean +
standard deviation ~990+150 pptv), January (mean ~1970£170 pptv), and May (~1440+3650
pptv) (Fig. 2a, Table 1). Daytime propane levels during June were lower (390+370 pptv),
with a few local hot spots above 1000 pptv. The highest mean and median mixing ratios of
propane (mean 21502600 pptv), ethene (mean 580+480 pptv), propene (mean 175150
pptv), and ethylbenzene (mean 60150 pptv) were observed during the September 2006
survey (Table 1). During September 2006, propane was the most abundant NMHC followed
by ethane (mean 1300+1300pptv). The major source of propane in New England is liquefied
petroleum gas (LPG), while ethene and propene are minor components of LPG (Blake and
Rowland, 1995; Chen et al.,, 2001; Jobson et al., 2004). These results suggest that LPG
emissions had a significant influence on New England air quality on the night of September
21-22, 2006. Despite the high mean and median levels in September, the maximum propane,
ethene, propene, and ethylbenzene mixing ratios, as well as ethane, ethyne, n-heptane,
benzene, toluene, m+p-xylene, and o-xylene, were observed during May.

Furthermore, the Cs-C; alkanes exhibited comparable mean and median mixing ratios
during September and May (mean i-pentane ~260 pptv, n-pentane ~120 pptv, n-hexane ~60
pptv, n-heptane ~40 pptv) (Table 1). Their mean and medians were slightly higher in May
likely reflecting strong evaporative emissions. Moreover, the average toluene and xylene
mixing ratios were highest in May. Overall, these results indicate that local emissions had a
strong influence on alkane, alkene, and aromatic mixing ratios throughout New England
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during the nighttime September and May sampling surveys. Interestingly, the highest
maximum i-butane, n-butane, i-pentane, n-pentane, and n-hexane mixing ratios were
observed during the daytime June trip at a site off of a major traffic route in Northern, MA.
This likely reflects strong local fuel evaporation emissions.

June 21,2006  Sept. 21-22,2006  Jan. 10-11, 2007 May 22-23, 2007

Ethane Mean (SD) 989 (149) 1313 (1299) 1966 (113) 2384 (3657)
1443

Median (Range) 934 (889-1758) 933 (418-11545) 1951 (1739-2554) ;1 ey

Propane Mean (SD) 388 (367) 2145 (2619) 1075 (381) 1991 (3126)
1134

Median (Range) 266 (116-2690) 1196 (198-13782) 1025 (800-4486) 'y

i-Butane Mean (SD) 81 (332) 167 (242) 189 (27) 190 (383)
Median (Range) 33 (12-3200) 99 (22-1664) 185 (144-371) 98 (23-2643)
n-Butane Mean (SD) 155 (735) 212 (374) 334 (33) 267 (489)

Median (Range) 49 (19-7048) 110 (35-3456) 332 (268-420) 171 (59-4618)

i-Pentane  Mean (SD) 185 (635) 257 (305) 133 (19) 264 (415)
Median (Range) 66 (18-5867) 159 (23-2404) 127 (106-203) 168 (42-3861)

n-Pentane Mean (SD) 79 (243) 120 (133) 81 (10) 126 (174)
Median (Range) 33 (12-2306) 73 (7-1028) 80 (58-114) 80 (19-1194)
n-Hexane Mean (SD) 24 (58) 64 (74) 26 (5) 62 (69)
Median (Range) 11 (3-543) 39 (5-483) 25 (15-43) 43 (6-537)
n-Heptane Mean (SD) 16 (14) 37 (38) 16 (4) 40 (46)
Median (Range) 11 (3-72) 22 (4-215) 16 (7-30) 28 (8-377)
Ethyne Mean (SD) 181 (113) 441 (529) 532 (123) 432 (432)

Median (Range) 138 (101-805) 287 (103-3825) 503 (438-1510) 341 (192-4184)

Ethene Mean (SD) 166 (144) 579 (488) 277 (132) 469 (770)
Median (Range) 119 (42-819) 423 (42-2264) 241 (135-975) 299 (81-7035)

Propene Mean (SD) 52 (42) 176 (150) 49 (26) 128 (235)
Median (Range) 36 (13-218) 130 (13-691) 43 (20-201) 82 (28-2022)

Benzene Mean (SD) 37 (28) 99 (90) 116 (19) 103 (230)
Median (Range) 26 (4-129) 71 (11-620) 110 (96-230) 67 (29-2252)

Toluene Mean (SD) 112 (121) 262 (256) 77 (26) 300 (452)

Median (Range) 67 (16-746) 153 (21-1142) 69 (47-200) 191 (43-3872)
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Ethylbenzene

m+p-Xylene

o-Xylene

Isoprene

a-Pinene

B-Pinene

CCly

CHCls

CHal

CH:2Br>

CHBr3

MeONO:

EtONO>

2-PrONO:z

2-BuONO:

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)
Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

May 22-23, 2007

June 21,2006  Sept. 21-22,2006  Jan. 10-11, 2007
16 (22) 57 (47) 11 (4) 46 (82)

9 (3-159) 43 (3-262) 10 (5-27) 26 (8-561)
47 (78) 121 (112) 25 (14) 156 (298)
22 (6-580) 79 (9-541) 22 (7-86) 90 (17-2190)
17 (28) 45 (46) 12 (6) 63 (127)

9 (2-209) 29 (4-230) 10 (5-25) 31 (6-827)
791 (585) 68 (55) - 33 (30)

623 (127-3468) 42 (5-229) - 27 (5-200)
116 (83) 344 (362) 16 (6) 377 (619)
91 (20-424) 263 (24-2598) 15 (6-32) 241 (21-5641)
50 (54) 166 (157) 6(2) 222 (317)
34 (2-300) 118 (18-921) 6 (5-8) 151 (4-2565)
11 (13) 18 (26) 8() 17 (11)

7 (5-115) 9 (2-205) 8 (6-22) 14 (5-65)
2.3 (2.7) 4.5 (7.4) 2.5(0.7) 7.4 (18)
1.3 (0.2-21) 1.2 (0.2-35) 23 (1.2-5.2) 1.9 (0.2-125)
1.5 (1.6) 0.93 (0.72) 0.97 (0.28) 0.94 (0.65)
0.76 (0.4-8.5) 0.76 (0.3-5.9) 0.91 (0.7-2.8) 0.71 (0.2-3.6)
0.92 (0.2) 0.98 (0.1) 1.1(0.1) 0.99 (0.3)
0.87 (0.7-1.7) 0.99 (0.6-1.5) 1.1 (0.9-1.7) 0.93 (0.7-2.6)
1.8 (2.3) 3.4 (14) 3.7 (1.3) 2.7 (2.2)
0.95 (0.5-13.9) 3.0 (0.7-9.9) 3.5 (2.0-8.4) 2.1 (0.5-14.5)
2.4 (04) 2.1(04) 3.3(0.2) 2.7 (0.5)
2.3 (2.0-3.5) 2.1(1.2-3.3) 3.3 (2.9-3.6) 2.6 (1.8-4.2)
1.9 (0.5) 1.4 (0.3) 2.7 (0.1) 43(1.2)
1.6 (1.4-3.5) 1.4 (0.6-2.3) 2.7 (24-2.9) 3.8 (2.6-7.3)
3.1(1.5) 2.6 (1.5) 5.8 (0.3) 5.5(2.2)
2.4 (1.7-7.9) 2.4 (0.9-3.4) 5.8 (4.2-6.5) 4.3 (3.2-11.3)
2.1 (1.5) 2.2(0.6) 7.8 (1.2) 51 (2.7)
1.4 (0.8-8.5) 2.0 (0.7-3.3) 8.1 (1.9-9.8) 4.0 (2.5-13.6)

Table 1. VOC statistics during the four regional surveys. Mixing ratios are in parts per
trillion by volume (pptv). SD is the standard deviation.
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Fig. 2. Spatial variation of VOC mixing ratios (pptv) during the four regional sampling
surveys conducted throughout New England. The four panels for each compound represent
the four surveys. upper left panel-June 21, 2006; upper right panel- September 21-22, 2006;
bottom left panel- January 10-11, 2007; bottom right panel- May 22-23, 2007. (a) ethane, (b)
propane, (c) i-butane, (d) n-butane, (e) i-pentane, (f) n-pentane, (g) ethene, (h) propene, (i)
ethyne, (j) benzene, (k) toluene, (1) a-pinene, (m) isoprene (not observed during January), (n)
CHzl, (o) CoCly, (p) C2HCls, (q) CH2Bry, (r) CHBr3, (s) MeONO;, (t) EtONOy, (u) 2-PrONO,,

(v) 2-BuONO:;.
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The biogenic NMHCs included in this analysis are isoprene and the monoterpenes, o-pinene
and B-pinene. Isoprene and monoterpene emissions are dependent on both light and
temperature (Guenther et al., 1995; Fehsenfeld et al., 1992). Isoprene is primarily emitted
from deciduous vegetation and is detected in significant amounts when leaves are present
(Guenther et al., 1995), specifically June-September at the TF site (Russo et al., 2010b). Thus,
isoprene mixing ratios were highest during summer (Table 1). The mean isoprene mixing
ratio was ~800£585 pptv, and isoprene was the second most abundant NMHC observed
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following ethane in June. In contrast to isoprene, the monoterpenes were observed during
all seasons. Alpha- and beta-pinene were lowest during January and were at comparable
levels during September 2006 and May 2007 (mean and median ~120-380 pptv).
Monoterpene mixing ratios were presumably lower in June compared to September and
May because sampling was conducted during the day when removal rates were highest.
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Fig. 2 continued
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Fig. 2. continued

Methyl iodide (photolysis lifetime of several days to ~1 week) is the dominant organic
iodine compound in the atmosphere and is primarily emitted from oceanic sources (e.g., Bell
et al., 2002). A recent study conducted in the eastern U.S. identified a significant terrestrial
source of CHsl as well (Sive et al., 2007). In addition to isoprene, CHsl was the only
compound with highest mean (~1.5+1.6 pptv) and maximum (8.5 pptv) mixing ratios during
June (Table 1). At the TF monitoring site, CHsl had a similar seasonal variation as isoprene
(Sive et al., 2007). Overall, the range of CH3l mixing ratios (~0.2-6 pptv) was comparable
throughout New England during September, January, and May.

The anthropogenic halocarbons, C;HCls and C,Cly, are primarily emitted from industrial
sources (dry cleaning solvents, degreasing agents) (e.g., McCulloch and Midgley, 1996;
Wang et al.,, 1995), and thus are excellent tracers of industrial emissions. The atmospheric
distributions and budgets of C;HCl3 and C,Cly are of interest because they are (1) toxic air
pollutants, (2) precursors to toxic oxidation products (phosgene, trichloroacetic acid) (e.g.,
Kindler et al., 1995), and (3) a potential source of chlorine atoms in the troposphere and
stratosphere (Schauffler et al., 2003; Thompson et al., 2004). Similar to the pentanes and
aromatics, the highest mean (7+18 pptv) and maximum (125 pptv) CHCl; was observed
during May suggesting the influence of evaporative emissions (Table 1). This is consistent
with results from the long-term measurements at TF which suggested that evaporative
emissions from industrial sources contributed to the seasonal trend in ambient C;HCl;
(Russo et al., 2010b). Median C>Cly mixing ratios (14 pptv) were also highest in May, while
mean (18+25 pptv) and maximum (205 pptv) CCly mixing ratios were observed in
September (Table 1).
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Short-lived brominated organic gases, such as bromoform (CHBr3) (atmospheric lifetime 2-4
weeks) and dibromomethane (CH;Br») (atmospheric lifetime several months), are the largest
source of organic bromine to the atmosphere and are a potential source of bromine to the
upper troposphere and stratosphere (e.g., Butler et al., 2007; Liang et al., 2010; Quack and
Wallace, 2003). Consequently, the Br atoms and BrO radicals produced following the
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photodissociation of organobromine compounds can impact catalytic O3 destruction in the
stratosphere (e.g., Schauffler et al., 1999). Organobromine compounds primarily originate
from macroalgal and planktonic sources in surface seawater and enter the atmosphere
through air-sea exchange processes. Anthropogenic sources (such as coastal power plants,
chlorination of waste water and seawater, desalination) are minor (Quack and Wallace,
2003; Zhou et al., 2005). Coastal seawater and estuarine regions have been identified as a
significant source of CHBr3 and CH,Br; to the atmosphere over New England (Zhou et al.,
2005, 2008). Thus, CHBr; and CHBr, are useful tracers of marine emissions on New
England air quality. Overall, the mean and median CH>Br, mixing ratios were similar
during the four surveys (~1 pptv) (Table 1). The median and mean CHBr3; mixing ratios
were comparable in September and January (~3.0-3.7 pptv) and higher than in June and
May. However, both CHBr, and CHBr3 had their highest peak mixing ratio in May.
Furthermore, the highest CHBr; maximum mixing ratios and standard deviations were
observed in June and May suggesting larger mixing ratio variability during the warmer
months. This is consistent with the long-term TF data and may reflect variability in emission
rates and/or the more rapid removal during summer (e.g., Zhou et al., 2005).

Alkyl nitrates are secondary compounds produced following the oxidation of their parent
alkanes (i.e, methane, ethane, propane, n-butane) (Equations 1-6). The highest mean and
median MeONO,, 2-PrONO;, and 2-BuONO. mixing ratios were observed in January,
whereas EtONO: was highest in May (Table 1). The general distribution of the alkyl nitrates
during the four spatial surveys was consistent with their long-term trends (Russo et al.,
2010a). More specifically, 2-PrONO, (mean ~2.6-6 pptv) was the most abundant alkyl nitrate
in June, September, and May while 2-BuONO; (~8 pptv) was dominant in winter.

3.2 Spatial variation and sources of VOCs

Specific NMHCs are primarily emitted by certain sources and thus can be used as tracers of
those sources. The following source signature information is used to interpret and identify
the various VOC sources in this work. The major sources of ethyne, benzene, and alkenes
are incomplete combustion of fossil fuels, biomass burning, and vehicle exhaust emissions
(e.g., Choi and Ehrman, 2004; Harley et al., 1992; 2001; McLaren et al., 1996). C>-C4 alkanes
are emitted from natural gas, incomplete combustion, and unburned gasoline. Fuel
evaporation emissions (caused by ambient temperature changes or residual engine heat
during vehicle operation, resting, or refueling) are a dominant source of C;-Cs alkanes
because of their high vapor pressures (Choi and Ehrman, 2004; Harley et al., 2001). The
leakage of unburned liquefied petroleum gas (LPG) (during storage, distribution, or
refilling) is a significant source of propane, i-butane, and n-butane and a minor source of
alkenes (Blake and Rowland, 1995; Chen et al., 2001; Jobson et al., 2004). Aromatics are a
major component of liquid gasoline and are often observed in vehicle exhaust because of
incomplete combustion or leakage of unburned fuel (e.g., Harley et al, 2000, 2001;
Kirchstetter et al., 1999). Toluene, ethylbenzene, m+p-xylene, and o-xylene are also emitted
from fuel evaporation and industrial processes (i.e., painting, architectural coating,
manufacturing, printing, degreasing solvents) (e.g., Monod et al., 2001). Furthermore, as
mentioned in the preceding section, C:Cly and C;HCl3 are tracers of industrial/solvent
emissions, CH3I, CH,Br,, and CHBr; reflect the influence of marine emission sources, and
alkyl nitrates are indicators of photochemical processing.
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Typical summer daytime NMHC mixing ratios were prevalent throughout the majority of
the study area during the June 2006 sampling campaign (with the exception of a few isolated
sites with high propane, butane, and pentane mixing ratios). Furthermore, most VOCs
exhibited a relatively uniform range of mixing ratios throughout ME, NH, eastern VT, and
northern MA (Fig. 2). During the daytime, the atmosphere is well mixed which may have
contributed to the low variability in mixing ratios throughout New England. A region of
higher NMHC, C>Cly, and C,HCl3 mixing ratios was observed in eastern MA and northern
RI which was likely associated with increased urban activity near Boston, MA and Providence,
RI (Fig. 2). This coincided with enhanced CHsl (~3-8 pptv), MeONO:; (2.5-3.5 pptv), and 2-
PrONO; (4-8 pptv) mixing ratios which extended into southeast NH. In addition, in June, the
highest CHBr3 and CH:Br, mixing ratios were observed in the seacoast region of NH and
northeast MA, which likely reflects the influence of emissions from coastal algae (Fig. 2q, r).
Biogenic NMHCs had a persistent influence throughout New England during June,
September, and May reflecting the highly forested nature of the region. Isoprene mixing ratios
ranged from 130-3500 pptv during the daytime June survey (Fig. 2m). A corridor of elevated
isoprene (>100 pptv) was located in southeastern NH during September. Sites with elevated .-
pinene (range <50-5600 pptv) and PB-pinene (range <50-2560 pptv) mixing ratios were
distributed throughout New England overnight during September and May (Fig. 21, Table 1).
An important feature of the VOC spatial distributions (Fig. 2) is the region of enhanced
NMHC, CCly, and C;HCl3 mixing ratios in eastern and northeastern MA particularly
during September and May. This reflects strong anthropogenic emissions from the Boston, MA
area, southeast NH, and the I-95 corridor which extends northeastward into Maine. The fact
that VOCs which are tracers of different sources were all elevated in this region indicates that a
complex mixture of emissions from natural gas, LPG, fuel evaporation, unburned gasoline,
combustion, and industrial sources contributed to the air quality of the region.

Another notable observation is the region of enhanced propane mixing ratios (~2000-14000
pptv) in northern NH during both the September and May surveys indicating strong local
emissions from LPG leakage (Fig. 2b). The absence of elevated ethane, ethyne, and i-pentane
corresponding to the areas of high propane suggests that natural gas, combustion, and fuel
evaporation sources were not important contributors to the high propane mixing ratios.
Moreover, the high propane levels are noteworthy because they occurred during the
warmer time of year (spring-fall) and thus are not likely associated with residential heating.
Furthermore, in September, enhanced ethene (>500 pptv) and propene (>150 pptv) mixing
ratios were colocated with sites exhibiting high propane providing additional evidence of an
impact from LPG leakage (Fig. 2g, h).

A unique feature of the May regional survey is the corridor of enhanced CHBr; mixing
ratios (~3-7 pptv) extending from southeast NH to the northeast along the Maine coast;
CH,Br; exhibited a similar, but less pronounced, trend with mixing ratios of ~1-1.2 (Fig.
2q,r). The elevated organobromine compound mixing ratios along the NH and ME coasts
likely reflects the influence of marine emissions. Methyl iodide did not exhibit higher coastal
mixing ratios illustrating the different marine sources or production mechanisms of
brominated and iodinated halocarbons (e.g., Butler et al., 2007). Interestingly, high EtONO,,
2-PrONO, and to a lesser extent MeONO,, mixing ratios were colocated with several of the
sites with enhanced CHBr; in southwest ME (Fig. 2). This is suggestive of a marine
contribution to the alkyl nitrates (e.g., Atlas et al., 1993; Chuck et al., 2002) or the presence of
an air mass containing a mixture of marine and photochemically processed emissions.

A significant feature of the January survey results is the uniform spatial distribution of VOC
mixing ratios throughout the entire study area (Fig. 2). The low variability is illustrated by
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the similar mean and median mixing ratios and the low standard deviations (Table 1).
During the January 2007 sampling survey, the mean and median alkane, alkene, ethyne,
benzene, toluene, ethylbenzene, C>Cly, and C;HCl3 mixing ratios were lower than average
(Russo et al., 2010b) indicating the presence of a clean air mass over New England. At TF,
the wind direction was from the NW indicating the transport of clean, Canadian air to New
England. The xylenes and alkyl nitrates were near typical January levels.

An interesting observation during the January survey is the elevated CHBr3; (~4-6 pptv) and
lower 2-BuONO; (~4-7 pptv) mixing ratios in northern NH and western ME compared to
the rest of the region (Figure 2r, v). In contrast, throughout Massachusetts and southern NH,
CHBr;3; and 2-BuONO» mixing ratios ranged from ~2-4 pptv and 6-10 pptv, respectively. It is
unlikely that the elevated CHBr3; in northern NH reflected marine emissions because the
other marine tracers, CH,Br, and CHsl, do not exhibit a similar trend. This observation may
reflect a local winter CHBr3; source or a unique chemical signature from a source to the NW
of New England and requires additional study.

3.3 Ambient ratios

In order to further characterize and identify the sources of VOCs in New England, ambient
ratios were compared with emission ratios from the literature and from source samples
collected near LPG refueling stations and gasoline storage containers throughout New
Hampshire during summer 2004 and during the regional sampling trips. For example,
typical ambient i-butane/n-butane ratios are ~0.2-0.3 for urban, fuel evaporation, and
vehicle exhaust emissions, 0.46 for LPG emissions, and ~0.6 to >1 for natural gas (e.g.,
Barletta et al., 2002; Choi and Ehrman, 2004; Fujita, 2001; Goldan et al., 2000; Jobson et al.,
1998, 2004; Lawrimore & Aneja, 1997; Mukerjee et al., 2004, Scheff and Wadden, 1993; B.
Sive, unpublished data; Velasco et al.,, 2007; Watson et al., 2001). During the June and
January surveys, the i-butane/n-butane ratio ranged from ~0.4-1.1 suggesting that a mix of
vehicular, evaporative, LPG, and natural gas emissions influenced New England air quality
(Fig. 3a). Higher i-butane/n-butane ratios were observed during September (range 0.4-2.9)
and May (range 0.4-6) illustrating the influence of widespread liquefied petroleum and
natural gas emissions. The highest mean (0.80) and median (0.72) i-butane/n-butane ratios
were observed in September further supporting the presence of strong LPG emissions
demonstrated by the high mean and median propane, ethene, and propene mixing ratios
discussed in section 3.1.

The i-pentane/n-pentane emission ratios for several sources are fairly uniform with ranges
of ~2.2-3.8 for vehicle exhaust, ~1.5-3 for liquid gasoline, and ~1.8-4.6 for fuel evaporation
(e.g., Conner et al., 1995; Harley et al., 2001; Jobson et al., 2004; Lough et al.,, 2005;
McGaughey et al., 2004; Mukund et al., 1996; Watson et al., 2001; Velasco et al., 2007). The
mean and median i-pentane/n-pentane ratios during June, September, and May were
similar at ~2.1 (range ~0.5-6.6) indicating the influence of emissions from exhaust, gasoline,
and evaporative sources (Fig. 3b). The i-pentane/n-pentane ratio exhibits a seasonal
variation at the TF site likely associated with enhanced fuel evaporation emissions of i-
pentane in the summer (e.g., Rubin et al., 2006). Based on data from TF throughout 2004-
2008, the i-pentane/n-pentane ratio is ~1.6 during the colder months (October-May) and
increases to ~2.2 during the warmer months (June-September) (Russo et al., 2010b). The
mean i-pentane/n-pentane ratio during the January regional survey was 1.6+0.1 which is
consistent with the long-term measurements.
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Fig. 3. Ambient NMHC ratios during the four regional surveys. The format is the same as in
Figure 2. (a) i-butane/n-butane, (b) i-pentane/n-pentane, (c) propane/benzene.

A useful technique to characterize sources is to compare the ratio of two compounds with
different sources but similar photochemical lifetimes. The ratio should remain relatively
constant because neither compound will be removed preferentially during transport; thus
the ratio can be assumed to equal the emission ratio (e.g., Parrish et al., 1998). An excellent
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example is to compare ratios between propane, benzene, and ethyne because their rate
constants for reaction with OH are similar to within <30% of each other (e.g., Atkinson et
al., 2006). Propane is a tracer of liquefied petroleum gas while benzene and ethyne are
tracers for vehicle exhaust and incomplete combustion. During the four regional surveys,
the propane/benzene ratio ranged from 2-145 (with the exception of one site with a ratio of
0.3). The mean (~24) and median (~16) propane/benzene ratios were similar in September
and May and higher than in June and January (mean ~9 and 13, respectively) (Fig. 3c).
Similarly, the average propane/ethyne ratios were higher in September (5.6£6.1) and May
(4.845.0) compared to June (2.242.2) and January (2.1+0.8). These results are additional
evidence of the widespread influence from LPG leakage and refilling during all seasons
throughout New England and indicate a stronger relative impact from LPG, natural gas, or
evaporative emissions relative to combustion.

3.4 Regional emission rates

Ambient emission rates of speciated VOCs are required for developing regional budgets,
implementing effective control strategies, and evaluating emission inventories and air
quality models. However, emission rate estimates based on ambient data are limited and are
primarily reported on global scales (e.g., Boissard et al., 1996; Gupta et al., 1998) or in urban
areas during specific campaigns (e.g., Blake and Rowland, 1995; Chen et al., 2001, Velasco et
al.,, 2005). Additionally, emission rates are usually lumped into specific classes (i.e., alkane,
alkene, aromatic, biogenic). A major reason for the lack of regional VOC emission rate
estimates is the difficulty associated with differentiating between local, regional, and distant
sources. In order to reduce this complication, we focused on measurements obtained when
it was determined that air mass mixing was minimal.

In order to estimate speciated emission rates, we followed a simple box model approach
which has been effectively used in previous studies to calculate emission and removal rates
of trace gases in New England using measurements from the TF field site (i.e., Russo et al.,
2010b; Sive et al., 2007; Talbot et al., 2005; White et al., 2008; Zhou et al., 2005). This method
uses measurements made on nights with low wind speeds and when a stable inversion layer
has developed because under these conditions, the exchange of air between the nocturnal
boundary layer (NBL) and the residual layer above is limited (e.g., Gusten et al., 1998;
Hastie et al., 1993; Talbot et al., 2005). Therefore, advection and vertical mixing of air masses
can be neglected. Under these conditions, we can assume that a change in NMHC mixing
ratios reflects local sources or sinks. Two criteria were used for identifying nights when a
stable inversion layer developed: (1) wind speeds <1 m s and (2) O3 < 10 ppbv. On both the
nights of September 21-22, 2006 and May 29-30, 2007 at TF, Os; decreased to less than 10
ppbv and the wind speed was stable at ~0.2 m s demonstrating that a stable NBL
developed (Figs. 4a and 5a). Another indication of a stable NBL is the significant increase in
CO, mixing ratios. On both nights, CO, increased from background levels (~375 ppmv
(parts per million by volume)) to near 440 ppmv reflecting local emissions from vegetation
respiration or anthropogenic sources. Furthermore, the NMHC mixing ratios increased
substantially compared to before the development of the NBL. For example, on September
21-22, propane mixing ratios were a factor of 6 higher and the butanes, pentanes, ethyne,
and benzene were factors of 2-4 higher under the NBL compared to the 3 hours prior to
sunset (~18:00 EDT) (Fig. 4b). Similarly, on May 29-30 at TF, propane, butanes, pentanes,
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ethyne, and aromatic mixing ratios increased by factors of ~1.5-6 while o-pinene and B-
pinene were factors of 13 and 20, respectively, higher under the NBL (Figs. 5b,c). Moreover,
as demonstrated in Figure 5, the propane and a-pinene mixing ratios at TF are within the
range observed at the five additional sampling sites indicating that the emission rates
calculated using measurements at TF are representative of the region.
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Fig. 4. Trace gas, wind speed, and nitrogen dioxide photolysis rate (Jnoz, indicator of when
sunlight is available) between 08:00 September 21 to 08:00 September 22, 2006 (EDT) at the
Thompson Farm field site in Durham, NH. (a) hourly average Os (ppbv), CO: (ppmv), and
wind speed (m s1) and (b) propane (left axis), ethyne, n-butane, i-pentane, n-pentane, and
benzene (right axis) (pptv).
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Emission rates (ER) were calculated by multiplying the slope of the linear regression
between the change in hourly average concentrations (dC in molecules cm=3) per unit time
(dt = 5 hours) by the boundary layer height:

ER = [d—c} x H 1)
dt

As shown by Eq. 1, the emission rate estimates are directly proportional to the nocturnal
boundary layer height. Stable nocturnal boundary layer heights typically range from ~50-
200 m at midlatitude continental locations and vary with meteorological conditions, time of
day, and season (e.g., Gusten et al., 1998; Hastie et al., 1993; McKendry and Lundgren, 2000;
Talbot et al., 2005; White et al., 2003); thus we chose 125 m as a representative value for the
TF site (e.g., Mao et al., 2008; Sive et al., 2007; Talbot et al., 2005; White et al., 2008; Zhou et
al., 2005). If H = 50 m or 200 m is used in Eq. 1, the emission rate estimates vary by + 60%.
The emission rates of several NMHCs are shown in Table 2. During both September 2006
and May 2007, the propane emission rate (~18 x 10 molec. cm2 s-1) at TF was an order of
magnitude larger than the other NMHCs ((~0.5-6) x 10° molec. cm2 s-1) on these calm nights
reflecting local emissions rather than boundary layer dynamics or transport from a distant
source. In fact, the propane emission rate may be larger than estimated here. For example, at
the rural Lincoln, NH site in northwest NH, propane increased by ~1220 pptv/hour (from
~650 to 4000 pptv) whereas propane only increased by ~300 pptv/hour at TF (Fig. 5b).
Furthermore, these results indicate that high propane emission rates from northern New
England occur during each season. These large propane emission rates are significant,
particularly because of the rural nature of this region. LPG use as a heating and cooking fuel
is widespread throughout northern New England (e.g., EIA, 2005). Assuming the emission
rate calculated for TF is applicable to all of New Hampshire, potentially over 20 tons of
propane are emitted on a daily basis (Table 2); ~1-10 tons of C4-Cs alkanes, benzene, and
toluene may be emitted per day. Because propane is relatively long-lived compared to other
NMHCs, large inputs to air masses transported off of the continent and across the Atlantic
Ocean could significantly impact tropospheric O3 production, particularly in downwind
locations, such as Europe.

Emission rates estimated using the same method during summers 2003 and 2004 (White et
al., 2008) and winter 2006 (Russo et al., 2010b) are also included for comparison (Table 2).
The emission rates calculated in this work are consistent with the summer and winter
emission rates presented in White et al. (2008) and Russo et al. (2010b). Both the summer
2003 and 2004 ((3-20) x 109 molecules cm?2 s) and May 2007 (~5 x 10° molecules cm?2 s1)
emission rates illustrate the potential for significant monoterpene emissions from New
England. Monoterpenes are extremely reactive in the atmosphere during spring and
summer (lifetime of hours) and thus can contribute to O3 production. Furthermore, the
oxidation of monoterpenes produces low volatility products which can subsequently
nucleate or condense onto preexisting aerosol particles and produce SOA (e.g., Atkinson
and Arey, 2003; Hoffman et al, 1997).

The emission rates for a specific NMHC, which represent different seasons and years, agree
within the given stated uncertainty (Table 2). This is an important result because it suggests
that the emission rate of NMHCs from New Hampshire, and possibly all of New England,
does not vary significantly with season or year. Thus, these emission rates may be useful for
regional air quality modeling studies.
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Emission Rate New Hampshire Emission
(molecules cm2 s1) x 109 Rate (Mg/day)
Summers Winter Sept.21-22, May 29-30, Winter  Sept. May
2003 & 2006b 2006¢ 20074 2006>  2006¢ 20074
20042

Propane 9-23 42425 17£12 19+12 61+£37  25+18 28+17
i-Butane 0.2-1 3.2+2.0 0.9+0.6 22417 61+38 1711 4.3+£3.2
n-Butane 02-14 3.6£23 1.3+0.8 5434 69+44 25+£1.6 104+6.6
i-Pentane 2 2415 1.9£1.2 23+1.5 58+3.6 45%28 55£3.6
n-Pentane 1.4+0.8 1.0£0.6 1.5¢1.0 3.3#2.0 23+£15 3.6+24

Ethyne 7.4+4.9 4.0£2.8 6.4+4.2 24124

Benzene 1.6+1.1 0.6+0.5 02402  43+28 0505 0.5+0.5
Toluene 2.7£1.7 1.8£1.2  8.2+53 5.6£3.7
m+p-Xylene 1.3+0.8 0.6+0.5  4.4+29 2.2+1.8
o-Xylene 0.5+0.3 0.2+0.2  1.8+1.1 0.8£0.6
a-Pinene 20 5.8+3.8 20.4+17
3 5.3£3.5 18.6+16

B-Pinene

aWhite et al. (2008), PRusso et al. (2010b), «4This work

Table 2. Emission rates (molecules cm2 s1) of C3-C;o NMHCs calculated using data from the
Thompson Farm field site on the nights of September 21-22, 2006 and May 29-30, 2007. The
uncertainty was were calculated by propagating the standard error of the linear regression
between the change in NMHC concentration per unit time and the assumed variation in
nocturnal boundary layer height (125 m+75 m). Emission rates for summers 2003 and 2004
and winter 2006 were estimated in previous works and are included for comparison.
Assuming the estimated emissions are representative of the region, the rates were
extrapolated to the state of New Hampshire (Mg/day) using a land area of 2.3 x 1010 m2.

4. Summary

The objective of this analysis was to present an overview of the VOC distribution (C2-Cyo
nonmethane  hydrocarbons, tetrachloroethene, trichloroethene, methyl iodide,
dibromomethane, bromoform, methyl nitrate, ethyl nitrate, 2-propyl nitrate, 2-butyl nitrate)
in the atmosphere over New England during four regional surveys (June 21, 2006,
September 21-22, 2006, January 10-11, 2007, May 22-23, 2007). The seasonal and spatial
variation of VOCs during the four surveys was discussed and put in context with the
general seasonal trends of VOCs at the Thompson Farm field site in Durham, NH.
Additionally, VOCs sources were identified and emission rates of several NMHCs were
estimated. Future and ongoing research will include detailed analysis of the meteorological
conditions on the days when regional surveys were conducted to determine the source
regions more precisely and the influence of atmospheric dynamics on the VOC behavior,
examination of additional trace gas (Os, CO, NO, NOy, SO,) data from TF, estimation of
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emission rates from diurnal sampling sites located throughout ME, NH, and MA, and in
depth comparisons with emission ratios and the long-term continuous VOC data from TF.
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1. Introduction

Air is a vital resource, so its quality must fall within a tightly bound range. This quality is
the level needed to protect public health. In addition, the quality must be able to support
other life, notably diverse and sustainable ecosystems. The atmosphere is an extremely
complex system in which numerous physical and chemical processes occur simultaneously.
Ambient measurements give us only a snapshot of atmospheric conditions at a particular
time and location. Such measurements are often difficult to interpret without a clear
conceptual model of atmospheric processes. Moreover, measurements alone cannot be used
directly by policymakers to establish an effective strategy for solving air quality problems.
An understanding of individual atmospheric processes (chemistry, transport, removal, etc.)
does not imply an understanding of the system as a whole. Mathematical models provide
the necessary framework for integration of our understanding of individual atmospheric
processes and study of their interactions. A combination of state-of-the-science
measurements with state-of-the-science models is the best approach for making real
progress toward understanding the atmospheric environment. Over the past four decades,
there has been a significant increase in the number of locations where air quality data have
been obtained. Also, there has been a substantial improvement in the technique for
modelling the different physical and chemical processes occurring in the atmosphere.
Despite this progress, currently available observations are still spatially and temporally
sparse and the predictions of current generation of air quality models are still uncertain.
Consequently, observations and model outputs should be combined to create high-
resolution spatial-temporal maps of air quality. However, at present air quality observations
and model results are generally used separately.

Urban air pollution is still on rise at many cities worldwide, or has experienced only small
improvements. Some causes of urban air pollution problems are the amount and density of
air pollutant sources, particularly vehicles, residences and industries. Because of the
complexity of urban systems, air quality management in these areas is still a serious
problem.

Emission inventories are important tools to describe the emission situation and eventually to
manage air quality. An emission inventory is a list of the amount of pollutants from
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different sources entering the air in a given time period and a particular geographical area.
It usually includes information on the amount of the pollutants released from major
industrial sources, and averages figures for the emissions from smaller sources throughout
the area. The information included in an emission inventory helps to identify the sources
and in the development of abatement strategies. Ball & Radcliffe (1979) have identified
several applications for urban air pollution emission inventories. Their information is useful
to elaborate a map showing the geographic distribution of emissions. This map can be an
important aid in land use planning by identifying parts of the region that are likely to be
subject to high levels of pollution, and the location of pollution sources in relation to
sensitive areas. Emission inventories can point out the major sources whose control can lead
to a considerable reduction of pollution in the area. They can be used in conjunction with an
atmospheric dispersion model, to estimate air pollutant concentrations at ground level
and/or assess trends in air quality. They can also help in the design of air quality
monitoring networks, by indicating, for example, where the highest concentrations of
pollution are likely to be found, or which areas are the most representative.

The method used to develop an emission inventory does have some elements of error, but
other two alternatives are expensive and subject to their own errors. The first alternative
would be to monitor continually every major source in the area. The second alternative
would be to monitor continually the pollutants in ambient air at many points and apply
appropriate dispersion equations to calculate the emissions. In practice, the most
informative system would be a combination of all three, knowledgeably applied. Air
pollution emission inventories have been developed for several urban areas (Andrade et al,
2010; Ariztegui et al,, 2004; Beaton et al., 1992; Borrego et al., 2003; Butler et al., 2008;
D’Avignon et al, 2010; Gurjar et al., 2008; Kim, 1996; Miller et al. 2006; Mohan et al., 2007;
Nishikawa & Kannari, 2010; Saija & Romano, 2002; Sallés et al., 1996; Seika et al., 1996;
Sturm et al., 1999; Tsilingiridis et al., 2002; Wang et al., 2010; Zarate et al., 2007). Particularly,
a few years ago, the first versions of an urban emission inventory (year 2000) for the city of
Buenos Aires (Mazzeo & Venegas, 2003) and for area sources located in the Metropolitan
Area of Buenos Aires (year 2005) (Pineda Rojas et al., 2007) have been prepared.

An emission inventory is an essential tool in the management of local air quality, particularly
when its information is used in conjunction with atmospheric dispersion models.

A model is a simplified representation of real conditions. It contains assumptions and
sometimes also some experimentally derived constants. Operational decisions based on
predictions of a model should be made therefore when the underlying assumptions are met
and when the model is being applied within the range of values for which the model has
been tested. Atmospheric dispersion models provide a link between the source emissions
and ambient concentrations. The heart of the matter is to estimate the concentration of a
pollutant at a particular receptor point by calculating from basic information about the
source of the pollutant, the meteorological conditions and the surface characteristics.
Atmospheric dispersion models help us to understand the way air pollutants behave in the
environment and are a useful tool in the urban air quality management system. There are
many reasons for using atmospheric dispersion models, such as working out which sources
are responsible for what proportion of concentration at any receptor; estimating population
exposure on a higher spatial or temporal resolution than is practicable by measurement;
targeting emission reductions on the highest contributors; and predicting concentration
changes over time. Urban atmospheric dispersion models range from simple empirical
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models to complex three-dimensional urban air-shed models. Sometimes, available input
data make application of complex numerical tools not possible, and simple urban
background pollution models become an acceptable alternative giving as good results as
computations with more sophisticated models (Berkowicz, 2000; Hanna et al., 2002). Some
examples of urban scale dispersion modelling systems developed during last decades are
the UAM model (Morris & Myers, 1990), the DAUMOD model (Mazzeo & Venegas, 1991;
2010); the Danish OML model (Olesen, 1995), the UK-ADMS Urban model (Carruthers et al.,
1994; CERC, 2003; McHugh et al., 1997) and the UDM-FMI (Karppinen et al., 2000) model.
Dispersion models for the urban scale estimate urban background concentrations.

This chapter presents a summary of the development and results of a high spatial and
temporal resolution version of the emission inventory of carbon monoxide (CO) and
nitrogen oxides (NOj) for the Metropolitan Area of Buenos Aires (MABA), including area
source emissions (motor vehicles, aircrafts, residential heating systems, commercial
combustion and small industries). The spatial distributions of CO and NOy annual emission
rates from area sources within the Metropolitan Area of Buenos Aires are shown with a
spatial resolution of 1 x 1 km. The urban atmospheric dispersion model DAUMOD is
applied to evaluate the air quality in the MABA due to the contribution of area source
emissions in the urban area. Estimations of horizontal distributions of CO and nitrogen
dioxide (NOy) background concentrations in the MABA are presented.

2. Description of the Metropolitan Area of Buenos Aires

The Metropolitan Area of Buenos Aires (MABA) is considered the third megacity in Latin
America, following Mexico City (Mexico) and Sao Paulo (Brazil). It is integrated by the city
of Buenos Aires (CBA) and the Greater Buenos Aires (GBA). The city of Buenos Aires (Lat.
34°35’S - Long. 58°26'W), capital of Argentina, is located on the west coast of de la Plata
River. The city has an extension of 203km?2 and 2891082 inhabitants (Instituto Nacional de
Estadistica y Censos [INDEC], 2010). The city of Buenos Aires is surrounded by the Greater
Buenos Aires. This area is compound by 24 districts. It has an extension of 3627km2 and
9910282 inhabitants (INDEC, 2010). The area of the MABA is 0.14% of the territory of
Argentina and its population is approximately 32% of the population of the country. Fig. 1
shows the different districts of the Metropolitan Area of Buenos Aires and the grid net
considered in calculations.

The terrain is flat with height differences lesser than 30 m. The de la Plata River is a shallow
estuary, which covers 35000 km?2 approximately. The estuary is 320 km long, and its width
varies between 38 km and 230 km in the upper and lower regions, respectively. In front of
the CBA, the width of the river is about 42 km. The mean water temperature in the river
varies from 12°C in winter to 24°C in summer.

The de la Plata River plain has a temperate climate. In summer (December to February), the
city of Buenos Aires is warm and moist, with a mean temperature of 24°C. During autumn
and spring atmospheric conditions are variable, with fluctuating temperatures. The winter
months (June to August) are temperate and moist, with a mean temperature of 12°C. The
annual mean temperature in the city is 18°C, and between 15-16°C in its surroundings. In
the MABA, frosts occur between June and August, and snowfalls are very rare. The annual
precipitation varies between 900 mm and 1600 mm, influenced by winds that advect
humidity from the Atlantic Ocean. Rains are heavier on March. Winds are generally of low
intensity. Strong winds are more frequent between September and March, when the greatest
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storm frequency is observed. The annual frequency of winds blowing clean air from the
river towards the urban area is 58%, and that of calm conditions is 3%. Cases of wind
direction persistence may last more than 6 hours at any wind direction sector (Mazzeo &
Venegas, 2004).
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Fig. 1. Map of the Metropolitan Area of Buenos Aires, including the city of Buenos Aires and
the Greater Buenos Aires. Districts of the Greater Buenos Aires (inhabitants): 1: Vicente
Lépez (270929); 2: San Isidro (291608); 3: San Fernando (163462); 4: Tigre (380709); 5: Gral.
San Martin (422830); 6: Tres de Febrero (343774); 7: San Miguel (281120); 8: Malvinas
Argentinas (321833); 9: José C. Paz (263094), 10: Morén (319934); 11: Hurlingham (176505);
12: Ituzaing6 (168419); 13: Moreno (462242); 14: Merlo (524207); 15: La Matanza (1772130);
16: Ezeiza (160219); 17: Esteban Echeverria (298814); 18: Lomas de Zamora (613192); 19:
Almirante Brown (555731); 20: Florencio Varela (423992); 21: Lants (453500); 22: Avellaneda
(340985); 23: Quilmes (580829); 24: Berazategui (320224). Grid cell side: 1km.

Mazzeo & Venegas (2008, 2010) and Venegas & Mazzeo (2006a, 2010a) proposed and
applied methodologies to design different air quality monitoring networks for the city of
Buenos Aires. At present, air pollutant concentrations are registered at the first three air
quality monitoring stations of the network in the city (Venegas & Mazzeo, 2010b). The air
quality in the city of Buenos Aires has been the subject of several studies carried out during
the last years using different methodologies: analysis of data obtained from some
measurement surveys of pollutants in urban air (Arkouli et al., 2010; Bocca et al., 2006; Bogo
et al., 1999, 2001, 2003; Mazzeo & Venegas, 2002, 2004; Mazzeo et al., 2005; Venegas &
Mazzeo, 2000, 2003; Vogt et al.,, 2007) and application of atmospheric dispersion models
(Mazzeo & Venegas, 2010; Mazzeo et al., 2010; Venegas & Mazzeo, 2005, 2006b, 2010a). In
the Greater Buenos Aires, very few air quality measurements have been made (Fagundez et
al., 2001; Japan International Cooperation Agency-Secretaria de Desarrollo Sustentable y
Politica Ambiental [JICA-SAyDS], 2002).
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3. Brief description of pollutants considered in this chapter

The pollutants considered in this chapter are carbon monoxide (CO) and nitrogen oxides
(NOy). Carbon monoxide is generated primarily by incomplete combustion of carbonaceous
fuels in automobile engines and is a colourless and odourless gas. It is a very stable
compound having a lifetime of two to four months in the atmosphere. There are studies (e.g.
Harte et al., 1991), which show that high concentrations of CO can cause physiological and
pathological changes and ultimately death of human. Carbon monoxide is a poisonous
inhalant that deprives the body tissues of necessary oxygen. It is toxic because haemoglobin
absorbs CO more readily than oxygen. With the bloodstream carrying less oxygen, brain
functions is affected and heart rate increases in an attempt to offset the oxygen deficit. In
very high doses it is fatal due to cerebral and cardiac hypoxia.

The stable gaseous oxides of nitrogen include nitrous oxide (N2O), nitric oxide (NO),
nitrogen trioxides (N»Os), nitrogen dioxide (NO;) and nitrogen pentoxide (N20s). An
unstable NOj, also exist. The nitrogen oxides present in the atmosphere in any significant
amount are NoO, NO and NO,. N>O is an inert gas with anaesthetic characteristics. Its
atmospheric concentrations are considerably below the threshold concentration for
biological effects, but it may be a significant contributor to global warming. NO is a
colourless gas and at its air concentrations its biological toxicity in terms of human health is
insignificant. However, NO is a precursor to the formation of NO; and is an active
compound in photochemical smog formation as well. NO; is a reddish brown gas and is
quite visible in sufficient amounts. The toxicological and epidemiological effects of NO, on
human being are not completely known (WHO, 2006a). NO, may penetrate to the
pulmonary region increasing susceptibility to respiratory pathogens.

4. The emission inventory for the MABA

4.1 Inventory technique

To develop an emission inventory for an area, one must: a) determine the type of air
pollutants of concern, such as CO and NO; b) list the types of sources for the area, such as
motor vehicles, aircrafts, residential, commercial and industrial combustions; c) examine the
literature to find valid emission factors for each pollutant of concern; d) through an actual
count, or means of some estimating technique, determine the number and size of specific
sources in the area; and e) multiply the corresponding numbers from c) and d) to obtain the
total emissions for each activity and then sum the similar emissions to obtain the total for
the area. Valid emission factors for each source of pollution are the key to an emission
inventory. Emission factors are then applied to the activity data in order to estimate the
likely emissions:

Emission = Activity level x Emission factor (1)

This chapter focuses on area source emissions of CO and NOj in the Metropolitan Area of
Buenos Aires. The following source categories are considered:

- Mobile sources: road traffic and aircrafts

- Fixed sources: residential, commercial and small industries activities.

Point source emissions could not be included because, at present, there is not available
sufficient data on the large industries located in the MABA. Information on the actual point
source emissions is only available in a limited number of cases. There is also a lack of
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homogeneity among the amount and quality of basic information available for each district
of the MABA. The existence of multiple local Administrations in the region is the main
reason for such heterogeneity. Furthermore, it should be noted that the city of Buenos Aires
is a city-state and the 24 districts of the Greater Buenos Aires are part of the Province of
Buenos Aires. CBA and GBA have different Governments.

4.2 Emissions from mobile sources

Main mobile sources in the Metropolitan Area of Buenos Aires have been divided into the

following groups:

- Road traffic: passenger cars (including taxis), buses (including coaches) and heavy-duty
vehicles.

- Air traffic: aircraft’s landing-take-off (LTO) cycles at the domestic airport located in the
city of Buenos Aires and at the international airport located in the Greater Buenos Aires.

4.2.1 Road traffic emissions

There are usually about three million vehicles circulating in the MABA during working
days. The city of Buenos Aires and its surroundings concentrate approximately 43% of
private cars, 60% of taxis, 50% of urban and interurban buses and 29% of cargo
transportation of Argentina. As mentioned above, the methodological approach to estimate
the emission rates from road traffic is based on the multiplication of activity data by
emission factors. The first step involves the determination of an estimate of vehicle activity.
Five traffic parameters are considered: volume, composition, vehicle velocity, vehicle age
and travel distance in each grid cell. All traffic data have been obtained from the National
Secretary of Transportation, the Buenos Aires City Government and the Secretary of
Transportation of the Province of Buenos Aires. Available information includes mean daily
traffic flow at several locations as well as traffic flow and composition measured at different
hours of the day on different streets, routes, avenues and highways in the MABA. Most
private cars are petrol-driven and taxis burn natural gas. All the buses and heavy duty
vehicles are considered to run on diesel. The approximately age of the vehicle fleet is
illustrated in Fig.2.
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Fig. 2. Distribution of the age of each vehicle category.
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The road network of the Metropolitan Area of Buenos Aires is assumed to be integrated by:
highways, routes, avenues, main streets and streets. These specifications are quite useful
since they generally correspond to particular traffic density levels and fleet compositions.
Statistical shapes for traffic rates and average speed on these road types are then applicable
to the CBA and the GBA. Based on measurements at several sites, the following vehicle fleet
compositions are considered for the entire domain: a) highways: 89.7% (passenger cars) and
10.3% (buses and heavy duty vehicles); b) routes, avenues and main streets: 95.0%
(passenger cars) and 5.0% (buses and heavy duty vehicles); and c) streets: 99.0% (passenger
cars) and 1.0% (buses and heavy duty vehicles). As it is difficult to define a law to estimate a
spatial vehicle speed evolution along a road, an average vehicle speed has been set for each
road type (highways, routes, avenues, main streets, streets). The second step involves
selecting emission factors. The emission factors used for mobile sources are based on
measurements of in-service emissions in Buenos Aires (Rideout et al. 2005) and on the
European Environment Agency’s Atmospheric Emission inventory Guidebook (COPERT
method) (European Environment Agency, 2001). Results for the city of Buenos Aires and for
the Greater Buenos Aires are described below.

In the city of Buenos Aires passenger cars employ the following fuels: 78.9% gasoline; 16.0%
diesel and 5.1% compressed natural gas (CNG). Traffic flow data in the city are available at
different sites located in highways, avenues and streets (Gobierno de la Ciudad de Buenos
Aires, [GCBA], 2006). In the interest of completeness, where there are no traffic flow data
available for a particular road street, a local mean flow is assigned according to the traffic
map elaborated by the Secretary of Transport for the city of Buenos Aires (see detail in Fig.
3). Using this information, population density distribution and representative traffic flow
measured at different points of the city, the vehicle kilometres travelled in each grid cell are
estimated.
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Fig. 3. Traffic flow map in the MABA and the city of Buenos Aires (detail).

Examples of traffic profile registered at different locations within the CBA are shown in Fig.
4 (left). The average vehicle speed considered for the different roads within the city of
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Buenos Aires is: 80km/h (highways); 35km/h (avenues); and 15km/h (streets). The
representative emission factors for CO and NOy considered for the vehicles in the CBA are
included in Table 1.
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Fig. 4. Hourly traffic profiles at different sites registered within the CBA (left) and the GBA
(right).

City of Buenos Aires
Highways Avenues Streets
Vehicle type Fuel F (CO) | F(NO,) | F(CO) | F (NO,) | F(CO) | F (NOy)
Passenger cars Gasoline 12.0 2.8 18.7 1.8 38.0 1.5
Diesel 0.5 0.8 0.6 1.0 1.0 1.1
CNG 8.0 2.6 2.0 2.1 7.0 2.0
Buses Diesel 2.2 3.0 55 5.0 8.0 14.7
Heavy DUty | piesel 18 36 25 6.1 6.0 10.0
Vehicles
Greater Buenos Aires
Highways Routes and Streets
Avenues
Vehicle type Fuel F (CO) | F(NO,) | F(CO) | F (NO,) | F(CO) | F(NOy)
Passenger cars Gasoline 10.0 3.4 16.7 1.9 38.0 1.5
Diesel 0.4 0.8 0.5 0.9 1.0 1.1
CNG 8.0 2.8 2.0 2.2 7.0 2.0
Buses Diesel 2.0 5.6 5.0 6.7 8.0 14.7
Heavy Duty Diesel 15 40 2.0 6.0 6.0 10.0
Vehicles

Table 1. Emission factors (F) (g veh! km-1) for CO and NOx.

In the Greater Buenos Aires, passenger cars employ the following fuels: 66.1% gasoline;
15.6% diesel and 18.3% CNG. Traffic flow data in the GBA are available at different sites in
highways, routes and avenues. Even when data are given for a specific road, they are
usually measured within a particular duration of time and in discrete locations. Since
information is not available everywhere along a given road, both spatial and temporal
assumptions have been made in order to obtain the characteristics for the whole road and so
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finally to describe emissions over the entire region in a daily evolution. In order to elaborate
a map of the traffic flow in the main roads of the GBA, vehicle rates (R) are extrapolated
anywhere along every main road. These estimations are based mostly on empirical
assumptions. In the GBA, highways and most major roads are roughly either radial or semi-
circular. This feature facilitates the direct setting of roads on a polar reference frame. From
available data, it may be assumed that radial road traffic rates decrease with distance (x) to
the border of the city of Buenos Aires. An empirical exponential law is used to describe this
typical star-form network behaviour (Sallés et al, 1996). The traffic rate (R(x)) at a given
distance from the border of the city of Buenos Aires is estimated by:

R(x) =R(0) exp [ x] @)

where R(0) is a reference value (traffic rate at the border of the CBA) and a is an empirical
coefficient. The values of o have been obtained by fitting to traffic flow measurements
registered at several points in highways and routes. Fig. 5 shows the values of R(0) and a. for
each sector considered in calculations.

[] o=0.0884 /km
7] 0.=0.0555 /km
7 «.=0.0546 /km
] «=0.0301 /km

Fig. 5. Values of R(0) and a for each sector, considered in Equation (2) to estimate the traffic
flow along the highways and main roads in the GBA.

Available data suggest that semi-circular road traffic rates remain constant along the main
roads, within each sector. The traffic map for the Greater Buenos Aires showing the
obtained mean daily traffic flow in highways, routes, avenues and main streets is included
in Fig. 3. These vehicle flux data are further used to account for vehicle distribution in the
streets of the urban area in the GBA. The extrapolation assumption includes both the traffic
in the main roadways and the spread traffic in streets and is based on a flux balance
criterion between ingoing and outgoing vehicles in each grid cell. Hourly variation of traffic
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rate is obtained applying hourly typical traffic rate profiles. Representative traffic profiles at
different roadways within the GBA are shown in Fig. 4. The average vehicle speed
considered for the different roads within the Greater Buenos Aires is: 100km/h (highways);
40km/h (routes and avenues); and 15km/h (streets). The representative emission factors for
CO and NOx considered for the vehicles in the GBA are presented in Table 1.

CO and NOy emissions from buses in the MABA are obtained from the emission factors, the
total distance travelled by each bus within each grid cell, the bus service frequency and the
mean speed of the vehicles in each grid cell. Finally, CO and NOx emissions from road
traffic are estimated for each grid cell over the entire region in a daily evolution.

4.2.2 Air traffic emissions

Aircraft emissions have been estimated using the “alternative simple methodology”
proposed by Romano et al. (1999). The aircraft operations of interest that may affect ground
level pollutant concentrations are defined as the landing and takeoff (LTO) cycle. The cycle
begins when the aircraft approaches to the airport on its descent from the cruising altitude,
lands and taxis to the gate. It continues as the aircraft taxis back out to the runway for
subsequent takeoff and climb-out as it heads back to the cruising altitude. For all forms of
commercial aircrafts, the time spent in each of the LTO modes is reckoned at 19 min for
idling and taxiing out, 42 sec for take-off, 2.2 min for climb-out and; at the other end of the
cycle, 4 min for approach to landing and 7 min for taxiing and idling (Romano et al. 1999).
Fuel consumption and CO and NO, emission factors for each operation mode depend on
engine type (European Environment Agency, 2001; Romano et al,, 1999; US.EPA, 1995).
Emissions from aircrafts are calculated considering the modes related to the departure and
arrival parts of the LTO cycle separately. For example, the total emission for an aircraft type
during its departure is calculated multiplying the emission rates by the amount of time in
each mode of the departure part of the LTO cycle, and then summing results from the
considered modes. The aircraft type that operates at the domestic airport is mainly Boeing
B-737, as it is used in domestic and regional flights. At the international airport the airlines
operate the following aircraft types: Boeing B-737, B-747, B-757, B-767, B-777 and Airbus
A319, A320, A321, A340. Fig. 6 shows the hourly distribution of the mean daily frequency of
departures and arrivals at each airport, respectively. The daily evolution of aircraft
emissions is added to the area source emissions estimated for the grid cells where each
airport is located.
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Fig. 6. Hourly distribution of the fraction (%) of mean daily departures and arrivals at the
domestic and the international airports.
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4.3 Emissions from fixed sources

The small size fixed sources (residential, commercial and small industries combustion
activities) are considered as area sources. These sources consume natural gas for heating,
cooking and other activities. The monthly natural gas consumed by residential houses was
spatially distributed considering population density. Then, using the CO and NO, emission
factors for natural gas combustion for domestic heating units given in US.EPA (1995)
residential emission rates at each grid cell are estimated. Considering monthly natural gas
consumed by commercial activity, its spatial distribution in the MABA and the emission
factors (US.EPA, 1995), CO and NOy emission rates for this activity are computed for each
grid cell. Finally, considering the monthly natural gas consumed by small industries, their
spatial distribution in the MABA and the emission factors (US.EPA, 1995), CO and NOy
emission rates of this activity were estimated for each grid cell. Natural gas consumption
and a typical diurnal variation of the consumption for each activity have been provided by
the National Gas Administration (ENARGAS).

4.4 Carbon monoxide and nitrogen oxides emissions in the Metropolitan Area of
Buenos Aires.

Annual area source emission rates estimated for the city of Buenos Aires (CBA) are 324.7
Gg-CO yr! and 22.9 Gg-NOy yr! and for the Greater Buenos Aires (GBA) are 294.6 Gg-CO
yrl and 43.9 Gg-NOy yr-l. Therefore, for the Metropolitan Area of Buenos Aires (MABA)
annual area source emissions result 619.3 Gg-CO yr-! and 66.8 Gg-NOy yr-1. Fig. 7 shows the
percentage distribution of the annual emission of carbon monoxide and nitrogen oxides by
source category in the MABA. Road traffic accounts for 99.4% of CO and 80.6% of NOx
annual area source emissions in the MABA.
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Fig. 7. Estimated annual area source emission of CO and NO, by source category in the
MABA.

The spatial distributions of CO and NOx annual emission rates (in ton km2 yr1) from area
sources within the MABA are shown in Fig. 8. The intensity of emissions varies considerably
across the urban area. There is a wide range in CO and NOx emissions between different
grid cells depending on the density of road transportation sources in each grid cell. It is clear
that high emission rates per unit area can be found in downtown of the city of Buenos Aires.
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Fig. 8. Annual emission rates (ton km2 yr-1) of CO (top) and NO (bottom) from area sources
in the MABA. Grid resolution is 1 x 1 km.

4.5 Uncertainty assessment

Uncertainty is a statistical term that is used to represent the degree of accuracy and precision
of data. It often expresses the range of possible values of a parameter or a measurement
around a preferred value. Various approaches for representing uncertainty in the context of
different domains are widely described (Azondéekon & Martel, 1999; Draper, 1995).

Emission inventories are based on assumptions that are needed to be made and statistical
data. Real measurements are available for a few emission sources and/or for certain time
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periods only. Therefore, uncertainty estimations are of importance and should always be
foreseen (Sturm, 2003). However, it is not easy to assess uncertainty at the level of
aggregated datasets. Information related to emissions and their uncertainties that originates
from a few measurements has to be applied for a large number of sources. As the latter may
differ strongly, even within the same category, the uncertainty increases as the emission
inventory becomes more detailed. On a more aggregated level, averaging helps to improve
the uncertainty situation (Sturm, 2003). There are different studies (Frey & Li, 2003; Frey &
Zheng, 2002; Regan et al., 2003; Romano et al, 2004) done in differentiating and quantifying
the contributions from uncertainty and natural variability to emission data. The reliability of
the information provided by emission inventories is strongly biased by a wide range of
causes. Particularly, when the emissions are estimated through emission factors the
following points have to be taken into account: a) uncertainty related to the choice of the
indicators, b) uncertainty related to the quantitative value of the indicators, c) uncertainty
related to emission factors and d) uncertainty related to the structure of emission estimate
models. In the MABA, the use of traffic flow values registered at several sites on different
days to compute the average vehicle fleet in each road type, results in a mean error of
approximately 20-30%. The uncertainty estimation of the average vehicle speed for different
road types is found to be near 20%. These uncertainties may introduce an error in the
selection of emission factors of about 20%. Other uncertainties may come from the spatial
grid resolution. The estimation of travel distance along each road type in each grid cell has
an error of 10-15%. The uncertainty of the spatial distribution of population density,
commercial activity and small industries in each grid cell of the urban area is about 40%. In
general, the error in the estimation of the emissions of carbon monoxide and nitrogen oxides
in the MABA are expected to be around 40%.

5. Air pollutant concentration estimations

5.1 Brief description of the urban atmospheric dispersion model used

Urban background concentrations of CO and NO; in the Metropolitan Area of Buenos Aires
have been estimated applying the urban atmospheric dispersion model DAUMOD(v.2) to
the area sources described above. This model has been developed and introduced in former
papers (Mazzeo & Venegas, 1991, 2010; Venegas & Mazzeo, 2002; 2006b). However, a brief
description of its main considerations and assumptions is included below.

The DAUMOD model (Mazzeo & Venegas, 1991) is an urban atmospheric dispersion model
valid for steady-state conditions. It is assumed that effluents are emitted continuously from
the surface. The x-axis is in the direction of the mean wind and the z-axis is vertical. At a
given distance, the vertical extension of the plume of contaminants is given by h(x).
Concentration at h(x) is negligible and there is no transport of mass through the upper limit
of the plume. The variation of h(x) is parameterised in the model by potential functions

given by (Mazzeo & Venegas, 1991),
b
h=a["j ®
Zo Zo

where z is the surface roughness length and coefficients 2 and b depend on atmospheric
stability (Mazzeo & Venegas, 2010). Other basic assumption included in the model is that
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background air pollutant concentration [C(x,z)] can be expressed by the following
polynomial form:

C(x,2) = C(x,O)j §0A~ (}ZJJ 4)

Coefficients A (j=0,...6) depend on surface roughness and atmospheric stability (Mazzeo &
Venegas, 2010) and have been computed by fitting Equation (4) to the results given by the
following expression (Pasquill & Smith, 1983):

s
C(x,2z) = C(x,0) exp{4.605(Z] ] )
m

where s is a shape factor which depends on atmospheric stability and surface roughness
(Gryning et al., 1987) and zr, is the height at which concentration is 0.01C(x,0). The height z,
is usually considered to be the upper limit of the plume, so it is assumed h= z,,. Considering
different atmospheric stability conditions, the coefficients (Ao, Ay,....A¢) of the polynomial of
grade 6 are obtained for each fitting. There are excellent fittings of polynomial forms (given
by Equation (4)) to values obtained from Equation (5), with coefficients of determination of ~
1.0 (the reader can find details of these results in Mazzeo & Venegas, 1991).

In an urban area, a horizontal distribution of area sources with strength varying according
to a typical square grid pattern may be assumed. Each grid square has a uniform source
strength Q; (i=0,1, 2, ..., N) expressed as mass per unit area per unit time. According to the
DAUMOD model C(x,z) can be estimated by:

l{QD Xb + i Qi Qi) (x— Xi)b
Clxz) = i=1

(4,

where k; is the von Karman’s constant and u- is the friction velocity.

A constant wind direction is required for application of Equations (6). It has been noted
from the applications of Equation (6) that estimated concentration at any receptor is mainly
originated from the emission in the grid square in which the receptor is located. This is
because area source distributions in a city are generally quite smooth and, the contribution
of upstream grid squares (from Equation (6)) rapidly reduces with distance to the receptor.
The simplification of assuming that the uniform area source strength Q; only varies with x
(in the wind direction), suppose to consider a “narrow plume” hypothesis. This assumption
has also been included in other simple urban dispersion models (Arya, 1999; Gifford, 1970;
Gifford & Hanna, 1973). The spatial resolution of the model calculations is given by the
resolution of the area source emission inventory.

The performance of DAUMOD model in estimating concentrations has been evaluated
comparing estimated and observed concentration data from several cities. Results for
Bremen (Germany), Frankfurt (Germany) and Nashville (USA) have been reported in
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Mazzeo & Venegas (1991) and for Copenhagen (Denmark) can be found in Venegas &
Mazzeo (2002). The comparison of DAUMOD estimations of background air pollutant
concentrations with observations in the city of Buenos Aires can be found in Venegas &
Mazzeo (2006b). Results show that the performance of the model in estimating short-term
concentrations (hourly and daily) is good and it improves when estimating long averaging
time values (monthly and annual). Several applications of different versions of DAUMOD to
Buenos Aires have been reported in former papers (Mazzeo & Venegas, 2004, 2008, 2010;
Mazzeo et al., 2010; Pineda Rojas & Venegas, 2008, 2009, 2010; Venegas & Mazzeo, 2005,
2006a; 2006b).

At present, photochemical transformations involving NO, NO; and O3 are not included in
DAUMOD model. However, DAUMOD(v.2) estimates concentrations of NO; on the basis of
an empirical relationship between NO; and NOx (Derwent & Middleton, 1996; Dixon et al.,
2001; Middleton at al., 2008). The concentration of NO; is calculated using the polynomial
expression (CERC, 2003; Derwent & Middleton, 1996):

[NOz] =2.166 - [NOx] (1.236 - 3.348 B + 1.933 B2 - 0.326 B?3)

where B= logi0o([NOy]) and [NO,] is hourly-averaged concentration in ppb.

An application of DAUMOD(v.2) to estimate the influence of NOx emitted from area sources
in the Metropolitan Area of Buenos Aires on the air quality of the city of Buenos Aires have
been reported in Venegas & Mazzeo (2007).

5.2 Application of DAUMOD model to area source emissions in the Metropolitan Area
of Buenos Aires

The DAUMOD(v.2) model is applied to area source emissions in the MABA, to estimate
hourly ground level background concentrations of CO and NO; in the area. Calculations are
performed considering three years of hourly meteorological information registered at the
weather stations of the Argentine Meteorological Office located at the domestic airport (in
the city of Buenos Aires) and at the international airport (in the Greater Buenos Aires, 30 km
southwest the city of Buenos Aires). The spatial resolution used in calculations is 1x1 km.
One consideration to take into account is that this modelling approach does not produce 3-
dimensional wind fields, so land-sea breezes are not modelled. Breeze circulations over the
wide estuary of the river could bring pollutants back to the receptor area. However, the
frequency of atmospheric recirculation events over the city is small: 8% in summer, 7% in
autumn, 5% in winter and 7% in spring (Venegas & Mazzeo 1999). In this way, it is expected
that this modelling limitation will not significantly affect the results.

5.2.1 Concentrations of CO in the MABA

Three years of hourly and running 8-h average ground level CO concentrations are
estimated for the entire MABA. As expected, estimated CO concentration values are higher
in the city of Buenos Aires than in the Greater Buenos Aires.

Hourly CO concentrations are all below the air quality standard value of 35ppm (Res.
198/06 city of Buenos Aires and Res. 242/97 Province of Buenos Aires). The highest hourly
concentration value resulted 25.7ppm and appeared at downtown of the city of Buenos
Aires. In order to illustrate the spatial distribution of CO concentration in the MABA, Fig. 9
shows the computed hourly CO concentrations at rush hour in the evening (20:00), averaged
over the three years.
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Fig. 9. Mean hourly ground level CO concentrations for rush hour in the evening (20:00)

Also, as an example, the spatial distribution of mean (three years average) running 8-h
average ground level CO concentrations in the MABA for the period 08:00-16:00 is shown in
Fig. 10. The highest running 8-h average CO concentration (Csp) estimated for the three
years is 16.1ppm. This value is greater than the air quality standard value (9ppm)
established for the MABA. However, as can be seen in Fig. 11, the highest mean annual
frequency of Cgn > 9ppm at one grid cell reaches 118 cases and appears in the downtown
area of the CBA. This value represents the 1.3% of the annual cases of running 8-h average
concentrations. Therefore, the air quality regulation for the CBA (Res. 198/06) is
accomplished as it requires that 98t percentile of annual cases (considering three years)
should be below 9ppm. The analysis of the situations with Cg, > 9ppm reveals that 41% of
these cases affect areas of 1km?2 (Fig.12). Only in 10% of the cases the extension of the
affected areas is between 16-35 kma2.

Fig. 13 shows the frequency distribution of the running 8-h average CO concentrations
greater than 9ppm obtained during the three years according to the end hour of the 8-h
period. Most exceedances are associated to high emission values during the evening (when
most people returns home) and nocturnal atmospheric conditions (low wind speed, neutral
or stable atmospheric stability). Monthly distribution of the estimated running 8-h average
CO concentrations greater than 9ppm is included in Fig.14. These situations are more
frequent between May and August, during late autumn and winter.
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Fig. 10. Estimated mean running 8-h average ground level CO concentrations (period: 08:00-
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Fig. 11. Annual mean number of cases with running 8-h average CO concentration greater
than 9ppm.
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Fig. 12. Frequency distribution of the affected area (km?2) of the situations with running 8-h
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5.2.2 Concentrations of NO: in the MABA

Three years of hourly NO, ground level concentrations are estimated for the whole MABA.
The higher NO, concentration values are obtained at downtown of the city of Buenos Aires
and along the highways of the Metropolitan Area of Buenos Aires. The highest hourly NO»
concentration estimated in the three years period is 184ppb, at downtown. Hourly
concentrations are below the air quality standard (200ppb) for the city of Buenos Aires (Res.
198/06, city of Buenos Aires) and for the Greater Buenos Aires (Res.242/97, Province of
Buenos Aires). The spatial distribution of the mean hourly NO; concentrations for the rush
hour in the evening is shown in Fig. 15. These results are the hourly values obtained for
20:00 averaged over the three years.

The spatial distribution of annual mean NO, concentrations in the MABA is included in Fig.
16. The concentration distribution pattern shows a large spatial variability across the urban
area. Different areas with high concentration values can be identified, as highways, areas
with dense traffic and close to the airports. NO, annual concentration may reach 28ppb
downtown. All values are below the air quality standard (53ppb) for the CBA (Res. 198/06,
city of Buenos Aires) and for the GBA (Res. 242/97, Province of Buenos Aires).

de la Plata River

Fig. 15. Mean hourly ground level NO, concentrations for rush hour in the evening (20:00)

As mentioned above, model results indicate that NO, hourly background concentrations
may exceed the air quality guideline proposed by the World Health Organisation (100ppb)
(WHO, 2006b) at some places in the MABA. The mean annual number of hourly NO;
concentrations that exceed 100ppb at each grid cell is shown in Fig. 17. Most exceedances
occur in the city of Buenos Aires, where they may reach a maximum of 50 cases per year at
one grid cell located downtown. In the Greater Buenos Aires, hourly NO, concentrations
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greater than 100ppb have been obtained in the Northern and Southern highways. These
highways constitute two main entrances to the CBA. Also, exceedances are obtained close to
the international airport located in the GBA, approximately 30km southwest the CBA.

- N O

Fig. 17. Annual mean number of hourly NO; concentrations greater than 100ppb.
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The analysis of the situations with hourly NO; concentrations greater than 100ppb obtained
in the three years, reveals that the extension of the affected area is 1km?2 in 29% of the cases
but it may reach a maximum of 43km? (1%) (Fig. 18). As shown in Fig. 19, high values of
hourly NO; concentrations are obtained mainly during rush hours in the morning (07:00 to
09:00) and the evening (18:00 to 22:00). The frequency of values greater than 100ppb is
higher in the evening/night than in the morning. High vehicle emissions and reduced
atmospheric dispersion conditions are responsible for this result. Situations with hourly

NO; concentrations greater than 100ppb in the MABA are more frequent from May to
August (Fig. 20).
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Fig. 18. Frequency distribution of affected areas (km?2) with hourly NO, concentrations
greater than 100ppb.

w
o

N
13,1

20

Frequency distribution (%)
o

0 : I- : : -‘I

123 456 7 8 91011121314 1516 17 18 19 20 21 22 23 24
Hour

Fig. 19. Daily distribution of hourly NO, concentrations greater than 100ppb.
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Fig. 20. Monthly distribution of hourly NO, concentrations greater than 100ppb.

6. Summary

This chapter presents the results of a high spatial and temporal resolution version of the
area source emission inventory of carbon monoxide (CO) and nitrogen oxides (NOy), and
the evaluation of the air quality in the Metropolitan Area of Buenos Aires (MABA). The
inventory includes mobile sources (passenger cars/taxis, buses and aircrafts) and fixed
sources (emissions arising from residential, commercial and industrial buildings). Its main
originality is that it deals as much as possible with distinctive on-road traffic features in
order to describe more accurately the emission distribution at a scale comparable to that of
the air quality models. The emission inventory for the Metropolitan Area of Buenos Aires
can be characterised by the presence of an important contribution of CO and NOx emitted
from mobile sources. Mobile sources contribute with 99.4% of CO and 80.6% of NOx annual
emissions of area sources in the MABA. Annual area source emission rates estimated for the
city of Buenos Aires are 324.7 Gg-CO yr! and 22.9 Gg-NOj yr! and for the Greater Buenos
Aires are 294.6 Gg-CO yr! and 43.9 Gg-NOy yrl. Therefore, for the MABA annual area
source emissions result 619.3 Gg-CO yr! and 66.8 Gg-NO, yr-l. Spatial distributions of
carbon monoxide and nitrogen oxides emissions show an appreciable variation across the
MABA. The urban atmospheric dispersion model DAUMOD is applied to evaluate the air
quality in the MABA due to the contribution of area source emissions in the urban area.
Estimations of horizontal distributions of CO and nitrogen dioxide (NO.) background
concentrations in the MABA are presented. Air quality regulations established for CO and
NOy in the MABA are accomplished. The analysis of running 8-h average CO concentrations
greater than 9ppm reveals that 41% of these cases affect areas of 1km2 Only in 10% of these
cases the affected areas show extensions between 16-35 km2. Model results indicate that NO»
hourly background concentrations may exceed the air quality guideline proposed by the
World Health Organisation at some places in the MABA. Most exceedances occur in the city
of Buenos Aires, where they may reach a maximum of 50 cases per year at one grid cell
located downtown. In the Greater Buenos Aires, hourly NO; concentrations greater than the
air quality guideline have been obtained in the Northern and Southern highways. The
analysis of the situations with hourly NO» concentrations greater than the air quality
guideline reveals that the extension of the affected area is 1km?2 in 29% of the cases but it
may reach a maximum of 43km?2 (1%).
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1. Introduction

The natural equilibrium of atmospheric gases has been maintained for millions of years, but
with the beginning of the industrial age, it became more fragile due to human activity. In the
Intergovernmental Panel on Climate Change Report (IPCC) named “Climate Change 2007”
(IPCC-AR4, 2007) it is specified that “the keep going emissions of the greenhouse gases (GHG)
at/over current rate, will cause in the future global warming and will induce more global climate
changes in the 21st century than those of 20th century”. More than , in the coming IPCC Report
named “Carbon cycle including ocean acidification (CCT)” (IPCC-ARS5, 2010) is stipulated
that ocean acidification will be a further critical and direct consequence of increasing
atmospheric GHG concentrations.

In 1886, the chemist Svante Arrhenius (Nobel prize for Chemistry in 1903) calculated for the

first time the CO; contribution (from fossil fuel combustion) to climatic changes and used for

the first time the term of “greenhouse effect”. Almost 100 years were necessary for the
confirmation of Arrhenius predictions about the evolution of global climatic factors, and the
fact that CO; is the main greenhouse gas, with a contribution of 55% to Global Warming Effect.

The first IPCC Report (IPCC-FAR, 1990) draws the conclusion about the possible existence

of a global warming phenomenon. The second IPCC Report (IPCC-SAR, 1995) shows the

contribution of humans to global warming and predicts a major warming in the 21st

century. The third IPCC Report (IPCC-TAR, 2001) affirms a very probable (60% - 90%)

warming for the next century. In the IPCC-AR4 Report (IPCC-AR4, 2007) adds for the

understanding of the impact of climate changes over the vulnerability and the adaptation of
the environment, the most relevant scientific, technical and socio-economical information

from more than 1500 scientific papers. This report accepts with a probability of over 90%

that the emission of greenhouse gases and not the environmental conditions gives the global

warming effect.

The IPCC Guide from 2006 makes an inventory of gases from atmosphere and distinguishes

between:

a. gases with GWP (Global Warming Potential) listed in IPCC 2001: CO,, CHy, N2O, hydro
fluorocarbons, per fluorocarbons, SFs, NF3, SFsCF;, halogenated ether, C4FoOC,Hs,
CHF,OCF,OC,F;OCHF,, CHF,OCF,OCHF,; and other halocarbons CFsl, CH,Br2,
CHCI3, CH;Cl, CHxCl.
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b. gases without GWP: C3F7C(O)C2F5, CyF16, C4Fe, CsFg and C4FsO.

As a follow-up of these reports, the scientific community had started a cycle of research
programs having as scientific goal the complex study (emission sources, consumption
sources, the balance of changes between the components of environment etc.) of these gases
and the effect produced by them (Projects CARBOEUROPE, AEROCARD, CHIOTTO,
Global Carbon Project, IGOS, NACP etc).

The CO; it is an important green-house gas and it level in the atmosphere has significantly
increased from 280 ppm in the pre-industrial era to current 380 ppm. The first increase of 50
ppm occurred during a period of ca. 200 years, starting with the beginning of the industrial
revolution until 1973. Between 1973 and 2006 the concentration of CO, increased with
another 50 ppm.

The Global Warming Potential (GWP) for CO; is conventionally choose as 1, i.e. the
atmospheric residence time between 50 and 200 years, and its contribution to the
greenhouse effect is ca. 52 %.

According to IPCC Report (IPCC-AR4, 2007), the contribution of anthropic CO; is
predominant, and the main anthropic sources are:

- the energetic sector 30 %

- industrial processes 20 %

- fuels used in transportation 20 %

- burning of biomass 9.1 %

- processing and distribution of fossil fuels 8.4 %

- other sources 12.5%

According to IPCC estimations, the increase of CO; concentration in the atmosphere leads to
climate changes and will produce a global warming of the planet through the greenhouse
effect.

The monitoring of the global levels of CO; is the concern of American government since
about 30 years. The National Oceanic & Atmospheric Administration - Earth System
Research Laboratory (NOAA-ESRL) performs measurements for main greenhouse gases in
about 68 locations spread all over the world. According to NOAA data, the concentration of

CO; has an ascending trend. Figure 1 shows the CO; variations in Mauna Loa for the period
of 2003-2008 according to NOAA-ESRL source.

RECENT MONTHLY MEAN CO, AT MAUNA LOA

390

385
380 N

375 po

€O, CONCENTRATION (ppm)

L
November 2007

370

2003 2004 2005 2006 2007
YEAR

8
@

Fig. 1. Variation of the monthly average of CO; in Mauna Loa
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At the European level, the Carboeurope-Clusters Program (CarboEurope) carries out
measurements of atmospheric CO, concentrations in 61 locations in 17 countries. This
program contains eight different projects working together to contribute to the
understanding of the carbon cycle at the European level. The projects involved in this
program are: AEROCARB, CAMELS, CARBOAGE, CARBODATA, CARBOEUROFLUX,
CARBOEUROPE GHG; CARBOINVENT, CHIOTTO, CARBODATA, TACOS,
EUROSIBERIAN  CARBONFLUX, FORCAST, GREENGRASS, RECAB, TACOS-
INFRASTRUCTURE, and TCOS SIBERIA. Two other projects, CARBOMONT and
SILVISTRAT are associated to this program.

In 1998 Idso and co-workers (Idso et al., 2001) introduced the term ““urban DOME” for the
persistence of CO, over the urban cities as a result of anthropogenic contribution to CO»
budget. After that, several individual studies regarding to CO; variation in urban areas have
been reported (Day et al., 2002; Idso et al.,, 2002). These studies showed that the
concentration of CO; in urban area is higher that the CO; concentration in rural area and
this fact is a consequence of human activities. A literature review about these results is
presented in this chapter.

Methane (CHy) is another important greenhouse gas, with GWP = 25 and a residence time
of more than 100 years. It is produced both naturally and through human activities. The
global mixing ratios of CHy in the atmosphere have more than doubled since the pre-
industrial period, rising from around 750 ppb (parts per billion) in 1800 (Simpson et al.,
2002; Dlugokencky et al., 2003) to the current level of around 1770 ppb (NOAA-ESRL). The
global trend of the methane concentration in the air is ascending, with a rate of increase of
5-10 ppb/year, and for the period 1984-2004 this tendency is shown in Figure 2.
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Fig. 2. The variation of the global average concentration of CHjy. (source NOAA-ESRL)

The main natural source of methane are dominated by wetlands. The primary way for CHy
transformation is its destruction in the atmosphere by hydroxyl radicals (Prinn et al., 1995,
2001). Some CHy is also oxidized by microorganisms (called methanotrophs), which use CHy
as a source of carbon and energy. Tropospheric CHy is eventually oxidized to carbon
dioxide; its atmospheric lifetime is estimated to be 8-12 years (NOAA-ESRL; Cunnold et al.,
2002; IPCC-AR4, 2007).

It is estimated that the contribution of methane to the greenhouse effect is 18%, and the most
important sources are:

- Residual agricultural products 40%

- Processing and distribution of fossil fuels 29.6%
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- Storage and processing of domestic waste 18.1%

- Burning of biomass and grazing 6.6%

- Other sources 4.8%

In the IPCC Report (IPCC-TAR, 2001) is suggested that the natural sources account for ca.
40% of total methane sources. Aikawa (Aikawa, 2006) indicates that the transportation
contributes 1.1% of CH4 emissions in Japan and suggests that there is a small influence of
methane emissions from mobile sources on the concentrations in ambient air. The possible
evolution of anthropogenic methane emissions at global level has been discussed by Cofala
(Cofala et al., 2007) who predicts an increase of CHy emissions from 250 Tg/year in 1990 to
420 Tg/year in 2030.

Carbon monoxide (CO) is the most significant polutant. It has a short life time in the
atmosphere due to its reaction with other atmospheric components, such as hydroxyl
radicals. It has an indirect radiative effect by increasing the concentration of methane and
troposperic ozone. In urban areas, CO reacts photochemically with aldehydes, to produce
peroxy radicals. These radicals react with nitrogen oxide, to form nitrogen dioxide, which is
the main responsible for the formation of the fotochemical smog.

Through natural processes, the CO can be oxidized to CO,, thus contributing to the increase
of the later in the atmosphere. Thus, through resulting products the anthropogenic CO can
indirectly contribute to the greenhouse effect and to the global warming,.

Anyway, even if CO, and CHy are the main greenhouse gases, with a contribution of more
than 70% (CO2 55%, CH4 15%) on global warming (IPCC-AR4, 2007), for a good estimation
of these two gases to the Global Warming Potential (GWP) in urban areas it is necessary to
take into account the indirect contribution of CO which is not a greenhouse gas but changes
the atmospheric chemistry and the abundance of other greenhouse gases. CO is a key air
pollutant which can be utilized like tracer in the separation of CO, and CH4 from biogenic
and anthropogenic sources (Daniel & Solomon, 1998).

Different studies (Daniel & Solomon, 1998; Fuglesvedt et al., 1996; Prather, 1996 cited in
IPCC-TAR, Chapter 4, 2001) estimate the indirect GWP of the CO due to O3 production and
to feedbacks on the CH4. This approach was made using a box model and estimate the
indirect GWP of CO for time horizons of 20, 100, and 500 years. The indirect GWP value due
to CO is gave in table 1.

Authors/Models Indirect Global Warming Potentials of
CO, Time horizon

20 years 100 years 500 years

Daniel and Solomon (1998): box model 2.8 1.0 0.3
considering CH4 feedbacks only
Fuglestvedt et al. (1996): two-dimensional 10 3.0 1.0

model including CH, feedbacks and
tropospheric O3 production by CO itself

Johnson and Derwent (1996): two-dimensional - 21 -
model including CH, feedbacks and
tropospheric O3 production by CO itself

Table 1. Estimated Indirect Global Warming Potentials of CO for time horizons of 20, 100,
and 500 years, (source IPCC-TAR, 2001)
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Regarding to long time measurement of CO, concentration in urban area as well as the
variation of meteorological parameters allow to understanding the rule of the ecosystem
functioning and meteorological parameters over inter-annual variation in carbon fluxes. The
inter-annual variation of CO, fluxes has been typically studied either by modeling
approaches (Higuchi et al., 2005; Ito et al., 2005; Bergeron & Strachan, 2011) or by correlation
coefficient analyses together with meteorological parameters (Aubinet et al., 2002; Aurela et
al., 2004; Wohlfahrt et al.,, 2008). These studies showed that, the CO, flux is strongly
influenced by biological vegetation cycle and the variation of meteorological parameters.
Thus the maximum value of CO; is registered during the cold season while the minimum
value of CO, was registered during the summer. Another study (Sottocornola & Kiely,
2010), show that the wet conditions favored the CO, uptake by the ecosystem in autumn
and in winter, while the warmer and dryer weather reduce the sequestration of CO; in the
ecosystem. A study performed in urban and sub-urban area of Montreal (Bergeron &
Strachan, 2011) showed that the CO; flux is also influenced by the anthropic activity.
According to this study, “Lower emissions at the suburban site are attributed to the large biological
uptake in summer and to its relatively low population density inducing low anthropogenic emissions.
Higher emissions at the urban site are partly associated with its greater population and building
density, promoting higher emissions from vehicular traffic and heating fuel combustion. Vehicular
traffic CO; emissions influenced the diurnal cycle of CO; fluxes throughout the year at the urban site.
At the suburban site, summer CO; fluxes were dominated by vegetation sources and sinks as daytime
CO; uptake occurred and CO; fluxes responded to incoming light levels and air temperature in a
fashion similar to natural ecosystems. To a lesser extent, the vegetation component also helped offset
CO; emissions from other sources in summer at the urban site.”

This chapter will present the results of a case study of CO,, CHy and CO variations during
one year in three selected cities from Romania with different anthropic activity. In order to
identify the influence of biogenic and anthropogenic sources to the budget of mentioned
greenhouse gases the 13CO, and 13CHj isotopic composition have been determinate.
Experimental results were finally correlated with meteorological parameters.

2. CO; in urban area

2.1 Trends of CO; variation in urban areas. A literature review

The problem of urban carbon dioxide came into the attention of scientists in the year 1998,
with the discovery and characterization of the urban CO, dome of Phoenix, Arizona, USA
by Idso and col. (Idso et al., 2001). Early work found that under certain meteorological
conditions, urban CO, concentrations could be as high as 550-600 ppm (some 200 ppm
higher than the surrounding countryside) (Idso et al., 2002). Soegaard and Moller-Jensen
(Soegaard & Moller-Jensen, 2003) studied the urban CO, dome of Copenhagen and
indicated that "traffic is the largest single CO; source in the city," and demonstrate that
"emission rates range from less than 0.8 g CO, m2 h' in the residential areas up to a
maximum of 16 g CO, m2 h-! along the major entrance roads in the city center."

Following these studies, research regarding the urban CO, domes has been performed in
many other parts of the world (Table 2). The results obtained from studies conducted in
several cities from all over the world, show several commonalities. Thus, anthropogenic CO>
emissions are the primary source of the urban CO, dome; the dome is generally stronger in
city centers, in winter, on weekdays, at night, under conditions of heavy traffic, close to the
ground, with little to no wind, and in the presence of strong temperature inversions. These
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conclusions are in agreement with the data provided by Commonwealth Scientific and
Industrial Research Organisation (CSIRO) which indicate that typical concentrations of CO»
in urban areas is situated between 350 and 600 ppm and depend on meteorological
parameters and urban agglomeration.

Pl ¢ Period of
Authors aceo measuremen | CO;range concentrations
measurements ¢
Melbourne, February - . .
Coutts A. M. Australia July, 2004 355 - 380 ppm (daily mean concentration).
DayT. A. . March - . .
otal. Phoenix, USA April, 2000 377 - 396 ppm (daily mean concentration)
George K. Baltimore, USA 2007 488 in urban area, 442 in sub-urban area, 422 in
etal. rural area
270 - 325 ppm in Islamabad,
289 - 389 ppm in Quetta,
. Six cities, 316.5 - 360 ppm in Karachi,
Ghauri B. Pakistan 2003 - 2004 324.1 - 380 ppm in Lahore
295.2 - 356 ppm in Rawalpindi,
312 - 382 ppm in Peshawar.
367 £ 29 ppm in 1995 (montly mean variation)
Gratani L. Rome, Italy 1995 - 2004 477 + 30 ppm in 2004 (montly mean variation)
etal. 414 £ 25 ppm green zone
505 + 28 centrale zone
. July 11- . L
Grimmond . 338 - 370 ppm (diurnal variation)
etal. Chicago, USA fgt;gSust 14 405 - 441 ppm (nightly variation)
390.2 £ 0.2 ppm (minimum daily concentration)
IdsoS. B 424.3 - 490.6 ppm (maximum daily
¢ al T Phoenix, USA 2000 concentration)
etak 619.3 ppm (maximum daily concentration in
cold season)
Kasprowy &Zgiﬁ;n (monthly mean variation in Kasprowy
KucT.etal. | Wierchand 2000 .
370 - 430 ppm (monthly mean variation in
Krakow, Poland
Krakow)
Moriwaki R. October- . .
ot al. Tokyo, Japan Nov.,, 2005 380 - 580 ppm (daily mean concentration).
Nasrallah Kuwait City, 1996 - 2001 368 - 371 ppm (daily mean concentration at 7
H.A. etal. Kuwait metter high).
Velasco E. Mexico city, ]Aune ut_l 4 398 - 444 ppm (daily variation)
etal. USA 1 9%%115 ! 421 ppm (daily mean)

Table 2. Overview of urban CO, measurements

Taking in to account the concentration of CO, from the cities, some of researches were
focused on the impact of local CO; emissions over local temperature. Thus, Balling et al.
running the CO, concentration though a radiation model calculated that local CO, emissions
modify the local temperature with more than one-tenth of one degree Celsius. In fact, Balling
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et al. sugest that this increasing of temperature is insignificant by comparing it to the overall
urban heat island in Phoenix which typically adds 5 to 10 degrees C. (Balling, Jr., et al., 2001).
Recently, Jacobson (Jacobson, 2010) found that domes form above cities more than a decade
ago, cause local temperature increases that in turn increase the amounts of local air
pollutants, raising concentrations of health-damaging ground-level ozone, as well as
particles in urban air. Also, this study has shown that “CO, dome” that develops over urban
areas is a local problem, which creates much more health problems than in rural areas.

The conclusions of Jacobson about the human health effects of CO, created many
controversies; therefore, more research is necessary on the measurement of CO, variation
over the urban areas.

2.2 CO; variation in three Romanian cities. Case study

The available literature contains no information about the variation of CO, concentrations in
Romania in urban areas. However, the American system of global monitoring of CO»
(NOAA-ESRL) has a station of continuous measurement of the main parameters of air
quality placed in Constanta, which also measures CO; concentrations.

According to NOAA-ESRL data, the variation of CO; concentrations at the Constanta
measurement station has an ascending trend; the yearly average values are between 365
ppm in 1995 and 395 ppm in 2007. According to the same source the concentration of CO»
has a seasonal variation with maxima in the cold season and minima in the warm season.

In order to study the influence of anthropic activity upon the CO; level the study was
performed in three different Romanian cities from Cluj County, as follows:

a. Cluj-Napoca city, 400 000 inhabitants,

b. Turda city, 59 600 inhabitants

c.  Huedin town, 10 000 inhabitants

The case study has been carried out during one year (four seasons) from July 2008 to June
2009.

The measurements were performed monthly (during 8 hours from 8.30 am to 15.30 pm) in
all the three selected locations using a NDIR CO. analyzer model EMG-4. The
measurements of CO; levels were performed in a portable meteorological shelter.

For the estimation of the anthropogenic contribution over the CO, budget in all three
studied areas a reference point situated outside of the cities has been chosen (Roba et all,
2009).

For the Cluj-Napoca city,three measurement points have been selected: one situated in a zone
with intense traffic (Piata Maréasti), one with moderate traffic (Cartier Grigorescu) and a
reference point located in a periphery location (meteorological station in Cartier Gruia).

The results of the measurements recorded in the three locations in the city of Cluj-Napoca
show that during the year the CO, level is strongly influenced by the amplitude of the
anthropic activities. The highest levels were recorded in the location with intense anthropic
activity (Piata Marasti) and the lowest levels in the reference point located outside of the
city. The recorded values are comprised between 380 and 530 ppm (Mardsti), 376-456
(Grigorescu) and 373-444 (reference point).

It was also found that the highest values were recorded during the months of October and
November (during the final period of the biological cycle of plants) and during the winter. It
was also found that starting with the months of March; the CO, concentrations decrease and
become comparable with the summer values (Figure 3).
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For the Turda city two measurement points have been selected: one in the city (Potaisa
School) and another one located outside of the city (Meteo Station).

The results of the measurements in the two locations indicate a concentration difference
between 15 and 20 ppm, depending of the period of measurements. The largest values of
CO; concentration were obtained in the months of October and November, at the end of the
biological cycle of plants and in the winter. The concentrations measured are in the range
380-502 ppm at Potaisa site and 371-450 ppm at the reference point.

In the town of Huedin the measurements were carried out simultaneously in two locations:
one in the interior of the city (Liceul Octavian Goga) and a reference point in the peripheral
area (Meteo Station). The results show a slight difference between the two locations. It was
also observed again that the largest values are recorded in the months of October and
November, i.e. at the end of the biological cycle of plants, and during the winter.

Starting with the month of March, the CO, concentrations decrease to normal values,
comparable to those of the summer. The values recorded are in the range 355- 433 ppm
(Octavian Goga site) and 350-411 ppm (reference point).

A comparison of the measured values carried out in different locations shows that the CO»
concentrations depend on the size of the town, the highest values being recorded in Cluj-
Napoca city, followed by Turda and Huedin (Figure 3).
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Diurnal variations were also observed; the highest values were measured in the morning
and the lowest values at the astronomic midday, both in summer and in winter seasons
(Figure 4).
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Fig. 4. Diurnal variation of CO; in urban studied areas

Taking into account the results of this case study we can conclude that the variation of CO»
in studied urban areas is in agreement with other results reported in the scientific literature,
which report that in urban areas the CO; levels are situated between 350 and 600 ppm,
depending on meteorological parameters and urban agglomeration, with the observation
that in the absence of rainfall the CO; level increases both in urban areas and outside.

3. CH; in urban area

3.1 Trends of CH, variation in urban areas. A literature review

Regarding to CHy variation in urban areas there are only a few studies about the level of
methane in urban atmosphere, and these results are reported starting after the year 1980. For
Romania such data are available only after 1995.

According to data from CSIRO the common concentrations of CHy in urban areas have
values between 1700-2500 ppb and are influenced by meteorological parameters and urban
agglomeration. Kuc and co-workers (Kuc et al., 2003) show that, the CH4 level in urban areas
is comprised between the natural level (1650 ppb) and 4200 ppb. Ito and co-workers (Ito et
al. 2000) compared the atmospheric CH4 concentrations recorded in Nagoya with the values
measured at Mauna Loa Observatory in Hawaii (USA) and estimated that the excess
concentration of CHy in the urban atmosphere of Nagoya was 170 ppb in 1988 and 150 ppb
in 1997. A selective bibliography on the subject in presented in Table 3.

3.2 CH4 variation in three Romanian cities. Case study

In Romania, the available literature provides no information about the variation of methane
concentrations in urban areas and no such studies are reported. However, the American
System of Global Monitoring of Air Quality (NOAA-ESRL), has a station of continuous
measurements of atmospheric methane concentrations at Constanta. According to NOAA
data, the concentration of CHy has an ascending trend, with average values comprised
between 1880 ppb in 1995 and 1980 ppb in 2006. According to the same source, the methane
concentration shows a seasonal variation, with maxima in the summer months and minima
in the autumn and spring.
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Authors Place of Period of CHas range concentrations
measurements measurement
Aikawa M. Urban,Sub- 2004 1.80 - 1.84ppm -urban area
etal. urban, 1.78 - 1.80 ppm-suburban area
Nagoya, Japan
Derwent R.G. | Island 1990 - 2003 1.75-2.00 ppm
etal.
Ghauri B. Pakistan 2003 - 2004 0.5-1.7 ppm
etal.
HsuYXK.etal. | California, April 2007 - 1.75-2.16 ppm
USA Feb. 2008
Ito A. etal. Nagoya, Japan | 1983 - 1997 1.85 ppm in 1998,
1.91 ppm in 1995,
1.90 ppm in 1997.
1983 - 1997 increese 13 ppb/year
KucT. etal Kasprowy 2000 1650 ppb Kasprowy Wierch (monthly mean
Wierch concentration)
Krakow, 2000 - 2800 ppb Krakow (monthly mean
Poland concentration)
Sikar E. & La | Urban area, 1998 - 1999 1.80 ppm
Scala N. Brasil
Smith F.A. Mexico City March, 1993 1.8 ppm during the night
etal. 7.971 ppm in the morning
2.001 - 2.999 midle of the day
Thi Nguyen Seul, Korea 1996 - 2006 2.24 + 0.42 ppm urban road-side
Hetal 2.06 + 0.31 ppm urban background
Veenhuysen Amsterdam, 1994 1.75-3.00 ppm
D.etal Netherlands
Wang J.L. Sub-urban 1-27 April, 1.9-3.7 ppm
etal. area, Taiwan 2000

Table 3. Overview of urban CHy; measurements

Our case study has been focused on the measurement of the CHy variation in three urban
areas from Cluj county as described in sub-chapter 2. The study was carried out during one
year (four seasons) from July 2008 to June 2009. The measurements were performed monthly
in all selected areas at the astronomic midday (in Romania at 12.30 h). In all three areas a
measurement point located in the city and a reference point located outside has been selected.
The samples were collected in Cluj-Napoca, in Marasti location in the city and as reference
point at Gruia location. In Turda the measurements in the city were made at Liceul Potaisa,
and the reference point at the Meteo station. In Huedin the measurements were made at
Liceul Octavian Goga in the town and the reference point was the meteo station.

For atmospheric CH; measurements, the air samples where collected by the flask sampling
method and analysed by gas chromatography technique (GC) coupled with a flame
ionisation detector (FID) (Cristea et all., 2009).

The results show a signficant variation of atmospheric methane, depending on the season
and the urban aglomeration degree. Thus, the highest values were recorded in the city of
Cluj-Napoca (11.5 ppm in April 2009) and the lowest values were recorded in the month of
August 2008 (2.5 ppm).
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In Turda the concentrations of atmospheric methane were comprised between 2.2 and 8.6
ppm, with the lowest values measured in August 2008 (2.2 ppm) and the highest values
recorded in April 2009 (8.6 ppm).

In Huedin the concentrations of methane were measured between 1.4 and 7 ppm, with the
lowest values recorded in July 2008 (1.4 ppm) and the highest ones in April 2009 (7 ppm).
Significant differences are also bserved between te methane concentrations in the interior of
the cities and the reference points located outside. These differences were recorded
throughout the experiments, which leads to the conclusion that the anthropic activities, the
automobil traffic in particular, are an important source of methane in the urban atmosphere.
The analysis of the methane concentrations in the three areas investigated indicates a similar
profile for the measurements in the interior of the cities, with minima in the summer months
and maxima during the spring. This may be attributed to the absence of rains in the spring
(March-April). In May 2009, when the precipitations started, the concentration of
atmospheric methane became closer to the values measured at the reference points.

For the reference points, the values of the atmospheric methane concentrations are in the
range 2.1-4.2 ppm in Cluj-Napoca, 1.7-3.5 in Turda and 1.4-2.9 ppm in Huedin. As for the
measurements in the city, a slight increase of the concentrations were observed in the spring
period of 2009, due to the lack of precipitations.

CH4, Cluj-Napoca City CH4, Turda

—8— Reference Point —=—Reference point

CH4 [ppm]
CH4 [ppm]
o

E3

"
~

CH4 [ppm]

CH4, Huedin

0. Goga
—&— Reference Point

CH4Tppm]

N

CH4, urban areas - Cluj County

| —— Cluj-Napoca|
—&—Turda
- 4~ Huedin

9‘{&

o

Fig. 5. The variation of methane concentration in the urban areas of Cluj county locations.
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The results of our measurements indicate that the atmospheric CHy level in urban areas is
strongly influenced by the size of the urban aglomeration as well as by the meteorological
parameters. These results is in agreement with other results from scientific literatures.

4. CO in urban areas

4.1 Trends of CO variation in urban areas. A literature review

According to World Health Organization data (WHO, 2000), in the main European cities the
average atmospheric CO concentration is situated under 2 mg/m?3 air, with a maximum
concentration lower than 6.0 mg/m3 air. At global level, the concentration of CO is
composed between 0.05 and 0.12 ppm in the air. This concentration is an average between the
values measured in urban and rural areas. In rural areas the CO concentration is due mainly to
natural processes, but in urban areas it is strongly influenced by anthropic activities.

The CO concentration in the air of urban zones depends upon the density of combustion
sources, the topography of the measurements location, the meteorological conditions and
from the distance between the measurement point and the auto traffic routes.

The monitoring of CO in USA is carried out since 1980; currently, there are 243
measurement stations distributed all over the USA territory. According to EPA Reports
(EPA, 2009), the concentration of CO decreased in the period 1980-2006 from 14 ppm to 3
ppm.

In Europe, the monitoring of CO in urban areas is 20 years old. Several European projects
were in action, to evaluate the exposure of the population to CO, and the measurements
were carried out both with fixed and mobile stations. According to WHO data (WHO, 2000)
in large European cities the CO concentrations (during 8 hours measurements) are situated
bellow 20 mg/m3 in the air, and the maxima are not higher than 10 mg/m3 in the air.

The first network for the measurement of pollutants resulted from anthropic activities was
created in France in 1979 under the name AIRPARIF and measures the daily, monthly and
annual concentrations of NOx, SO,, O3, PM, CO and of some organic compounds. According
to this source, the CO concentration in the Paris region decreased from 4000 pg/m? air in 1994
to 1200 pg/ m?3 air in 2006. In 2004 started measuring background measurements. The variation
of annual average decreased from 500 de pg/m3 air in 2003 to 400 pg/m? air in 2006.

In Great Britain, the measurement of the concentrations of atmospheric pollutants dates
from 1973; currently, there are more than 100 station in urban zones for continuous
monitoring of the air quality parameters. In London, the quality of air is monitorised by as
many as 30 stations. The network was created in 1993 under the name London Air Quality
Network (LAQN), and since 1997 this network also measures the evolution of daily CO
concentrations.

At the European level functions the European Environment Agency (EEA) with 32
members: all the 27 EU member countries, also Island, Liechtenstein, Norway, Switzerland
and Turkey. Under the coordination of EEA was created the European Environment
Information and Observation Network (EIONET), with the role of processing and validating
the data from the stations of the member countries connected to this network. The
information is available as Reports to interested users. Among the workstations connected
to EIONET, 163 measure the concentrations of CO. According to EEA data, the
concentration of CO at the European level decreased from 1 mg/m?3 air in 1995 to 0.5 mg/m3
air in 2005.
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In addition to the data from the monitoring stations there are numerous studies about the
determination of CO concentrations in urban zones all over the world. A synthesis of these
results is given in Table 4.

A Place of Period CO range concentrations
uthors
measurements measurement [ppm]
Chatterton T.et al. Norwich, UK 1997 - 1998 04-109
Chelani A.B. et al. Delhi, India 2000 - 2003 1.66-8.4
Cheng C. S. etal. Canada 1974 - 2000 Montreal: 0.5 - 2.1, Toronto: 0.7 - 3.7
Corti A. etal. Salerno, Italy Not specified 0.55 - 0.85
DEQ-Oregon Portland-SUA 1980 - 1998 13.0-4.7
Emmerson K. et al. Birmingham, UK 1999 - 2000 0.17 - 0.66
EPA USA 1990 - 2006 Washington (decrease from 9 to 2),
New-York (8.6 - 1.8), Los Angeles
(14-4),
Ghauri B. et al. Pakistan 2003 - 2004 Islamabad : 6 - 13; Quetta: 1.9 - 14,
Karachi: 1.6 - 8.0; Lahore: 1.3 - 12;
Rawalpindi: 1.6 - 8
Ghose M. K. et al. Calcutta, India 2003 26-51
Jones S. G. et al. Paris, France 1997 0.38-1.45
Kim S.Y. etal. Seoul , Koreea 2002 0.8-44.0
Kukkonen J. et al. Helsinki, Sweden 1997 01-45
Lijteroff R. et al. San Luis, | 1994 - 1995 3.43-9.17
Argentina
Linden]J. et al. Burkina Faso, | 2004 - 2005 Background: 1 - 9, Traffic: 6.5 - 6.0
Africa
Makra L. et al. Szeged, Hungary 1997 - 2001 0.24 - 0.93
Manning A J. et al. Leek, UK 1997 0.25-4.0
Martin M.L. et al. Bay of Algeciras 1999 - 2001 05-29
Milton R. et al. Londra, UK 2004 - 2005 09-14.9
Muttamara S. et al. Bangkok 1997 8.23 - 26.89
Ni-Bin Chang et al. Kaohsiung, 1995 01-20
Taiwan
Park S. S. et al. Seoul, Koreea 1998 - 1999 1.74 -2.81
Reich S. et al. Buenos Aires 2001 0.60-2.44
Rubio M. A. et al. Santiago City, | 2005 - 2006 0.31 - 3.06
Chile
Sanchez-Coyllo O. Sao-Paulo, Brazilia | 1999 1.20 - 4.00
etal.
Sathitkunarat S. Chiang Mai, China | 2002 09-15
etal.
Shiva Nagendra Delhi, India 1997 - 1999 0.1-18
S.M.
Turias L.]. et al. Campo de | 1999 - 2001 04-45
Gibraltar
Venegas L.E. et al. Buenos Aires 1994 - 1996 Autumn:10,0, Winter: 9.80, Spring

10,7

Table 4. Overview of urban CO measurements
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4.2 Case study Cluj-Napoca city

In Romania, the monitoring of air quality is done by the Agencies for Environment
Protection and follows the concentrations of nitrogen oxides, sulfur dioxide, ozone, BTEX,
material particles, etc. Of these, 53 monitoring stations are connected to the European
EIONET System and 12 stations also measure the concentrations of CO in urban zones.

In the city of Cluj-Napoca, there are four stations for continuous monitoring of air quality,
and beginning with August 2005 the Agency measures the CO concentrations in two
locations in the city of Cluj-Napoca and one in the city of Dej. The measurements in Cluj
county show that the concentration of CO in the atmosphere is much below the admitted
level (10 mg/m?3) and varies between 0.09 and 0.4 mg/m?3 air.

In this case study the measurements were performed daily in Cluj-Napoca at the astronomic
midday (in Romania at 12.30 h) using a NDIR CO analyzer Horiba model APMA-360. The
results showed that the CO level in Cluj-Napoca is less than 1 mg/m?3 with a tendency of
accumulation during the winter season. It is also observed a trend of accumulation during
the spring months, due to the lack of precipitations. Beginning with the end of May, when
the rain regime becomes normal, the values of CO concentrations are around 0.1 mg/m?3 air
(Figure 6).
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Fig. 6. Variation of CO concentrations in Cluj-Napoca in the period July 2008-June 2009

5. Anthropogenic contribution in CO, and CH, budgets

5.1 Isotopic *C0, measurements

Knowledge of the terrestrial CO, cycle will help to understand the climate change
phenomena and to predicting the future atmospheric CO, concentrations and global
temperatures. By estimating the terrestrial CO; cycle, including such factors as emissions,
storages and fluxes and combining this with the isotope compositions of atmospheric CO>
will help to identify the contribution of different factors to the atmospheric CO, budget.
More than the observation of the CO; isotopic composition provides important information
about sources such as fossil fuel combustion and biogenic respiration. The determination of
isotopic concentrations of 13C enforces the analyze of different species of atmospheric CO»
and CHyj collected in situ in glass recipients of different measures (flask sampling) by mass
spectrometry. Thus, Takahashi et al. (2001, 2002) using CO; isotope compositions method
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for investigating the sources of atmospheric CO; observed carbon isotope compositions of
A1C and 613C in atmospheric CO; and estimated the contributions of fossil fuels and biogenic
respiration, while Pataki (Pataki et al., 2003, 2006a,b) observing &3C and 680 isotope
compositions in atmospheric CO, has reported the contribution of natural gas combustion,
gasoline combustion and biogenic respiration over the total atmospheric CO, budget.

To identify sources of carbon and to quantify these sources it is used the Keeling plot (Pataki
et al., 2003). The equation used in the Keeling plot is derived from the basic assumption that
the atmospheric concentration of a substance (CO,, CHy) in air reflects the combination of
some background amount of the substance that is already present in the atmosphere and
some amount of substance that is added or removed by sources or sinks:

Cr=CatCs @

where Cr, Ca, and Cs are the concentrations of the substance in air, in the background of
atmosphere, and that contributed by sources, respectively. Isotope ratios of these different
components can be expressed by a simple mass balance equation:

Cr61=Cada+Cs0s )

where 81, 84, and s represent the isotopic composition of the substance in the atmosphere,
in the background, and of the sources, respectively. By combine Eqs. 1 and 2 it is obtained
equation 3:

01 = Ca (64 -6s)(1/ Cr)+0s ©)

This is a linear relationship with a slope of Ca (6a -0s) and an intercept at the 85 value of the
net sources/sinks in the atmosphere.

According to Pataki (Pataki et al., 2006) the mixing ratios originating from local sources (Cs)
is composed from the CO, mixing of natural gas combustion (Cn) and CO; mixing of
gasoline combustion (Cg):

Cr=Ca+ v+ Cq 4)

Using the values of measured concentrations of CO» (Cr) in the same time and in the same
air as the measurements of &1, and know the 8, 8¢ and Cy it is possible to estimate Cg. The
isotopic mass balance equation in this case is:

01Cr = 88Cs + dNCn + 6cCo ©)

where &7 and O¢ represent the isotopic composition of the CO, results from natural gas
combustion and &g is the isotopic composition of the CO, results from gasoline combustion.
In order to study the effects of the emission and diffusion of CO; from fossil fuel combustion
most of the recent studies have focused on urban areas where CO; is mainly the product of
power plants and transportation. The results of these measurements were correlated with
variations in carbon isotopic composition and its show that while the natural level of 513C
value is —8.02%o, in urban areas the 613C values is down to —12%o for atmospheric CO;. This
difference is given by the increasing input of CO; derived from fossil fuel (Clark- Thorne
and Yapp, 2003, Lichtfouse et al., 2003; Widory and Javoy, 2003, Newman S et al. 2008,
Wada et al 2010).
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5.2 Isotopic ®CH,4 measurements

The carbon isotopic composition (12C, 13C and 4C) of atmospheric methane is used to
estimate the local CHy sources contribution over the CHy budget in a local areas (Moriizumi
et al., 1998)

According to (Miller et al., 2003 cited by Cuna et al. 2008) the methane mixing ratio in air,
[CH4], and its isotopic ratio, 613Ccry, may be derived from three main sources: methane
produced by microbial, [CHy]micr, fossil methane, [CH4]¢, and methane produced from
biomass burning, [CHa]bmb

[CHalr = [CHalmicr, + [CHaltr, + [CHalomb+ [CHalvg @

In equation (1) [CHyJvg is defined as the smoothed marine boundary layer (MBL) at the
latitude of interest (Dlugokencky et al., 1994 cited by Cuna et al. 2008).

Each of these emissions has a more-or-less distinct isotopic signature with bacterial methane
OBCmicr™ 60%o, thermogenic methane 513C¢ ~ 40%o, and biomass burning methane 613Cpmp~
25%o (Quay et al., 1999 cited by Cuna et al. 2008).

S1BC[CHy]r = 613C[CHy]micr, + 613C[CHygr, + 83C[CHaJomp+ 83C[CHalbg (2)

Separating CHy sources using isotopic signatures is complicated by enrichment during
uptake processes such as bacterial CHy oxidation, or methanotrophy (Chanton et al., 2005
cited by Cuna et al. 2008). Thus, the methane mixing ratio changes over time according to
Eq. (3), where [CH4]s is the sum of all sources and 1 is the lifetime of methane with respect to
its destruction by OH and addition from other processes (Montzka et al., 2000; Hein et al.,
1997 cited by Cuna et al. 2008):

d[CH4] / dt = [CHa]s -([CH4]/ T) ©)

The 813C of methane measured in an air sample results from several different sources, such
that

813Cs = §13Cpg + & 4)

In Eq. (4) 813Cs is the flux-weighted isotopic ratio of all sources expressed in & notation,
813Cyg is the atmospheric background isotopic ratio and e is the average isotopic
fractionation associated with these processes (Cantrell et al., 1990 cited by Cuna et al. 2008 ).

Using the values of measured concentrations of methane [CHy]r in the same time and in the
same air as the measurements of 613, it is possible to estimate the contribution of all sources
at the atmospheric methane budget. Thus, Moriizumi (Moriizumi et al., 1998) analyzing the
CH, in Nagoya, Japan found that “the contribution of fossil CHy to local CHy released from the
urban area was calculated to be 10248%, and its 6"3C was —40.8+3.0%o. In a suburban area of
Nagoya fossil, CHy contributed to less than 10% of local release and the calculated value of 613C for
non-fossil CHy was approximately —65%o, which is within the range of reported values of 63C for
CHy derived from bacterial CHy sources such as irrigated rice paddies”. Kuc (Kuc et al. 2003),
measuring the CHy in Krakow found that “The linear regression of 613C values of methane
plotted versus reciprocal concentration yields the average 613C signature of the local source of
methane as being equal to —54.2%.. This value agrees very well with the measured isotope signature
of natural gas being used in Krakow (—54.4+0.6%.) and points to leakages in the distribution network
of this gas as the main anthropogenic source of CHy in the local atmosphere”. Nakagawa
(Nakagawa et al., 2005), using the stable carbon and hydrogen isotopic compositions (613C
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and 6D) of methane quantified the contribution of automobile exhaust to local CH4 budget.
The authors estimated that for local sources, automobile exhaust in Nagoya, Japan,
contribute significant amounts (up to 30%) of CHy to the troposphere in the studied area.
Studies performed in wetlands showed that the isotopic signature &3C of methane is
situated between -67.4 and -53.3%o with lower values in the summer and higher values in
the winter (Cuna et al., 2008; Tarasova et. al., 2006). These values confirm that in the
wetlands, the biogenic CHy is the main source of atmospheric CHy,

5.3 Isotopic *C0, measurements in Cluj county. Case study

In order to study the role of CO; resulted from anthropic activities in the urban atmosphere
of Cluj county, the variation of CO, concentrations and the corresponding 83C values, in
samples collected in the three areas (Cluj-Napoca, Turda, Huedin) were measured (by flask
sampling) during a whole year (July 2008-June 2009). For each area two points of
measurements were selected, one in the city and one reference outside of the city. The
determination of CO, concentrations was done with an infrared gas analyzer, and the
isotopic ratios were measured with a DELTA V Advantage, Thermo Finnigan mass
spectrometer. A graphic representation of the isotopic ratios as a function of 1/ [CO,] gives
a Keeling plot and the value of the intercept of Keeling slope provide information about the
isotopic signature of the source. Depending on the climatic conditions and the size of the
urban agglomeration, correlations between &13C values and corresponding CO»
concentrations were between -11 %o for Cluj-Napoca, -10.0%0 for Turda and -9.0%o. for
Huedin (Tables 5-7). If we consider §13C = -8%o the isotopic composition of natural CO,, the
anthropogenic contribution for CO, budget is higher for Cluj-Napoca and near the natural
level for small town Huedin. As the data in tables show, for the locations in the interior of
the cities, the isotopic values are displaced from the average values by 0.5-1.5 %o compared
with the reference points, which suggests that the CO, source in the urban location is
composed from the zone with §3C = -8%o, with clean air, and an anthropic source which can
be CO; resulted from burning fossil fuels (mainly gasoline and methane) plus a biogenic
source of CO; resulted from the respiration of the local vegetation. The largest difference
occurred in the municipality of Cluj-Napoca (1.376), where the average values of 513C = -

Measurement Time City Point (Marasti) Reference Point
mounth COs (ppm) | 313C (%0) | COs (ppm) | 813C (%o)
July 2008 12.30 386 -8.773 373 -8.670
August 2008 12.30 433 -10.529 409 -8.928
September 2008 12.30 435 -10.683 400 -8.901
October 2008 12.30 530 -10.926 416 -8.936
November 2008 12.30 526 -10.836 444 -8.940
January 2009 12.30 538 -10.200 450 -8.949
February 2009 12.30 773 -11.012 438 -8.939
March 2009 12.30 665 -10.543 455 -8.943
April 2009 12.30 682 -10.657 428 -8.921
May 2009 12.30 458 -9.542 420 -8.901
June 2009 12.30 425 -9.230 395 -8.763

Table 5. Values of CO, (ppm) and &13C ppg (%o) in Cluj-Napoca city
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Measurement Time |City Point (Potaisa) Reference Point
mounth COz (ppm) |813C (%) |COz (ppm) |813C (%o)
July 2008 12.30 {380 -8.797 371 -8.720
August 2008 12.30 |403 -8.826 382 -8.762
September 2008 12.30 |416 -8.802 391 -8.851
October 2008 12.30 1450 -8.973 406 -8.878
November 2008 12.30 (502 -10.620 450 -8.953
January 2009 12.30 |463 -9.274 425 -8.900
February 2009 12.30 |483 -9.560 450 -8.940
March 2009 12.30 |450 -9.200 420 -8.760
April 2009 12.30 |490 -10.146 435 -9.120
May 2009 12.30 (399 -8.870 371 -8.832
June 2009 12.30 |425 -9.132 355 -8.900

Table 6. Values of CO; (ppm) and 8'3C ppp (%o) in Turda city

Measurement Time City Point (O.Goga) Reference Point
mounth COs (ppm) | 813C (%o) | COz (ppm) |  813C (%o0)
July 2008 12.30 376 -8.180 370 -8.168
August 2008 12.30 408 -8.438 379 -8.187
September 2008 | 12.30 387 -8.175 379 -8.141
October 2008 12.30 405 -8.382 376 -8.138
November 2008 | 12.30 404 -8.390 387 -8.221
January 2009 12.30 422 -9.455 411 -8.324
February 2009 12.30 416 -9.342 385 -8.122
March 2009 12.30 406 -9.142 400 -8.786
April 2009 12.30 409 -10.620 390 -9.200
May 2009 12.30 402 -8.761 379 -8.100
June 2009 12.30 355 -8.956 350 -8.212

Table 7. Values of CO, (ppm) and 813C ppp (%o) in Huedin town

10.266%0 were obtained in the city center, compared with the &13C = -8.890%. for the
reference point. For the other locations studied (Turda and Huedin) the isotopic
concentrations are close to the atmospheric background, namely -9,291%. for Turda and -
8,895%o0 for Huedin, comparable with the average values for the reference points (-8.874%o
for Turda and -8.327%. and Huedin) suggesting that anthropic CO» is not contributing to the
pollution.

5.4 Isotopic "*CH4 measurements in Cluj county. Case study

For the evaluation of the role of CHy resulted from anthropic activities in the urban
atmosphere in the Cluj county, the variation of CHjy concentrations and the corresponding
813C values were measured in air samples collected in three areas: Cluj-Napoca (Piata
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Marasti), Turda (Potaisa School) and Huedin (O. Goga High School) during the period
between January-June 2009, using the flask sampling. Again, the 613C values were measured
with a ThermoFinnigan Delta V Advantage mass spectrometer. The methane concentrations in
the same samples were measured with a gas chromatograph equipped with a FID detector.
The observed variation of methane concentrations (Table 8) is rather large, between 4.7 and
11.5 ppm. The values measured are above the atmospheric background, which suggests that
there is an anthropic source of CHy in all investigated areas. The average value of 513C = - 40
%o suggests that the source of methane in the atmosphere is the gas fuel network of the
urbane zone investigated.

Measurement Cluj-Napoca Turda Huedin
month CH, d13C CH,4 d13C CH, 313C
(Ppm) | (%) | (Ppm) | (%0) | (ppm) | (%o)
January 2009 115 -39.21 104 -39.45 106 | -39.78
March 2009 8.0 -37.90 6.3 -38.75 5.5 -38.97
April 2009 115 -39.80 11.0 -38.92 | 105 -38.98
May 2009 8.4 -38.02 74 -38.80 4.7 -38.85

Table 8. Simultaneous value of CHy (ppm) and 813C (%o) in the Cluj district.

6. Correlation between CO, trend variation in urban area and variation of
meteorological parameters

6.1 Case study Cluj-Napoca city

For this study a daily measurements of the CO concentration and the main meteorological
parameters (temperature, relative humidity and wind velocity) were recorded for a whole
calendar year, beginning with July 2008 until June 2009. The measurements were carried out
in the centre of Cluj-Napoca city, the time of midday (12.30), at the selected latitude. The
results of measurements revealed a daily variation of CO; concentrations correlated with the
meteorological factors and biological cycles of plants. Thus, the largest values of CO, were
recorded in the fall and winter in the absence of vegetation, and the lowest values in the
summer months, when the biologic cycle of plants is at the maximum.

The graphic representation of the CO; values as a function of meteorological parameters
indicates a direct correlation with temperature and an inverse correlation with the wind
velocity and relative humidity.

A computation of linear regression slopes of CO, versus air temperature for two months
from winter (January and February) and two months from summer (July and August) gives
positive slopes for both seasons with a highest correlation factor (0.666) in winter in the
absence of photosynthesis (figure 7).

The same representation for CO; and for relative humidity shows a negative slope in
summer and a positive slope in the winter. The computation of linear regression slopes for
CO, versus wind velocity show a negative slopes both in summer and in winter (figure 7).
The results of this case study show that in urban area it is difficult to estimate by correlation
coefficient analyses the influence of meteorological parameters over the CO; variation. In
order to correlate the variation of CO; concentrations with the variation of meteorological
parameters a statistic analysis of data is necessary. For the statistical approach the regression
analysis and principal component analysis (PCA) has been used.
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Fig. 7. Corelation between CO; variation and meteorological parameters in two seasons

6.1.1 The regression analysis

The regression analysis was performed with the aid of Curve estimation model of SPSS
statistics program and the regression coefficients were calculated, having the CO,
concentration as independent variable and the meteorological parameters as dependent
variables. For analysis the squares of regression coefficients and the regression curves were
used. The regression coefficients R2 were computed for the most frequently used types of
regression, namely linear, logarithmic, polynomial and exponential (Table 8).

The analysis of regression coefficients leads to some important conclusions.

The only meteorological parameter which correlated with the CO; concentration over the 0.6
threshold is the air temperature. Both the air humidity and the wind velocity have very low
regression coefficients, suggesting that there is a low probability that the variation of the
COs is influenced by these meteorological factors. However, there are singular situations,
when the correlation coefficients are close to the 0.6 threshold. Thus, for the relative
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Month Rt Ta °C RH % Vm/s
Li .842 .042 .014
1q Lo 843 .040 .013
January) Po .040
Ex . .041 .
Li .802 .000 426
Lo .789 .000 430
II (February)
Po .001
Ex . .000 .
Li 461 .011 .166
Lo 456 .011 .168
III (March)
Po 550 .003 .090
Ex 549 .003 .087
Li 392 .034 .064
. Lo .392 .033 .064
IV (April)
Po .368 .037 .012
Ex .368 .039 .012
Li .750 462 .546
Lo 741 462 544
V (May)
Po .865 454 .380
Ex .869 455 .381
Li .632 485 .000
Lo 632 489 .000
VI (June)
Po 673 .520 .020
Ex .673 .516 .019
Li 117 158 .003
Lo 121 159 .004
VII (July)
Po 116 161 .019
Ex 113 .160 .018
Li .028 271 .088
Lo .026 278 .082
VIII (August)
Po .025 .166 120
Ex .027 .160 126
Li .368 .033 337
Lo 376 .035 342
IX (September)
Po 481 .004 .287
Ex 471 .003 .283
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Li 121 .045 .088

Lo 123 .047 092
X (October)

Po .206 .065

Ex 202 . .061

Li 270 189 143

Lo 269 .180 144
XI (November)

Po 152

Ex . .160 .

Li 571 172 .028

Lo 581 176 .027
XII (December)

Po .667 .196 .024

Ex .656 193 .023

Table 9. The Estimation of regression coefficients (R2). Note: The types of regression R are: Li
- linear, Lo - logaritmic, Po - polynomial, Ex - exponential

humidity the highest regression coefficient was 0.52, for the type polynomial in June 2009.
For the wind velocity the largest coefficient was 0.56 in May 2009, for the linear regression.
The regression between CO; concentration and temperature reveals two interesting aspects.
The 0.6 threshold of the correlation coefficient was overfull filed in the three months of
winter, at the end of spring and beginning of the summer, in May and June. The lowest
value of the correlation coefficient was observed in August when the measurements were
made at high temperatures over 30 Celsius degree. Large values, above 0.8 were observed in
January and May. To illustrate the correlations we present in table 9 all the situations when
the correlation coefficient was higher than 0.6.

6.1.2 The analysis of main components (PCA)

This type of analysis was necessary, because we wanted to see, which is the weight of
meteorological parameters and CO; concentrations in the explanation of total variations.
The PCA (Principal Component Analysis) method without factor rotation was used and the
results are shown in Table 10.

Component Initial Eigenvalues Extraction Sums of Squared
Loadings
Total | % of Variance | Cumulative | Total | % of Variance | Cumulative
% %

1 1.760 44.002 44.002 | 1.760 44.002 44.002
2 1.066 26.646 70.648 | 1.066 26.646 70.648
3 .900 22.491 93.139 .900 22.491 93.139
4 274 6.861 100.000

Table 10. Explanation of total variations. Extraction Method: Principal Component Analysis

After the value of 0.5 was selected for the Eigenvalue, three components were extracted
which together explain 93.139% of the total variation. The first component explains 44.002 %
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of the variation, the second 26.649 and the third 22.5 %. The difference to 100 % is due to a
fourth component, which was eliminated because it had an Eigenvalue of only 0.274.
The matrix of components (Table 11) allows the identification of each factor. Thus, the first
factor is very well correlated with the air temperature (inverse correlation) and with the air
humidity (direct correlation). The second component is very well correlated with the wind
velocity. The concentration of CO; is very well correlated with the third component.

Component
1 2 3
CO, 480 -.283 .824
Ta -.897 -.245 .045
\% -.045 961 234
RH .850 -.048 -.406

Table 11. Matrix of components

7. Conclusions

The monitoring of the CO» levels in urban area could estimate the contribution of anthropic
activities over the global CO; level. This contribution is essential in order to establish the
presence of CO, dome over the cities. The results of presented case study confirm the
presence of a CO; dome over the urban studied area. More than that, it confirms that the
anthropogenic CO, emissions are the primary source of the urban CO,. Taking into account
the obtained results it can be observed that the level of CO; in urban areas is influenced by
the size of the city and by the amplitude of anthropic activities. Thus the highest values of
CO, were obtained in the biggest city Cluj-Napoca (between 380 and 530 ppm at Marasti
Square, 376-456 at Grigorescu and 373-444 at reference point) followed by Turda (380-502
ppm at Potaisa School and 371-450 ppm at the reference point) and Huedin (355- 433 ppm at
O. Goga High School and 350-411 ppm at the reference point. It is also observed that the
concentration of urban CO; has an annual variation with the lower value in the summer and
the highest value in the autumn and spring. Regarding the daily CO, variation it also
observed that it is dominated by the photosynthesis.

The results of the atmospheric methane measurements show a signficant variation
depending on the season and the urban aglomeration degree. Thus, the methane
concentrations in the three investigated areas indicate a similar profile for the measurements
carried out in the cities, with minima in the summer months and maxima during the spring.
The highest values were recorded in the city of Cluj-Napoca (11.5 ppm in April 2009) and
the lowest values were recorded in the month of August 2008 (2.5 ppm). In Turda the
concentrations of atmospheric methane were comprised between 2.2 and 8.6 ppm, with the
lowest values measured in August 2008 (2.2 ppm) and the highest values recorded in April
2009 (8.6 ppm) while in Huedin the concentrations of methane varied between 1.4 and 7
ppm, with the lowest values recorded in July 2008 (1.4 ppm) and the highest ones in April
2009 (7 ppm). Significant differences are also observed between te methane concentrations
in the interior of the cities and the reference points located outside. These differences prove
that the anthropic activities, in particular the automobile traffic, are an important source of
methane in the urban atmosphere.
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The carbon isotopic composition measurement of CO, and CHy is the best way to establish
the biogenic and anthropic contribution at CO, and CHy budget in urban areas. Regarding
the case study performed in three Romanian cities the results of 13CO, show that the value of
813C is depending on the size of the urban agglomeration. Thus, the lower value -11 %o were
obtained for Cluj-Napoca, followed by Turda (-10.0%0) and Huedin (-9.0%o). If we consider
S13C = -8%o the isotopic composition of natural CO,, the anthropogenic contribution for CO»
budget is higher for Cluj-Napoca and near the natural level for small town Huedin. More
than, the recorded data show a difference of 0.5-1.5 %o between the measurements city
points and reference points which suggests that the CO; source in the urban location is
composed from the zone with 813C = -8%., with clean air, and an anthropic source which can
be CO; resulted from burning fossil fuels (mainly gasoline and methane) plus a biogenic
source of CO; resulted from the respiration of the local vegetation. The largest difference
occurred in the municipality of Cluj-Napoca (1.376), where the average values of 313C = -
10.266%0 were obtained in the city center, compared with the &13C = -8.890%. for the
reference point. For the other locations studied (Turda and Huedin) the isotopic
concentrations are close to the atmospheric background, namely -9,291%. for Turda and -
8,895%o for Huedin, comparable with the average values for the reference points (-8.874 for
Turda and -8.327 and Huedin).

Regarding the 13CH; measurements the results obtained in the case study are above - 40 %o
which suggests that there is an anthropic source of CHy in all investigated areas. We think
that these values are a consequence of methane resulted from gas fuel network of the urbane
investigated areas.

Regarding the correlation between CO, variation in urban area and variation of
meteorological parameters the results of the case study indicate a direct correlation of CO»
level with temperature and an inverse correlation with the wind velocity and relative
humidity. Although, these correlations are poor and the analysis of regression coefficients
showed that only the air temperature is correlated with the CO; concentration over the 0.6
threshold. The 0.6 threshold of the correlation coefficient was overfull filed in the three
months of winter, at the end of spring and beginning of the summer, in May and June. The
lowest value of the correlation coefficient was observed in August when the measurements
were made at high temperatures, over 30 degrees Celsius. Large values, above 0.8 were
observed in January and May. The air humidity and the wind velocity have very low
regression coefficients, suggesting that in the urban areas studied, there is a low probability
that the variation of the CO; is influenced by these meteorological factors. Thus, for the
relative humidity the highest regression coefficient was 0.52, for the type polynomial in June
2009 while for the wind velocity the largest coefficient was 0.56 in May 2009, for the linear
regression.

Taking into account the results obtained, the present case study shows that the variation of
CO; in urban area is in agreement with other results reported in the scientific literature.
Thus, according to the carbon isotopic composition measurements of CO, the anthropogenic
CO, emissions are the primary source of the urban CO; dome; the dome is generally
stronger in city centers, in winter, under conditions of heavy traffic, with little or no wind,
and in the presence of strong temperature inversions.
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1. Introduction

In view of the widespread ubiquity of benzene in the environment and of its carcinogenic
effects on man, this toxicant poses a public health problem that has prompt nations to
undertake active measures to contain environmental concentrations below the limit judged
to be an acceptable risk threshold for the general population (World Health Organization
[WHO], 2000).

In the occupational field, until the 1950s benzene was the solvent most commonly employed
in some industrial processes, and especially in rubber, printing and shoemaking industries,
because of its chemico-physical properties and low cost. This caused exposure of these
workers to high benzene concentrations that induced toxic effects and acute non
lymphocytic leukemia (Agency for Toxic Substances and Disease Registry [ATSDR], 2007;
WHO, 1993). Due to these adverse effects, its use in industrial processes was then
abandoned, replacing benzene firstly by hexane, but this proved to provoke peripheral
neuropathies, and then by less toxic solvents such as heptane. In Italy the use of benzene as
a solvent is banned by Law 245/1963, although traces below 2% are permitted in solvents of
a different chemical nature (Italian Parliament, 1963).

Benzene is still used as a raw material or intermediate product in the chemical industry,
mainly to synthesize ethylbenzene, cumene and cyclohexane, and to a limited extent as a
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chemical reagent in the laboratory. It is contained in crude oil, that is its main source of
production nowadays, and is formed as a result of the incomplete combustion of fossil fuels
such as coal and, to a lesser extent, wood.

Moreover, fuels derived from crude oil contain benzene not only because it is already
present in the raw material but also because it is formed during the refining process (Brief et
al. 1980; Holmberg & Lundberg 1985). For this reason, occupational exposure to benzene,
albeit at concentrations of 2-3 orders of magnitude below the occupational limit values, such
as the threshold limit value-time weighted average (TLV-TWA) of 1600 ng/m3 proposed by
the American Conference of Governmental Industrial Hygienists (ACGIH) , and the
European limit value of 3250 pg/m3 issued by the European Directive 1999/38/CE , is still
present in oil refining and petrochemical industries, as well as in fuel tanker drivers and
filling station attendants, workers in cokeries and in chemical laboratories (ACGIH, 2010;
European Parliament, 1999).

The natural sources of emission into the atmosphere, originally volcanoes and fires, play a
negligible role while human activities are the main source of benzene released in the
environment (ATSDR, 2007). Among human activities one of the principal forms of
emissions of benzene in the environment is in automobile exhaust. Evidence in literature
reports higher concentrations of this toxicant in urban and dense traffic areas than in less
busy traffic and rural areas.

Another source of environmental pollution by benzene is evaporation during filling
operations at gasoline stations or during loading and unloading of fuel tanker lorries, even if
the use of aspiration systems to retrieve the vapors during such operations has significantly
reduced these emissions, by up to 75% (Duarte-Davidson et al., 2001). In addition, higher
concentrations of benzene than the background outdoor levels are present inside vehicles,
including buses and private cars, due not only to the penetration inside the body of the
vehicle of exhaust fumes from other vehicles, but also to leaks from gasoline tanks and
gasoline leads and circuits (Geiss et al., 2009; Li et al., 2009). The levels of benzene emitted
by vehicles depend on the type and age of the vehicle, the type of traffic and the ventilation
within the body of the car (Duarte-Davidson et al., 2001). Finally, in some geographic areas,
apart from road traffic, other sources of benzene emission into the atmosphere, such as
factories, hazardous waste dumps and domestic wood fires, can play a significant role in
causing outdoor pollution (Barrefors & Petersson, 1995; Edgerton & Shah, 1992).

In western nations, the pollution of urban areas by benzene has gradually declined in recent
years, thanks to the legislation introduced to reduce the content of benzene in fuels,
currently limited in Italy to concentrations below 1% in volume (law n. 413/97), and to the
application in the EU of the norms targeting an annual average exposure for benzene of 5
pg/m3 as from 2010 (European Commission, 2000; Italian Parliament, 1997). Airborne
benzene concentrations are proportionally lower than the true quantity of emissions thanks
to the rapid chemical degradation of this toxicant, largely as a reaction to hydroxyl radicals.
This limits the persistence of volatile benzene in the atmosphere to a few days or hours.
Active cigarette smoking is another important source of exposure to benzene in the general
population, as mainstream smoke contains quantities of 28.0-105.9 pg/cigarette, and
sidestream smoke no less than 70.7-134.3 pg/cigarette (International Agency for Research
on Cancer [IARC], 2004). Wallace (1989) estimated a benzene intake of 1.8 mg/day with an
average consumption of 32 cigarettes/day, equal to at least 10-fold the intake of a non-
smoker, while Duarte-Davidson et al. (2001) estimated a dose of 400 pg/day of benzene
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retained within the organism by a smoker of 20 cigarettes/day. Thus, cigarette smoking can
induce a similar or higher benzene intake than that occurring in most occupationally
exposed workers in western nations, and certainly higher than the intake caused by
environmental exposure to airborne benzene levels near the upper limits for air quality.
Moreover, the role of smoking as a source of benzene has become progressively more
important as urban pollution levels have declined (Duarte-Davidson et al. 2001; Hattemer-
Frey et al. 1990). In fact, in the period 1989-1997 Fruin et al. (2001) observed a marked
reduction in the benzene quota derived from the environment (12%) and thus a proportional
increase in the quota due to cigarette smoking (78%). Passive smoking can also induce
significant exposure to benzene, equal to about 10% of the total intake in non smokers, and
higher than the quota contributed by the entire set of US industrial emissions in the
atmosphere (Duarte-Davidson et al., 2001; Wallace, 1995). Confirming this, higher benzene
concentrations have been reported in homes with one or more smokers among the
inhabitants (median 10.6 pg/m3) than in non smoker homes (7.0 pg/m3) (Wallace 1989).

In man, benzene has myelotoxic and carcinogenic effects. As regards the former
environmental exposure to benzene is unlikely to cause the myelosuppression effects
previously observed in occupational contexts, since a NOAEL of 1790 pg/m3 has been
individuated for these effects, that will probably never again be reached in the human living
environment (Collins et al., 1997). The carcinogenic effect manifests in the form of a greater
prevalence of acute non lymphocytic leukemia, as stated above. Benzene has been classified
carcinogenic to humans by the IARC, ever since the first classification published in the 1980s
(IARC, 1982). A review conducted in 2009 confirmed benzene in the same group, associated
with acute non lymphocytic leukemia. Instead, there is still only limited evidence of a causal
relationship with the onset of acute lymphocytic leukemia, chronic lymphocytic leukemia,
multiple myeloma and non-Hodgkin lymphoma (Baan et al., 2009).

Exposure to benzene is considered to induce the onset of leukemias because benzene acts
through a genotoxic carcinogenic mechanism, whereby a dose-response relationship of a
linear type has been proposed, with no threshold. Although this hypothesis has recently
been cast in doubt, the level of exposure that can be considered “safe” has not been
identified, but only a LOAEL of 32000-80000 png/m3 (Bolt et al., 2008; Duarte-Davidson et al.,
2001). As to the carcinogenic risk posed by environmental exposure, the concentration of
this toxicant judged to pose an acceptable risk in the general population, exposed over a
lifetime, has been estimated on the basis of epidemiological studies of workers
occupationally exposed to medium-high concentrations of benzene. The WHO estimate, in
particular, predicts an excess risk of 6 cases x 10¢ for chronic exposure to 1 pg/m3
throughout life (WHO, 2000).

Absorption of benzene in the general population occurs virtually exclusively by inhalation,
that accounts for more than 99% of the daily intake of this toxicant, whereas oral intake
plays only a minor role, since the quantities of benzene present in water, foods and
consumer products are minimal and skin intake is negligible (Hattemer-Frey et al., 1990).
After being absorbed, benzene is partly eliminated as is in exhaled air, accounting for 16.8 %
of the quota absorbed, and in urine, albeit only for 0.1% of the absorbed quota (Ghittori et
al., 1993; Nomiyama & Nomiyama, 1974). The remainder is rapidly distributed throughout
the organism and undergoes a biotransformation process, prevalently in the liver. This
occurs very similar in man and experimental animals, and involves the initial formation of
benzene oxide catalyzed by microsomial cytochrome P450 and especially isoenzyme 2E1
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(Snyder & Heidli, 1996). After the formation of this reactive intermediate, many different
metabolites are then formed in succession through different metabolic pathways, namely
phenol, catechol and hydroquinone by oxidation, again catalyzed by cytochrome P450, S-
phenylmercapturic acid (SPMA) through the action of the glutathione transferase system,
1,2-benzene dihydrodiol through the action of epoxide hydrolase and the subsequent
oxidation to catechol and f,t-muconic acid (t,t-MA) through the opening of the benzene ring
(Snyder et al., 1993). All these metabolites are then excreted in the urine in the form of
sulfate or glucuronate derivatives.

For the progressive reduction of the benzene workplace concentrations to which workers
are exposed, ever more sensitive and specific biomarkers have needed to be identified, that
maintain their validity even in conditions of low or extremely low benzene concentrations.
This is why urinary phenol is no longer used in routine practice, because it has poor validity
for exposure to less than 16250 pg/m3, a value that is still one order of magnitude greater
than the TLV-TWA of the ACGIH (Boogard & van Sitter, 1995; Ong et al.,, 1995). The
biological markers currently recommended by the ACGIH are t,t-MA and SPMA, that reveal
an increased urinary excretion already at levels of exposure to airborne benzene
concentrations of 65 pg/m3, while the relation becomes unambiguous at concentrations of
more than 650 pg/m?3 (Kim et al., 2006). A new marker of internal dose is now under study,
namely the determination of benzene as is in the urine (urinary benzene) that may prove
particularly useful to monitor exposure to very low concentrations of airborne benzene,
since a correlation has been shown with benzene concentrations ranging from 6 to 478
pg/m?3 (Fustinoni et al., 2005).

Despite the ample volume of studies in the occupational field, the behavior and significance
of the above-described biomarkers of internal dose are still little known when used to
monitor environmental exposure to airborne benzene concentrations near the upper limit of
5 pg/m3 for air quality. In particular, the validity of these markers needs to be confirmed as
a means of excluding environmental exposure beyond this limit, and hence the presence of a
carcinogenic risk above what is considered acceptable. The behavior of these biomarkers of
internal dose also needs to be assessed in relation to the relative contributions made to the
overall intake of benzene by cigarette smoking and urban pollution, the main sources of
environmental exposure to the toxicant.

Aim of the present study was to assess the significance and limits of ¢-MA, SPMA and
urinary benzene for biological monitoring of subjects with non occupational exposure to
very low concentrations of benzene as those found in the general environment, as well as to
study the influence of the different sources of environmental exposure on these biomarkers.

2. Materials and methods

2.1 Subjects

The study sample included 123 adult males resident in the cities and hinterland of Bari and
Foggia (Apulia - Italy), all in good health and with no occupational exposure to benzene. In
the geographic area where this study has been conducted there are no major industries or
waste incinerators that could produce benzene emissions. All participants filled out a
questionnaire posing questions about personal data, job at the time of the study, smoking
habit with particular reference to the number of cigarettes smoked during the
environmental sampling, alcohol consumption, personal medical history, time spent in
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urban traffic during the environmental sampling, and hobbies. All subjects gave prior
written consent to take part in the study.

2.2 Air sampling

Exposure to airborne environmental benzene was monitored in all subjects by passive
personal sampling, using radial diffusion samplers (Radiello®) containing an active carbon
cartridge, worn in the respiratory zone for 8 hours, typically from 8:30 a.m. to 4:30 p.m.
After the sampling, the Radiello® vials were preserved at +4°C until the time of analysis.
Analysis of the vials was then performed by gas chromatography - flame iononization
detector after desorption of the benzene from the active carbon with a carbon disulfide low
benzene content according to the method reported by the manufacturer (Supelco, 2010). The
detection limit of the procedure for benzene was 2 pg/m3. All analyses were performed
blinded.

2.3 Urine biomonitoring

Immediately after the environmental sampling, a urine sample was collected from all
participants for assays of tt-MA, SPMA and urinary benzene. Each urine sample was
subdivided into two aliquots: 30 ml of urine were set aside to determine t,-MA, SPMA and
urinary creatinine, preserved in sterile containers, without the addition of preservatives or
stabilizers, at -20°C until the time of analysis. The second aliquot, 10 ml of urine used to
determine urinary benzene, was immediately transferred to a presealed 20 ml vial
containing 4 g of NaCl and preserved at +4°C until the time of analysis. All analyses were
conducted blinded.

Urinary f,t-MA analysis was carried out with the HPLC-UV method at 264 nm, after solid
phase extraction (SPE) (SAX column-Varian) by an analytical method described elsewhere
(Aprea et al., 2008). The limit of detection (LOD) of the procedure was 20 pg/L.

The analytical determination of urinary SPMA was performed following the application
described in Sabatini et al. (2008). Briefly, after SPE and LC separation, samples were
analyzed by a liquid chromatography/electrospray tandem mass spectrometry method
(HPLC-ESI-MS/MS), operated in negative ion mode, using isotope-labeled analogs as
internal standards. The LOD of the method was 0.03 pug/L.

The analytical determination of benzene in urine was performed by headspace analysis with
automated solid phase micro-extraction (SPME), following a previously reported method
(Barbieri et al., 2008). A gas chromatograph equipped with a split-splitless injector and
coupled to a mass selective detector (GC/MS) was used for analysis. An autosampler (CTC
Combi PAL system) was interfaced to GC/MS system for the SPME process. The LOD of the
method was 0.02 pg/L.

Analyses of urinary creatinine were performed using the DCA 2000®+ analyzer. The
creatinine assay is based on the Benedict/Behre test, and was performed on the same urine
samples used for all the other analyses, collected at the endof the environmental sampling
(Benedict & Behere, 1936).

All the laboratories conducting the analytical measurements conform to quality assurance
procedures and participate in quality control programs.

2.4 Statistical analysis
Statistical analyses were done with the SPSS program (14.0 version, Chicago, IL, USA). A
value corresponding to one-half of the LOD was assigned to measurements below the
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analytical detection limit. A normal distribution of all the variables was checked with the
Kolmogorov-Smirnov test. Non normally distributed variables were analyzed by parametric
tests after logarithmic transformation or by non parametric tests. Correlation analyses were
done with Spearman’s test. Multiple linear regression models were applied to assess a
dependency relation of the different biomarkers on the independent variables. The level of
significance was set at p< 0.05.

3. Results

Of the 123 subjects, 55 were smokers and 68 non smokers, and the population sample
featured a wide age (21-62 years) and BMI (19.4-44.4 Kg/m?) range (Table 1).

For all the biomarkers determined, the percentage of cases in the entire sample exceeding
the LOD was significantly higher in smokers than non smokers. When the whole sample
was subdivided according to exposure to urban traffic or not during the environmental
sampling, a higher percentage of results above the LOD was found only for airborne
benzene and urinary benzene (Table 2).

N. Mean+SD Median Range
Age (years) 123 41.5+11.8 44.0 21-62
Body mass index (Kg/m?) 123 26.8+4.8 25.8 19.4-44.4
Residence
- urban 79 64.2%
- rural 44 35.8%
Alcohol consumption
- Teetotal 20 16.2%
- <10g/day 51 41.5%
- >10g/day 52 42.3%
Smoking habit
- Smokers 55 44.7%
- Non smokers 68 55.3%
N. cigarettes/day* 55 15.848.6 15.0 5-40
N. cilgarettes smoked 'dur*mg 55 66441 6.0 0-20
environmental sampling
Tlme betwee.n last §1garette and 53 54.3+69.0 30.0 2360
urine collection (minutes)*
Exposure to urban traffic during
environmental sampling
- Yes 27 21.9%
- No 96 78.1%

*In smokers

Table 1. Personal data of the 123 subjects examined.



Assessment of Environmental Exposure to Benzene:

Traditional and new Biomarkers of Internal Dose 327
Smoking habit Exposure to urban traffic
Yes No Yes No
N>top/N Nstop/N% Nstop/N - Nstob/N% | Nstoo/N  Nstob/N%  Nstobo/N  Nsrop/N%

Airborne 14/55 255% 20/68 29.4% 18/27  66.7%¢ 16/96 16.7%
benzene
tt-MA 55/55 100.0%2 62/68 91.2% 27/27 100.0% 90/96 93.7%
SPMA 44/53  83.0%b 2/66 3.0% 12/27  44.4% 34/92 37.0%
Urinary 53/54  981%b | 22/65 33.8% 25/27  92.6%c 50/92 54.3%
benzene

Smokers vs non smokers: 2p<0.05; bp<0.001; Exposed vs not exposed to urban traffic: ¢p<0.001

Table 2. Percentage of determinations of airborne benzene, t,t-MA, SPMA and urinary
benzene above the LOD in the sample, subdivided by smoking habit and exposure to urban
traffic during sampling.

To assess a simultaneous influence of smoking habit and exposure to urban traffic on the
levels of airborne benzene and the urinary biomarkers, two-way analysis of variance was
done, including in the model only the environmental and urinary values exceeding the LOD
(Table 3). The results demonstrated an evident association between airborne benzene or f,t-
MA or urinary benzene and cigarette smoking, whereas it was not possible to perform the
analysis for SPMA because only 2 determinations were above the LOD in non smokers. In
any case, there was no significant difference in the urinary concentrations of SPMA in
smokers between subjects with or without exposure to urban traffic.

Exposure Smokers Non smokers
to urban
traffic N>rop Mean#SD Median Range  |N>top MeanSD Median Range [ANOVA
?;‘;‘;:;e Yes 10 74%37 73 39-163 8  47+10 45 33-62 Is‘fgjliisgia
g/ |NO 4 62439 57 20115 12 3411 30 2057 (IS TN
- - F= b
E'“\//[A Yes 14 8041529 735 1301960 | 13 510¢165 460 300-900M0MN TS0
HE/8  INo 41 10284586 89.7 19.0-307.0 | 49 55.7+105.0 35.6 9.6-734.0 0 onc £ %
creat) Traffic: F=0.0
'(SPI‘;[A Yes 11 1474130 099 0.38-4.48 1 - i
HE/E  INo 33 154+119 1.28 0.29-5.22 1 -
creat)
. -F= b
rnany | yes 14 2204362 041 0041140 | 11 0074002 006 0.04-010M0%" F=202
No 39 097+1.00 0.60 0.06-427 11 0.0740.03 0.06 0.04-0.12 ¢ *=°:
(ng/L) Traffic: F=0.0

ap<0.01; bp<0.001

Table 3. Concentrations of airborne benzene, t,t-MA, SPMA and urinary benzene in the
determinations above the LOD in the sample, subdivided by smoking habit and exposure to
urban traffic.

In non smokers, a possible association between exposure to passive smoke during the
environmental sampling and higher airborne benzene levels or urinary excretion of its
metabolites was studied. No association was found in non smokers exposed or not exposed
to passive smoke and airborne benzene and its urinary metabolites (data not shown).
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Analysis of correlations between the general lifestyle of the participants, variables linked to
smoking habit and exposure to urban traffic, the airborne benzene concentrations and the
biomarkers studied was done on the entire sample and then subdivided into smokers and
non smokers (Table 4). Airborne benzene was found to be correlated to the time spent in
urban traffic during the sampling, both in the entire sample and when analyzing smokers
and non smokers separately, whereas there was no correlation between airborne benzene
and the number of cigarettes smoked per day or during the sampling time (Table 4). Among
the biomarkers studied, airborne benzene was correlated only with urinary benzene, and
only in the non smoker group. When analyzing the entire sample together, all the biological
markers studied were found to be significantly correlated to the number of cigarettes
smoked per day or during the sampling time. In smokers this correlation was significant
only for SPMA. Moreover, t,t-MA and urinary benzene were correlated in non smokers with
the time spent in urban traffic; when taking the group as a whole, this correlation was
confirmed for urinary benzene only, albeit with a low rho value. Finally, the three biological
markers were all mutually correlated in the entire sample taken as a whole (Table 4).

|Age BMI IN. cig. [N. Cig../ Time'since Alcohol E;?f?cn |Airborne |t MA SPMA
(years) /day [sampling [last cig. (minutes) benzene

Total 0.35¢

](3122 I/mz) Smokers 0.36b - - - - - - - - -
Non smokers [0.32b

N. cig. Total -0.22a  |-0.05

/day Smokers -0.08 011 |- - - - - - - -
Non smokers |- -

N. cig. / Total -0.21a  |-0.04 [0.94<

lin Smokers -0.02 0.08 ]0.55¢ |- - - - - - -

SAMPINE |Non smokers |- - -

Time Total - - - -

since last [Smokers 0.23 0.08 |-0.48¢ |[-0.22 - - - - - -

cigarette |Non smokers |- - - -
Total 0.37¢ 0.25> 0.005 [0.01 -

Alcohol  [Smokers 0.35b 014 ]0.02 |0.11 0.12 - - - - -
Non smokers [0.38¢ 0370 |- - -
Total 0.14 0.07 ]0.04 [0.04 - 0.11

Urban X

traffic Smokers 0.46¢ 0.31a |-0.13 |-0.04 0.21 0.25 - - - -
Non smokers [-0.17 -0.14 |- - - -0.03

Airborne Total 0.17 0.09 ]0.001 [0.03 - 0.11 0.51¢

benzene Smokers 0.332 026 |-0.03 (0.17 -0.01 0.13 0.61¢ - - -
Non smokers [-0.01 -0.06 |- - - 0.10 0.40¢

FEMA Total -0.15 -0.03 |0.57¢ |0.55¢ - -0.02 0.04 0.04

’ Smokers 0.03 0.10 ]0.23 (0.07 -0.11 0.01 -0.22 -0.13 - -
Non smokers [-0.12 -0.12 |- - - -0.08 0.29a 0.22
Total 0.05 -0.01 |0.76c |0.76¢ - 0.11 0.003  [0.02 0.56¢

SPMA Smokers 0.322 0.08 ]0.42< |0.43¢ -0.17 0.26 -0.13 0.04 028 |-
Non smokers [0.33b 0.04 |- - - 0.09 0.02 -0.05 0.19

Urinary Total -0.30<  |-0.06 [0.77c |0.74c - -0.13 0.192 0.16 0.44c  |0.56¢

benzene Smokers -0.12 1010 (0.23 |0.17 -0.18 -0.38>  [0.01 0.20 014 |0.23
Non smokers [-0.19 -0.08 |- - - 0.07 0.50¢ 0.31a 0.06 |-0.19

ap<0.05; bp<0.01; <p<0.001

Table 4. Spearman correlations among personal data, lifestyle, airborne benzene and
biomarkers in the whole sample and subdivided by smoking habit.

The dependency of t-MA, SPMA and urinary benzene on the variables age, BMI, number
of cigarettes/day, urban traffic and airborne benzene was studied in the sample as a whole,



Assessment of Environmental Exposure to Benzene:
Traditional and new Biomarkers of Internal Dose 329

applying different multiple linear regression models. The results demonstrated a
dependency of the urinary concentrations of t,--MA and SPMA on the number of cigarettes
smoked per day, and of urinary benzene both on the number of cigarettes/day and on the
time spent in urban traffic (Table 5).

To verify the influence of cigarette smoking on the biotransformation of benzene, the
urinary benzene/t,-MA ratio was studied in smokers and non smokers, and showed
significantly higher levels in smokers (median 0.0071 vs 0.0008; p<0.001).

tt-MA SPMA Urinary benzene
t p t P t p

Age (years) NS NS NS
BMI (Kg/m?) NS NS NS
N. cigarettes/day 5.8 <0.001 11.9  <0.001 125  <0.001
Urban traffic (minutes) NS NS 2.1 0.034
Airborne benzene (pg/m3) NS NS NS

F P R2 | F P R2 F P R2
Model 342 <0.001 0.22|141.0 <0.001 0.55]| 80.6 <0.001 0.59

NS= non significant

Table 5. Multiple linear regression analysis of the whole sample, taken as a single group, for
the dependent variables t,t-MA, SPMA and urinary benzene.

4. Discussion

This research analyzed the contribution of both traditional and new biological markers of
internal dose, namely f,t-MA and urinary SPMA as compared to urinary benzene, to the
monitoring of environmental exposure to very low concentrations of benzene. A particular
attention was paid to how much a smoking habit and exposure to urban traffic, the main
non occupational sources of this toxicant, could condition the urinary excretion of the
various biomarkers.

Environmental monitoring demonstrated that overall, the general population studied was
exposed to only very low concentrations of benzene, with 72.4% of the air samples showing
values of less than 2 pg/m?3, a much higher percentage than in a recent study of a population
with no occupational exposure resident in a large Northern Italian city with very dense road
traffic, Milan. In that study, the 5th percentile of environmental benzene distribution was
equal to 1.5 pg/m3 and the 25th percentile to 3.0 pg/m?3 (Fustinoni et al., 2010). Thus, our
results suggest that our study sample, resident in small-medium cities with a population of
less than 500 thousand inhabitants, is exposed to generally similar or lower levels of
environmental pollution by benzene than inhabitants of other industrial, urban and
suburban/residential/rural areas in Italy and worldwide (Table 6). Apart from the lesser
traffic volume, this difference is also due to climatic conditions, in particular the strong
winds that commonly blow in this area and tend to prevent the stagnation of pollutants.
Nevertheless, exposure to road traffic was in any case the main factor determining
environmental benzene concentrations exceeding the LOD, even if no significantly higher
benzene concentrations could be determined in the traffic-exposed group as compared to
the non-exposed group when analyzing only the values obtained in excess of the LOD,
possibly due to small sample sizes.
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Although the airborne benzene levels measured were generally low, concentrations above
the threshold limit for air quality of 5 pg/m3 were observed in 13 cases, highlighting the
fact that exposure to excess benzene levels in the daily environment is still possible in
western nations even nowadays. In fact, the threshold of 5 pg/m3 represents the mean
annual exposure posing a carcinogenic risk considered to lie within acceptable limits for
the general population with exposure over a lifetime. No definitive level of exposure
below which the genotoxic carcinogenic effect of benzene is completely revoked has yet
been identified, while adopting a threshold of 0, the only value that could guarantee the
absence of risk, seems practically impossible bearing in mind the widespread ubiquity of
benzene sources. It is now common practice to use the threshold value for air quality
when interpreting the results of personal sampling for carcinogenic environmental agents
in both occupational and non-occupational settings. All the same, it must be taken into
account that the threshold value represents a mean value referred to annual
measurements, and is thus less affected in the long term by the inevitably wide variability
of benzene concentrations occurring over such a long period, whereas environmental
samplings conducted as in our study refer to a short period, in our case 8 hours, and can
therefore be affected by occasional peaks of exposure. Therefore, the finding of values in
excess of the 5 pg/m3 threshold during sampling lasting 8 hours does not necessarily
indicate a raised health risk.

As regards the influence of a smoking habit, previous studies have demonstrated that the
benzene concentrations measured with personal samplers do not reflect the true level of
exposure to benzene induced by cigarette smoke (Fustinoni et al., 2005; Lovreglio et al.,
2010). The results of the present study partly confirm reports in literature, since a smoking
habit did not affect the percentage of benzene determinations exceeding the LOD, and no
correlation was observed between airborne benzene and the number of cigarettes smoked
during the sampling period. However, higher concentrations of airborne benzene were
observed in smokers when only the values exceeding the LOD were analyzed, even after
stratification for exposure to urban traffic.

extraction

OCCUPATIONAL EXPOSURE
. . . Exposure levels (ug/m?3)
Occupational settings  |Sampling Year Mean 25Dl Medion WRange References
Ehemlctils Iﬁ‘zrr‘ffa:ture 3575413000 - 6513000| .o
Cre;’:l’z elifoleur:le ®  |Personal (8 h)N[1996-2007 |357.5+195.0 - 81.2-487.5 (2Cg1i§ etal,
P 97.5¢260.0 - 3.25-975.0

Fuel tanker drivers
Filling station
attendants

Personal (8 h)*

2006

306.7+£266.7 246.6 7.4-1017.1
23.5¢174 209 4.5-66.3

Lovreglio et al.,
(2010)

Petrochemical factories

Ambient (8 h)”

214.6+£78.8 34.6 5.3-1766.2

Navasumrit et al.,

Gasoline service stations 209.9457.0 114.3 5.6-773.6 |(2005)

Refinery blue collars Personal (8h)™™ |- 190  60-2310 g:)sltir)lom etal,
. Al Zabadi et

Sewage workplace Personal (4 d)* [2008-2009 | 19.1+2.9 al.(2011)

Urban policemen Personal (6 h)™ (2004 9.6 54-225 Campo etal,

(2011)
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ENVIRONMENTAL EXPOSURE
. . Exposure levels (ng/m?3)
City Sampling Year Wi 90 Wieding, 1feee References
INDUSTRIAL AREA
Lin-Yuan
TWN . 25.8+34.7 84 3.7-120.6 .
Ping-Tung Ambient outdoor (1-2 h) 2003-2004 50434 50 ND-13.7 Hsieh et al., (2006)
TWN
Ambient mdoor (4 W)™ 19.1 18.0 max59.5 |Massolo etal.,
La Plata ARG |\ ibient oudoor (4 w)” 20002002 1161 134 max37.2 |(2009)
;fﬁ[“’hama Ambient outdoor 20072008 [6.848.7 Tiwari et al., (2010)
Dunkerque . . Roukos et al.,
FRA Ambient outdoor 2007 1.9+2.1 0.8-6.7 (2009)
URBAN AREA
Ambient outdoor Roadside ™ 109.2422.4 91.8 50.2-212.9 |Navasumrit et al.,
Bangkok THA | 1 1 bient oudoor choot” i 267425  27.9 225-28.7 |(2005)
Naples ITA | Ambient outdoor (24h)" 2006 9.8+4.4 4.4-17.2 |Iovino et al., (2009)
Personal (72 h)* 8.5£3.0
Milano ITA  |Ambient mdoor work (1 W)* 3.0£1.5
Ambient outdoor work (l W)* 1.9+1.4
. Personal (72 h)* 5.2+1.6
Catania ITA |\ - bient mdoor work (1 W)' 5.043.4
Ambient outdoor work (1 W)* 4.2+1.8
Personal (72 h)* 2003 3.2+14 Bruinen de Bruin
Brussels BEL Ambient idoor home (1 W) 2.7+1.2 et al., (2008)
ussels Ambient imdoor work (1 W)° 2140.2
Ambient outdoor work (1 w)* 1.9+0.6
Personal (72 h)* 2.0+0.9
s Ambient mdoor home (1 W)* 1.7+1.0
Helsinki FIN Ambient outdoor work (l W)* 1.0+0.3
Ambient mdoor work (1 W)* 1.0+0.2
Bucharest 2003 71 max182
ROM
. 2003 45 max15.0
Madrid ESP
Lisbon PRT Ambient (1dy 2002 3.8 max 7.9 |Perez Ballesta et
Outdoor 2002 25 max62 |al, (2005)
Brussels BEL
o 2003 31 max54
Ljubljana SVN 2004 11 max29
Dublin IRL ) )
Bari ITA Personal (8 h)’ 2006 4626 43 <30-115 (Lz‘z)vlge)gho et al,
. . Fustinoni et al.,
Milan ITA Personal (5h) - 40 1.5-16.1 (2011)
Beijing CHN | Ambient outdoor (13 h) ™ 2008 3.743.0 Liu et al., (2009)
Indoor (4 w)™ 3.6 32 max12.7 [Massolo et al,
LaPlata ARG | 4 door (4 w)* 2000-2002 15 31 max5.6 |(2009)
Bari ITA Ambient imdoor (24h)* 2005 (weekly average) 1.3-14.8 |Bruno et al., (2008)
2008 1.3-9.0
Bari ITA Ambient outdoor (1 W) Autumn o N Caselli et al., (2010)
. 0.8-2.7
2008 Spring
Ambient outdoor (5 d) * 1.9 0.7-44  |Stranger et al,.
Antwerp BEL |\ bient mgoor (5 d) 2002-2003 14 5 0331  |(2008)
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ENVIRONMENTAL EXPOSURE
. . Exposure levels (ng/m?3)
City Sampling Year Wi 90 Wieding, 1feee References
URBAN AREA
Spai Ambient 1wy 20042008 [1.6£09 Estarlich et
pain mbient outdoor home (1 W) .60. al, (2011)
Toulouse FRA | Ambient outdoor 2001 1.1+0.3 2.0-0.7 |Simon et al., (2004)
SUBURBAN/ RESIDENTIAL/ RURAL AREA
Naples ITA | Ambient outdoor (24h)" 2006 5.7+£3.2 2.3-12.8 |Iovino et al., (2009)
Indoor (4w)™ 47 3.1 max13.2 [Massoloetal.,
LaPlata ARG |5 i door (dw)* 2000-2002 1, ¢ 17 max1.8 |(2009)
Spain Ambient oudoor home (1 W)' |2004-2008  |1.5+0.7 Estarlich etal,
(2011)
Yokohama . Tiwari et al.,
JPN Ambient outdoor 2007-2008  |1.3£1.0 (2010)
Ambient indoor (5 d) * Stranger et al.,
Antwerp BEL Ambient ougoer (5 d) * 2002-2003 0.4 0.1-0.7 (2008)
?I‘;Zergne Ambient indoor (1w) * - 0.8  0.3-9.8 |Hulin etal., (2010)

*passive sampling by Radiello; ™ passive sampling by 3M OVM 3500; ™ passive sampling by Carbopack
B; ™ active sampling; NA not available; (sampling period): h= hour; d= day; w= week.

Table 6. Levels of occupational and environmental exposure to benzene observed in the last
10 years.

Thanks to progressive improvements in the analytical techniques used to assay biomarkers
since the 1970s, it has become possible to measure ever lower concentrations of chemical
substances or their metabolites in human biological fluids after exposure to toxicants in the
daily environment. For this reason, from being a tool used exclusively to assess occupational
risks, biological monitoring has now become a valuable means of evaluating the risk of
exposure to toxicants in the daily environment that integrates, but does not replace,
environmental monitoring results. It thus could play a central role in public health and
environmental medicine policies, helping to identify population groups at higher risk of
exposure and/or effects, contributing to measure the internal dose and thus providing
helpful information that can direct subsequent corrective measures (Angerer et al., 2007).
The results of biological monitoring in the general public are generally interpreted by
comparison with reference values. These are obtained by statistical processing of the results
of assays of the concentrations of a toxicant or its metabolites in biological fluids collected
from a population or reference group with no occupational exposure to the substance
(Apostoli & Minoia, 1999). It must be remembered, however, when assessing the risk of
exposure to benzene, that unlike the threshold for air quality that derives from an estimate,
albeit indirect, of the carcinogenic risk of exposure to benzene judged acceptable for the
general population, the reference values do not bear any relation to the carcinogenic effect of
benzene. Although the use of reference values does not therefore allow us to exclude a
public health risk, it is important as a means of individuating specific population groups
with higher levels of exposure to a toxicant than those of the reference population, due to
residence in a highly polluted area, for instance, thus addressing one of the main objectives
of biological monitoring in the non occupational field.
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Many biological monitoring studies have been conducted to assess occupational exposure to
benzene, but only few studies of the living environment. Moreover, these experiences have
been gained largely in workers such as traffic wardens or public transport drivers who have
occupational exposure to road traffic and so to generally higher concentrations of benzene
than those affecting the general population (Barbieri et al., 2008; Campo et al., 2011;
Fustinoni et al., 2005; Manini et al., 2008).

In this work the three main biological markers of internal dose currently in use, or under
study for validation in biological monitoring of exposure to benzene, namely t,-MA, SPMA
and urinary benzene, were studied. Urinary ¢ {-MA is the only one of the three that is not
entirely specific for benzene, since it can also derive from the metabolism of sorbic acid, an
anti-mycotic preservative present in many foods, and so commonly absorbed in the diet,
and in cosmetics. Although only a small percentage of the sorbic acid ingested is
biotransformed to t,t-MA, the contribution of the diet can induce comparable concentrations
of this metabolite to those observed in workers with occupational exposure to benzene
levels equal to the TLV-TWA of ACGIH. Indeed, this phenomenon is growing
proportionally as environmental exposure to benzene declines (Pezzagno et al., 1999). In 8
urine samples observed in the present population the concentrations of t-MA were above
the upper limit of the reference range for the Italian population, equal to 15.2-163.1 pg/g
creatinine (5th-95th percentile), recently defined in a multicentric national study (Aprea et al.,
2010). However, the concentrations observed seem to be in line with the reference values for
male subjects subdivided by smoking habit, since only 1 smoker and 3 non smokers had
values exceeding the 95th percentile established for the relative group (274.7 ug/g creatinine
and 117.8 png/ g creatinine, respectively).

The concentrations of t,{-MA, unlike those of the other markers of internal dose studied,
were nearly always above the LOD, even in the non smokers. Moreover, the highest
concentration, 734.0 pg/g creatinine, that is, in fact, higher than the BEI of 500 pg/g
creatinine recommended by the ACGIH to control occupational exposure, was observed in a
non smoker without exposure to urban traffic. This result could be attributed to the intake of
sorbic acid in the diet. However, assessment of the contribution of sorbic acid to the t,t-MA
levels excreted in the population studied was not possible because no data were available on
the population’s diet in the days before the study. Despite the reduced specificity of t,--MA,
cigarette smoke can condition urinary excretion of this marker, that shows a dependency
relation on the number of cigarettes/day characterized by a R2 of 0.22. This finding is in
agreement with those by Pezzagno et al. (1999), who estimated that only 25% of urinary ¢,t-
MA can be attributed to the biotransformation of benzene.

This dependency of urinary t-MA on the dietary intake of sorbic acid and the quantity of
benzene absorbed in cigarette smoke explains the absence of a relation between t,t-MA and
the concentrations of airborne benzene, and hence the poor validity of this marker as a
means of monitoring exposure to very low concentrations of benzene like those observed in
this study. Nevertheless, a significant correlation was found, when considering only the non
smokers, between urinary t,-MA and the time spent in urban traffic, in agreement with the
report by Bergamaschi et al. (1999).

Unlike t,t-MA, SPMA is a highly specific metabolite of benzene, and in the occupational
field it has been shown to be a valid biomarker of exposure to even low concentrations of
this toxicant (Hoet et al., 2009). All the SPMA assays made in our sample, both adjusted and
non adjusted for creatinine, were below the top limit of the reference values for the Italian
population of 0.1-10 pg/L (5t-95th percentile) (Biolind, 2011), even if in 15 smokers and 2
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non smokers the concentrations were higher than the 95th percentile of the values recently
observed in a population with no occupational exposure resident in a northern Italian city
(Milan) (Fustinoni et al., 2011). Cigarette smoke seems to be the only environmental factor
causing such a high absorption of benzene as to condition the urinary excretion of SPMA,
that was higher than the LOD practically only in smokers, yielding comparable results to
those previously observed in a study of a population with no occupational exposure to
benzene (Lovreglio et al., 2010). Unlike what was observed in subjects with occupational
and non occupational exposure to higher concentrations of benzene, ranging from <3.0 to
66.5 pg/m3, in which SPMA was found to be dependent not only on the number of
cigarettes smoked per day but also on the levels of airborne benzene, in subjects exposed to
concentrations of less than 16.3 pg/m?3, as in this study, SPMA was found to be conditioned
only by a smoking habit (Lovreglio et al., 2011). Thus, urinary SPMA can be considered a
very valid biomarker of internal dose when assessing exposure to low concentrations of
benzene or excluding occupational exposure to benzene, but less useful for monitoring
exposure to very low concentrations of benzene like those present in the living environment.
Instead, thanks to its specificity and high sensitivity, urinary benzene has been proposed as
a valid biomarker of even very low concentrations of benzene (Fustinoni et al. 2011). There
are still some limits to the use of reference values to interpret the results of urinary benzene
because the method for the pre-analytical phase of sample collection has not yet been
standardized. This could explain why the top limit of the reference values for the Italian
population of 0.05-1.45 pg/L (5%-95th percentile) was exceeded in 14 determinations
(Biolind, 2011), all in smoker subjects, whereas comparison with other recent data on a non
occupationally exposed population showed values exceeding the 95th percentile only in 7
determinations, again all smokers (Fustinoni et al.,, 2011). In agreement with the data in
literature, cigarette smoking is confirmed to be the main factor conditioning urinary
benzene concentrations. In addition, unlike SPMA, it was dosable in 1/3 of the non smokers
and showed a higher percentage of determinations above the LOD in subjects exposed to
urban traffic than in those with no such exposure. Therefore, urinary benzene seems to be
able to reflect even exposure to benzene due to pollution in urban areas, in agreement with
what was previously observed in a population with exposure to higher concentrations of
benzene attributable to the pollution of urban areas (Fustinoni et al., 2010).

Moreover, urinary benzene was found to be the only biomarker correlated to the
concentrations of airborne benzene after excluding the contribution of cigarette smoking, in
agreement with the reports by Fustinoni et al. (2010) and Campo et al. (2011). The
concentrations of airborne benzene in the latter two studies were higher than those in our
study (median values 4.0 and 9.6 ng/m3 vs. <2.0 pg/md). The different trend of airborne
benzene-urinary benzene correlations in smokers versus non smokers seems to confirm a
confounding effect of the relation between exposure to airborne benzene and the biomarkers
of internal dose due to a compounding effect of the benzene absorbed with cigarette smoke.
This aspect was already emphasized in our previous experience as an important point to be
taken into account when interpreting the results of biological monitoring to assess non
occupational exposure to benzene.

5. Conclusion

Overall, our results seem to highlight that even when assessing the risk of non occupational
exposure to benzene to exclude the possibility that a given population is exposed to higher
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concentrations of benzene than the reference population, biological monitoring with
different biomarkers of internal dose can usefully integrate environmental monitoring
results. In this sense, the use of reference values can have a great importance, especially if
smokers and non smokers are considered separately. In fact, in agreement with the findings
in previous studies, cigarette smoking was shown to be the main non occupational source of
benzene in smokers, that conditions the urinary excretion of all the biomarkers studied.
Moreover, our results seem to confirm that even in conditions of exposure to very low
benzene concentrations there is a competitive inhibitory effect of cigarette smoking on the
metabolism of this toxicant, that induces proportionally higher concentrations of urinary
benzene in smokers than of the metabolites such as f,t-MA. This can be explained by the
presence of high quantities of chemical substances in cigarette smoke, that are partly
metabolized through the same biotransformation pathways as benzene, especially via the
oxidation of CYP2E1 (van Vleet et al., 2001).

Among the biomarkers analyzed in this study, urinary benzene seems to be the most
sensitive and so the only one with a dependency relation not only on cigarette smoking but
also on the time spent in urban traffic, as well as being the only one found to be correlated
with the concentrations of airborne benzene, after excluding the effect of cigarette smoking.
Thus, urinary benzene can be considered the biomarker of choice for assessing exposure to
benzene in the daily environment, especially in terms of the contribution of urban traffic,
but it is essential to take a smoking habit into account when interpreting the results of such
studies.
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1. Introduction

Today environmental pollution problems are well known, particularly air pollution, which
gives rise to health risks and impacts the well being of the population. Many of the
pollutants emitted into the atmosphere generate problems in the short and long term (i.e.
global warming, climate change); also at local and regional levels, they generate public
health problems such as respiratory and cardiovascular diseases (Ramirez-Sanchez et al.,
2006; Romieu, 1991, 1995; Segala, 1999; World Health Organization/United Nations
Environmental ~Programme [WHO/UNEP], 1995; Departamento del Distrito
Federal/Gobierno del Estado de México/ Secretaria del Medio Ambiente, Recursos
Naturales y Pesca/Secretaria de Salud [DDF/GEM/SEMARNAP/SS], 1990).

Both in the clinical and public health fields, air pollution is a phenomenon known and
studied for a long time; however, it gained importance because of a series of episodes that
occurred during the first half of the 20th century. The events of Meuse Valley, Belgium in
1930 (Firket, 1936), Donora, Pennsylvania, USA in 1948 (Shrenk, 1949) and London in
December 1952 (Ministry of Health, United Kingdom [MHUK], 1954), would perhaps be the
most notable and characteristic. These exceptional circumstances resulted in an increase in
the mortality and morbidity rate, which left no doubt that high levels of air pollution are
causally associated with an increase in early deaths (Schwartz & Marcus, 1990). In the
London episode, dense fog covered the city from December 5th through the 8th of 1952,
accompanied by an increase in mortality. The number of deaths attributed to this episode
was between 3,500 and 4,000. This evidence led to the adoption of air pollution reduction
control policies in Western Europe and in the United States.

Children are particularly vulnerable to environmental risks. Over 40% of global morbidity is
attributed to environmental conditions affecting children under 5 years of age, a risk about
four times greater than in the general population (Smith et al., 1999; Pan American Health
Organization [PAHO], 2004b).

According to data from PAHO/WHO, there is little information on incidence and
prevalence of respiratory diseases belonging to the group of Acute Respiratory Infections
(ARI). However, in Latin American countries, all agree that the ARI represents the main
cause of pediatric outpatient cases. Some studies have shown that between 40 and 60
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percent of consultations are from ARI. It is common that children receive medical attention
four to six times a year, with seasonal variation, which implies a high demand for
healthcare. Only a small portion of the large volume of inquiries is for serious cases such as
pneumonia or bronchiolitis in young children. In general these are viral infections of the
upper respiratory tract and are usually self-limited and resolve spontaneously with home
care. According to estimates from the late eighties and early nineties, in the Region of the
Americas, ARI accounted for more than 100,000 annual deaths among children less than 1
year of age. About 90% of these deaths are due to pneumonia (PAHO, 1994).

Globally, high child mortality rates from ARI were recorded, with marked differences
between developed and developing countries (PAHO, 1980). In some Latin American
countries, the risk of dying from this cause in the first year of life can be up to 30 times
higher than in the USA (Pio et al., 1984a). It is estimated that in developed countries, 2
percent of children die from pneumonia, while in countries with limited resources, the
mortality rate ranges from 10 to 20 percent. In a study conducted by PAHO on the infant
mortality rate from influenza and pneumonia in Latin America in children under 5 years,
when comparing the deaths in the sixties with those of the seventies (Pio et al., 1984a), a
decline in mortality is seen between one decade and another, but persists in 1977 with rates
of 1,419 (per 100,000) in Guatemala and 1,718 in Peru. At the same time in Uruguay, the
mortality rate for similar cases in children under one year was 241 per 100,000 live births
and under 5 years, 67.8. However, the infant mortality rate in some countries is low as a result
of relating them to the general population, which dilutes these figures. Analyzing the
information reveals special risk groups where infant deaths are concentrated. In Mexico,
mortality decreased but remains a risk to the children population as demonstrated in Table 1.

<1year 1-4years

Year Deaths Ratel! Deaths Rate2
1990 10122 370.0 2785 32.7
1991 8594 311.8 1651 19.4
1992 8127 290.5 1470 17.2
1993 6996 246.4 1614 18.9
1994 7687 264.7 1669 18.8
1995 6955 252.9 1694 19.8
1996 6647 245.5 1498 16.9
1997 6218 281.2 1259 14.2

*Includes pneumonia and influenza

1Rate per 100 000 live births registered (NVR)

2Rate per 100 000 inhabitants in the age group

Source, Department of Statistics and Informatics. S.S.A.

Table 1. Mortality rates due to ARI* in children by age group under five years (Mexico 1990-
1997).

Air pollution has multiple manifestations in communities, with children and older adults
being the most vulnerable populations, with a high incidence of morbidity and mortality
from acute respiratory and cardiovascular diseases. This forces clinical physicians,
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toxicologists, environmentalists and epidemiologists to assess the adverse effects of
atmospheric pollutants. Clinical physicians evaluated the health of exposed individuals,
toxicologists defined the damage caused by the pollutants, environmentalists quantified the
degree of pollution to which society is exposed and epidemiologists studied the effects on
exposed groups.

Currently, there are concerns about the social costs of air pollution in terms of morbidity,
disability and mortality, which have become a key task of governments and of international
agencies responsible for the establishment of environmental policies. Special attention has
been placed on the impact of air quality on the health of the most susceptible population:
children, without forgetting that all inhabitants of the planet are exposed to different
degrees.

The health effects attributable to air pollution exposure include excessive mortality from
respiratory causes, such as: exacerbation of asthma, reduced lung function and
immunological alterations. The epidemiological evidence comes from clinical,
epidemiology, human exposure, clinical exposure and animal toxicology studies. However,
some effects observed mechanisms and specific pollutants are not sufficiently well defined.
The valuation of the costs of these diseases represents an estimate of the individual, social
and institutional cost. However it is necessary to evaluate the consequences that chronic
simultaneous exposure to high concentrations of air pollutants may have on health. The
synergistic effects of pollutants have not been assessed; however, these can be short,
medium or long term causing acute and chronic diseases.

There is epidemiological evidence showing that exposure to atmospheric contaminants,
even at levels below the normal limits, is associated with an increase in the incidence and
severity of asthma and lung function impairment, as well as with other respiratory diseases
in children of less than five years of age.

This chapter aims to demonstrate how air pollutants affect human health, taking as an
example a study case, which is intended to establish the influence of air pollutants in acute
respiratory diseases in children of less than five years of age in the Urban Area of
Guadalajara, Mexico.

2. Study area

The Urban Area of Guadalajara (UAG) is located at the center of the state of Jalisco, Mexico
with coordinates limits 20°46'00" and 20°32'08" North latitude and 103°12'30"and 103°29'00"
West longitude (Fig. 1), at an altitude of 1,540 meters (above mean sea level). The UAG is
situated in the Rio Grande de Santiago Valley, Atemajac Valley and Tonala plain, between
the mountains of the Sierra Madre Occidental and the Transmexican volcanic belt, which
constitutes a natural barrier to the circulation of the wind, limiting the release of polluted air
outside of the UAG. Typical local meteorological conditions are thermal inversions that
cause the deadlock of the pollutants. The frequency of thermal inversions is 283 days per
year, and in the periods of January-June and November-December, they are present every
day. The thickness of the thermal inversion is typically tens to hundreds of meters, being
greater in the dry season and breaking at a layer where the atmospheric temperature is
around 13 °C during the colder months of the year (January and February).

The dominant wind comes from the West 15.5% of the time, while winds from the East are
present 7.5% of the time. In both cases, the typical speeds are between 5 to 20 km/h and
sometimes reach 21 to 35 km/h. Calm conditions (absence of wind and/or very weak winds
less than 4 km/h), are present 44.3% of the time, with great potential for accumulation of
pollutants due to lack of ventilation in the UAG (Secretaria del medio ambiente, recursos
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naturales y pesca - Secretaria de Salud - Gobierno del Estado de Jalisco
[SEMARNAP/SS/GEJ], 1997).

20°39:34.74" N 103°20'58 6570 ; elev. 5074 pie(a) : Alt_ojo 15 85 milla(s)

Fig. 1. Geographical location of the UAG. Courtesy of Google Earth.

3. Methods

The measurements of concentrations of air pollutants provided by the Automatic
Atmospheric Monitoring Network (RAMA) of the Secretary of Environment for Sustainable
Development (SEMADES) of the Jalisco State Government were revised, debugged and
validated. From the databases per month and per pollutant from 2000 to 2005, we obtained
monthly averages, monthly modes and monthly maximums for concentrations of the
atmospheric contaminants: CO, SO, NO,, PM; and Os, at the RAMA stations.

The consultations for acute respiratory diseases (ARD) in children of less than five years in
health centers, clinics and hospitals of the IMSS (Instituto Mexicano del Seguro Social),
ISSSTE (Instituto de Seguridad Social al Servicio de los Trabajadores del Estado) and SSJ
(Secretaria de Salud Jalisco), in the study area of the UAG were provided by the Jalisco
Health Ministry (SS]).
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The digital orthophotos and digital topographic maps, F13D65 Guadalajara West, F13D66
Guadalajara East, scale 1: 50,000 were used to perform the cartography of the UAG.

3.1 Information processing

3.1.1 Atmospheric contaminants

The databases with information on monthly averages, monthly modes and monthly
maximums for each of the pollutants and for each year were obtained with the aim that
concentration information can be entered and processed in the geographic information
system (GIS) IDRISI.

3.1.2 Topographic maps and orthophotos, F13D65 and F13D66 scale 1:50,000

The study area was delimited, based on the area of influence of each monitoring station (2
kilometers radius around the station), which was carried out in a digital format on the
orthophotos contained in the files of the Guadalajara topographic map. A georeferenced
UAG map was built showing the main roads and municipal boundaries, the study area
displaying the health centers, clinics and hospitals of the IMSS, ISSSTE and SSJ, and
monitoring stations all located in the b, ¢, e and f F13D65 Guadalajara West orthophotos
map and F13D66 Guadalajara East orthophotos map to scale 1:50,000 in the GIS IDRISI. The
locations of medical care units and monitoring stations were corroborated in the field by
using GPS in coordinates Universal Transverse Mercator (UTM).

3.1.3 Acute respiratory diseases

The ARD information was captured from the health centers, clinics and hospitals of the
IMSS, ISSSTE and SSJ. Tables and graphs were prepared to observe trends and establish
correlations. Once the information and databases designed for use in IDRISI were prepared,
the interpolation technique for the production of concentrations maps of contaminants was
applied using the IDRISI software. This process provided the isoconcentration maps and a
list of values of the concentrations of the pollutants for each of the health centers, clinics and
hospitals of the IMSS, ISSSTE and SSJ. With the databases (listed by month and pollutant),
tables and graphs were produced to observe the trends in the pollutants over the years
studied. The spatial analysis of pollutants was performed using the maps obtained, in order
to observe trends.

3.1.4 Correlation between air pollutants and ARD

With the database of the monthly averages, monthly modes and monthly maximums in the
concentrations of air pollutants in the health centers, clinics and hospitals (resulting from
interpolation) and with the cases of ARD, we established single correlation, multiple
correlation, variance analysis (ANOVA) and the t-student test between the six pollutants
and the number of consultations per ARD for the years 2000 to 2005, using Excel and SPSS
software. Finally, a spatial analysis of the trends of atmospheric pollutants and ARD
consultations was made.

4. Results

4.1 Behavior of the air pollutants (CO, NO;, O3, SO, PM,y) in the UAG, from 2000 to
2005.

The results of the temporal distribution showed that the behavior of air pollutants is highly
variable throughout the year and over the years analyzed. However, it was clear that the
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more concentrated contaminants are those with particles smaller than 10 microns (PMo),
followed by the ozone (O3), nitrogen dioxide (NOy), carbon monoxide (CO) and sulfur
dioxide (SO»). The spatial distribution showed that the most affected areas are the south and
southeast portions of the UAG, which have the highest levels for maximums, arithmetic
means and modes; also they contain the sites with most high events during the period
studied. The annual results showed that a significant percentage of days exceeded the
Mexican standards of pollutant emission. The analysis of maximums showed that during 21
days in 2000, 5 in 2001, 7 in 2002, 11 in 2003, 8 in 2004 and 3 in 2005, the standard was
exceeded for CO (11 ppm). In the case of NO; (0.21 ppm), the days above standard were: 18
in 2000, 21 in 2001, 26 in 2002, 5 in 2003, 6 in 2004, and 13 in 2005. For O3 (0.11 ppm) the days
above standard were: 65 days in 2000, 36 in 2001, 75 in 2002, 71 in 2003, 49 in 2004 and 66 in
2005. The PMjp (150 mg/m3) is the pollutant that has the maximum number of days
exceeding the standard, 199 days in 2000, 180 in 2001, 183 in 2002, 115 in 2003, 94 in 2004 and
93 in 2005. Finally, the SO (0.13 ppm) is the one with a minimum number of days in which
the standard was exceeded with 9 days in the year 2002 (Table 2 y Figure 2). April, May and
June presented high concentrations of O3 and CO while December, January, February and
March reflected intense concentrations of PMig, NO,, CO and SO, as a result of the presence
of low temperatures which prolonged the duration of the thermal inversions and low
humidity in the environment, not permitting their dispersion. Table 3 presents the statistical
results (averages, modes and monthly maximums).

Air pollutant Limit values. Acute exposure 2000 | 2001 | 2002 | 2003 | 2004 | 2005
Ozone (O3) 0.11 ppm (1 Hour)! 1 time per year 65 36 75 71 49 66
Nitrogen Dioxide (NO) 0.21 ppm (1 Hour)? 1 time per year 18 21 26 5 6 13
Carbon Monoxide (CO) 11 ppm (8 Hours)? 1 time every 3 years | 21 5 7 11 8
Sulfur Dioxide (SOz) 0.13 ppm (24 Hours)* | 1 time per year 0 0 9 0 0
Particles less than 150 mg/m3 .
10 microns (PMo) (24 Hours)s 1 time per year 199 | 180 | 183 | 115 | 94 | 93
INOM - 020 - SSAI - 1993, 2NOM - 023 - SSAI - 1993, 3SNOM - 021 - SSAI - 1993,
4NOM - 022 - SSAI - 1993, SNOM - 025 - SSAI - 1993.

Table 2. Number of days exceeding the standard for each of the pollutants found in the UAG.

Means Modes Maximums
X S Max | Min X S Max | Min X S Max | Min
CO |1.942(0.647| 4.883 | 0.000 |1.129 |0.502 | 4.400 |0.000 | 9.166 | 6.021 |53.600 | 0.000
NO;|0.034|0.011| 0.089 | 0.000 |0.025|0.012 | 0.136 |0.000 | 0.114 | 0.071 | 0.526 |0.000
O3 10.023{0.008| 0.053 | 0.000 |0.009 |0.006 | 0.047 |0.000 | 0.110 | 0.044 | 0.650 |0.000
PM1050.91520.218] 156.006 | 0.000 |35.488|33.397 499.900| 0.000 265.415108.633}499.900| 0.000
SO, | 0.009 [0.005| 0.068 | 0.000 |0.007 | 0.003 | 0.052 |0.000 | 0.049 | 0.056 | 0.534 | 0.000
X= Arithmetic Mean, S= Standard Deviation

Table 3. Statistical results of the means, modes and maximums monthly concentrations of
air pollutants CO», NOy, SO, PMy and O3 in the UAG from 2000-2005.
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Fig. 2. Days exceeding standards for each of the pollutants in the UAG 2000-2005.

4.1.1 Carbon monoxide (CO)

The behavior of the average monthly concentrations has with seasonal variations, a
tendency to maintain constant concentrations during the study period, with values below
the norms of the United States Environmental Protection Agency USEPA (9 ppm) and the
Mexican Official Norm NOM (11 ppm). The mean of the monthly averages was 1.942+0.647
ppm. The range of the monthly average is between 0.000-4.883 ppm (Fig. 3).

The monthly mode of the concentration presented seasonal variations with a tendency to
maintain constant concentrations during the study period, with values lower than EPA and
NOM regulations. The average of the monthly modes was 1.129+0.502 ppm. The range of
the monthly modes is between 0.000-4.400 ppm (Fig. 4).

In turn, the monthly maximum concentrations showed values above the norm in the
majority of the period analyzed (Fig. 5); however, there were major peaks reaching values
close to 55.000 ppm, which represents five times the NOM and nine times the EPA
regulations, so that these lapses were risk factors for the population. These events are
registered in the driest period of the year (March, April, May, June), just before the period of
precipitation. The average of the monthly maximums was 9.166+£6.021 ppm. The range of
monthly maximums is between 0.000-53.600 ppm (Fig. 5).

The spatial distribution showed that the zones most affected were the central and southeast
portions of the UAG (Figs. 18-20), however, the pollution generated by the CO in the UAG is
considered significant only at times of the peak maximums.
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4.1.2 Nitrogen dioxide (NO)

Most of the average monthly concentrations present values below the EPA (0.05 ppm) and
NOM (0.21 ppm) limits; however, they show irregularities and in some cases values above
the EPA limit (0.05-0.10 ppm). The mean of the monthly averages was 0.034+0.011 ppm. The
range of the monthly averages varied between 0.000-0.089 ppm (Fig. 6).

The monthly modes presented seasonal variations with a tendency to maintain constant
concentrations during the study period, with values below the EPA and NOM limits. The
average of the monthly mode was 0.025+0.012 ppm. The range of values of monthly modes
is larger than that of averages, with values between 0.000-0.136 ppm (Fig. 7).

In turn, the monthly maximums (Fig. 8) have very important variations with values from
0.000 to 0.526 ppm. The peaks of maximum concentration can occur in the winter or
summer, not showing a cyclical behavior. The UAG shows very high maximums of NO; in
the period of study. The average value of the monthly maximums was 0.114+0.071 ppm.
The range of the monthly maximum is between 0.000-0.526 ppm.

In this case, the spatial distribution showed that the zones most affected are the southwest,
west and northwest of UAG where the maximum values occur; it is a problem of the whole
UAG (Figs. 18-20). The contamination by NO; is serious in the UAG.

4.1.3 Ozone (O3)

The average monthly concentrations showed seasonal variations with tendency to remain
constant during the study period, with values below the NOM-020-5SA1-1993 (0.11 ppm).
The mean of monthly averages was 0.023+0.008 ppm. The range of the monthly averages
oscillated between 0.000-0.053 ppm (Fig. 9).

The monthly modes presented seasonal variations with a tendency to maintain constant
concentrations during the study period, with values below the limits. The average monthly
mode was 0.009+£0.006 ppm. The range of the monthly mode values was between 0.000-0.047
ppm (Fig. 10).

The monthly maximums in most of the reporting period were above the limits and with a
slight tendency to rise during recent years. There are very significant variations with values
from 0.000 to 0.650 ppm; the highest concentration peaks occur in times of drought and
summer when there is more sunshine and transformation of primary pollutants into Os. The
average value of the monthly maximums was 0.110£0.044 ppm (Fig. 11).

The spatial distribution showed that the most affected zones of the UAG are the central,
north and southeast (Figs. 18-20); however, the pollution generated by Os in the UAG is
considered moderate, which represents a risk factor for people’s health, especially when
maximums occur.

4.1.4 Particles smaller than 10 microns (PMo)

The average monthly concentrations present values between 0 and 156 pg/m3 ; the majority
of the records are located between the limits of EPA (50 pg/m?3) and NOM (150 pg/m?3), and
these levels are maintained without showing a reduction, making the PM;o the most important
contaminant in the UAG. The mean monthly average was 50.92+20.22 ug/m?3 (Fig. 12).

The monthly modes presented seasonal variations with a tendency to maintain constant
concentrations during the dry period from September to May; the majority of the values
were below the EPA and NOM limits, with the exception of temporary droughts in
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Fig. 10. Time series of monthly modes of O3 in the UAG (2000-2005).
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2003-2004 and 2004-2005 in the South and Southeast of the UAG. The mean of the monthly
modes was 35.49+33.40 pug/m3, while the range of values was between 0-499.90 pg/m3
(Fig. 13).

The monthly maximums are all above limits with a range of 0-500 pg/m?3; the concentrations
vary with constant behavior. The measured values are above the limits, so they are the main
air pollutants in the UAG. The average of the monthly maximums was 265.12+108.63 pg/m3
(Fig. 14). The concentrations of PMjo represent the main atmospheric contaminant in the
UAG, and consequently an environmental contamination problem and risk factor to
people’s health. However, the spatial distribution showed that the extreme events were
located in the south, southeast, east and northeast during the whole year (Figs. 18-20).

4.1.5 Sulfur dioxide (SO.)

The average monthly concentrations varied between 0.000 and 0.068 ppm. Practically the
values never exceeded the EPA (0.03 ppm) and NOM (0.13 ppm) limits. The values
remained constant without tendency. The SO; is a contaminant of little influence on people’s
health in the UAG. The mean monthly averages were 0.009£0.005 ppm (Fig. 15).

The monthly modes presented seasonal variations with a tendency to maintain constant
concentrations during the period of study, with values below the EPA and NOM limits. The
average of the monthly modes was 0.007+0.003 ppm. The range of monthly modes
presented values between 0.000-0.052 ppm. Only one extreme event in the summer of 2004
was recorded (Fig. 16).

The majority of the monthly maximums during the period presented values above the EPA
limit, but below the NOM limit (Fig. 17). The events that exceeded the NOM limit occurred
in the summer of 2000, winter 2001, all of 2002, spring 2004 and winter 2005. Thus, the
monthly maximums presented very important variations between 0.000 and 0.534 ppm. The
average of monthly maximums was 0.049+0.056 ppm. The spatial distribution showed that
the zones most affected were the central, north and southeastern of UAG (Figs. 18-20);
however, the concentrations of SO, mean that it does not represent a risk to the health of the
population in the UAG.

4.2 Results of acute respiratory diseases in children under 5 years from the UAG from
2000 to 2005.

The results obtained during the period from 2000 to 2005 showed that in the six years
studied there were 1 664 811 consultations for ARD in children under 5 years in public
health institutions distributed as follows: 294 251 in the year 2000, 316 899 in 2001, 336 855 in
2002, 258 068 in 2003, 242 225 in 2004 and 216 513 in 2005 (Table 4 and Figure 21). The
annual arithmetic mean was 277 469 + 46 254 consultations per year. The diseases with the
highest percentage corresponded to Acute Respiratory Infections: acute rhinopharyngitis,
acute sinusitis, acute pharyngitis, acute laryngitis, acute traquitis, acute upper airway
multiple or unspecified sites, acute bronchitis and acute bronchiolitis with the 98.0% of
consultations, followed by pneumonia and bronchopneumonia with 1.1%, asthma and
asthmaticus status with 0.5% and streptococcal pharyngitis and streptococcal tonsillitis with
0.4% (Fig. 22).

The months with the greatest number of consultations by ARD were from October to March,
with percentages between 8-12 on the annual total (Fig. 23). The most affected zone is the
southeast of the UAG.
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Fig. 18. The spatial-temporal distribution of the atmospheric polluting agents (arithmetic

means) in the UAG (2000-2005).
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Fig. 19. The spatial-temporal distribution of the atmospheric polluting agents (modes) in the
UAG (2000-2005).
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Fig. 21. Number of consultations and percentages of ARD from 2000 to 2005.

Year Number of consultations
2000 294 251
2001 316 899
2002 336 855
2003 258 068
2004 242 225
2005 216 513
TOTAL 166 4811
Arithmetic mean = 277 469 Standard deviation = 46 254

Table 4. Number of consultations for ARD in children under 5 years of age in the AUG
(2000-2005).

™ Acute Respiratorv Infections ™ Streptococcal pharyngitis and tonsillitis

 Pneumonia and bronchopneumonia = .
P Asthma and asthmaticus status

Fig. 22. Distribution of consultations for different ARD in the UAG from 2000 to 2005.
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Fig. 24. Consultation distribution of ARD by medical unit in UAG from 2000-2005.

The distribution of diseases by medical units showed that clinics and hospitals in IMSS:
Clinic 48 (Circunvalacién), Clinic 34 (18 de Marzo), Clinic 92 (Miravalle), Clinic 93 (Tonala),

Clinic 53 (Zapopan) y Clinic 3 (Centro Médico) were those with the highest consultations,

the other public health systems (ISSSTE and SS]) show a great similarity in the number of

consultations (Fig. 24).
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The percentage of consultations per month shows that November (11.97%), February
(10.95%) and March (10.79%) are the months with the highest percentage of respiratory
diseases (Fig. 24).

4.3 Correlations between air pollutants and acute respiratory diseases in the UAG.
The results of the correlations between air pollutants and acute respiratory infections in the
UAG during the 2000-2005 period, showed the following results:

Analysis of the single and multiple correlations, variance analysis (ANOVA) and t-student
test in the Acute Respiratory Diseases with monthly average, monthly modes and monthly
maximums of CO, SO,, NO,, PMjy, and Os, between 2000-2005 showed the highest
significances for monthly averages, followed by maximums and with little significance for
modes (Significance was analyzed with a confidence of 95% in all cases).

The analysis of correlations between the monthly average concentrations of air pollutants
and ARD showed the following results: for NO; significance in 5 years, PMg significance in
4 years, CO significance in 3 years, SO significance in two years and Os; showed no
correlation with the ARD (Table 5).

2000 2001
ARD |CO NO: |[NOx |Os PMi  |SOa ARD [CO NO, NOx O; PMio SO,
ARD| 1.0000{ 0.1216| 0.0714| 0.1211|-0.0281| 0.0742| 0.0659| 1.0000| 0.0667| 0.0719| 0.1019]-0.0350| 0.0965| 0.0736
CO| 0.1216| 1.0000| 0.5166| 0.7776]-0.0101| 0.3823| 0.2801| 0.0667| 1.0000| 0.3278| 0.6587|-0.3979| 0.3955| 0.4763
NOz| 0.0714| 0.5166( 1.0000| 0.8202| 0.1038| 0.5310| 0.2453| 0.0719| 0.3278| 1.0000| 0.7746| -0.0885| 0.1961| 0.2872
NOx| 0.1211| 0.7776( 0.8202| 1.0000| 0.0044| 0.4760| 0.3424| 0.1019| 0.6587| 0.7746( 1.0000|-0.3736( 0.2802| 0.4939
05[-0.0281{-0.0101| 0.1038| 0.0044| 1.0000| 0.1141| 0.0143| -0.0350 -0.3979| -0.0885| -0.3736| 1.0000| -0.1297| -0.1120
PMio| 0.0742| 0.3823| 0.5310| 0.4760| 0.1141| 1.0000| 0.2114| 0.0965| 0.3955| 0.1961| 0.2802|-0.1297| 1.0000| 0.1093
SO»| 0.0659| 0.2801| 0.2453| 0.3424| 0.0143| 0.2114| 1.0000{ 0.0736| 0.4763| 0.2872| 0.4939|-0.1120| 0.1093| 1.0000
2002 2003
ARD |CO NO: |[NOx |Os PMi  [SO, ARD [CO NO: NOx |05 PMio SO,
ARD| 1.0000{ 0.0881| 0.0498| 0.0788|-0.0694| 0.0955| 0.0113| 1.0000{ 0.0094| 0.1010| 0.0832| 0.0041| 0.1013| 0.0633
CO| 0.0881| 1.0000| 0.1109( 0.6090|-0.4863| 0.4533| 0.2187| 0.0094| 1.0000| 0.3127| 0.5628|-0.2507| 0.3547| 0.0414
NOz| 0.0498| 0.1109| 1.0000| 0.7497| 0.1363| 0.1488| 0.0610( 0.1010| 0.3127| 1.0000 0.8117| 0.0475| 0.3958| 0.2276
NOx| 0.0788] 0.6090| 0.7497| 1.0000{-0.1832| 0.2714| 0.1870| 0.0832| 0.5628| 0.8117| 1.0000( -0.2799| 0.5014| 0.2453
03[-0.0694(-0.4863| 0.1363|-0.1832| 1.0000| 0.1776{-0.1051| 0.0041|-0.2507| 0.0475| -0.2799| 1.0000| 0.2159| 0.3320
PMio| 0.0955| 0.4533| 0.1488| 0.2714| 0.1776| 1.0000| 0.0425| 0.1013| 0.3547| 0.3958| 0.5014| 0.2159| 1.0000| 0.5234
SO,| 0.0113| 0.2187| 0.0610| 0.1870(-0.1051| 0.0425| 1.0000| 0.0633| 0.0414| 0.2276| 0.2453| 0.3320| 0.5234| 1.0000
2004 2005
ARD |CO NO: |NOx |Os PMy [SO, |ARD |CO NO: NOx |05 PMio SO,
ARD| 1.0000| 0.0436] 0.0819| 0.0951| 0.0383| 0.0340| 0.0973| 1.0000| 0.1218| 0.1130| 0.1244|-0.0339| 0.0519| 0.0345
CO| 0.0436| 1.0000| 0.4343| 0.4591|-0.2231| 0.1385|-0.0506| 0.1218| 1.0000{ 0.7013| 0.7842]-0.1248| 0.4258| 0.3664
NO,| 0.0819] 0.4343] 1.0000{ 0.7285]-0.0970| 0.2799| 0.1923| 0.1130| 0.7013| 1.0000| 0.7454| 0.0088| 0.4372| 0.2256
NOx| 0.0951] 0.4591| 0.7285| 1.0000{-0.0208| 0.3277| 0.1988| 0.1244| 0.7842| 0.7454| 1.0000| -0.2559| 0.4232| 0.2755
O3 0.0383]-0.2231]-0.0970(-0.0208| 1.0000| -0.1640| 0.1424| -0.0339| -0.1248| 0.0088| -0.2559| 1.0000{ 0.5528| 0.3044
PMio| 0.0340| 0.1385| 0.2799| 0.3277|-0.1640| 1.0000| 0.3892| 0.0519| 0.4258| 0.4372| 0.4232| 0.5528| 1.0000| 0.5105
SO,| 0.0973]-0.0506| 0.1923| 0.1988| 0.1424| 0.3892| 1.0000| 0.0345| 0.3664| 0.2256| 0.2755| 0.3044| 0.5105| 1.0000
Correlations significant at p <0.0500)

Table 5. Correlation matrix between ARD cases in children younger than 5 years of age and
pollutants from 2000 to 2006.

On the other hand, the presence of a pollutant in the atmosphere is related to the presence of
other agents that may increase or counteract their effects (synergy effect); CO shows
significant correlation with NO,, O3, SO, and PMjp. NO; shows significant correlation with
NO,, O3, PMjg and SO. SO, presented significant correlation with NO,, O3 and PMio.
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5. Discussion

The evolution of contaminants shows that the UAG presents similar environmental risks to
Mexico City. During the last years, the UAG has experienced significant environmental
contingencies due to the conjunction of factors such as heavy thermal inversions (hundreds
of meters) and duration (breaking at 14:00-15:00 hours), atmospheric stability (calm winds)
and large quantities of emissions that cannot be dispersed efficiently by climatic factors.
Likewise, the vehicular traffic has grown by 20% and a significant portion of the vehicles has
been in use for more than 10 years and lacks the proper maintenance. In the case of monthly
averages (the most significant indicator of the three evaluated), it was noted that all
atmospheric contaminants influenced the health of children under five years in the UAG in
the following order: NO,, NO,, PMjo, CO and SOs. It is paradoxical that O3, as one of the
main air pollutants in the UAG, does not present correlation with the ARD.

Ruszkiewicz (1997) demonstrated cases of death by CO poisoning within vehicles and inside
structures. Also, during the Gulf War, wells and oil refineries were burnt, Kuwait was
exposed to this toxic gas and a substantial increase in consultations due to respiratory
irritation was noted. Ocafia et al. (1991) noted a relation in the increase of hospital
admissions due to respiratory illnesses attributed to CO. Quezada et al. (1997) demonstrated
that second hand smoke results in an increase in the concentration of CO. The result of this
work ratifies the results of these investigations.

The NO; has been linked significantly with asthma attacks and with the number of
consultations for respiratory infections. The results of this study corroborate the link
between acute respiratory infections and oxides and nitrogen dioxide. Indeed, the oxides of
nitrogen (NO,), have been studied slightly in relation to acute infections of the respiratory
tract, the scant literature about the theme does not indicate a significant correlation.
However, the results from this research describe a significant correlation between acute
respiratory infections and NOx.

The correlation between contaminants O3 and SO, and acute respiratory infections were
significant but not in all the analyzed years. Some other studies corroborate this correlation.
The result of this research raises our awareness that pollutants NOx NO,, PM;o, CO, SO,
affect the health of the population. With the use of the isoconcentration maps, we can infer
the distribution of the highest concentrations of atmospheric contaminants and define areas
and populations exposed to risk in the UAG (Central, South and Southeast of the UAG).

It is clear that there is still a lot to do, such as periodical inventories of the major emitting
sources of atmospheric pollutants, specifically in areas with high concentrations. Also
studies of the population exposed to the highest levels of concentration of pollutants. It is
necessary to implement programs and concrete actions that lead us to reduce concentrations
of air pollutants and reduce the risk factors for acute respiratory diseases in children and
older adults.

The results of the analysis showed that the maximums of all the contaminants exceed the
limit and that the average and modal concentrations are maintained below national limits
(NOM), but above the international limits (USEPA), which represents potential risk factors
for health.

The contamination by CO is considered significant only when the maximum peaks are
presented (9.16-53.60 ppm). The parameter proposed by the World Health Organization
(WHO) for CO is 10 ppm for 8 hours. The effects of exposure are frequently revealed in the
organ systems most sensitive to the absence of oxygen, in particular, the circulatory and
central nervous system. High levels of exposure can cause acute poisoning, comma and
collapse. The classic symptoms of poisoning for CO are headaches, sickness, severe
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headache and cardiovascular symptoms as well as the risk of comma and death (Bascom et
al., 1996; Romieu, 1999).

The concentration of NO; is important when the maximum peaks are presented (0.11-0.52
ppm). The accumulation of NO; in the human body constitutes a risk for the airways, being
more frequent in cases of chronic bronchitis. An increased dose results in a sequence of
effects: problems with olfactory perception, respiratory inconveniences, acute respiratory
pains, pulmonary edema and finally death (SEMARNAP/SS/GE], 1997; Romieu, 1999).

The concentration of O; is moderate (0.11- 0.65 ppm); however, the exposure to high
concentrations during prolonged periods represents a risk to human health. The O3
provokes injuries in the airways, pulmonary inflammation, depression of the immune
system, systemic effects in the liver, decreased aspiratory capacity, bronchi constriction, and
decreased pulmonary function, asthma and annoyance of the eyes, nose and gullet
(SEMARNAP/SS/GE]J, 1997).

The concentrations of PMyo present the highest maximum averages (265-499 ug/m3) and is
the main atmospheric contaminant in the UAG. This represents a significant problem of
environmental pollution and risks to the health of the population. The exhibition to PMjg
reduces the pulmonary functions, increases the frequency of respiratory illnesses,
cardiovascular and lung cancers, increases asthma attacks, pneumonia, bronchitis and
chronic cough (Dockery et al., 1989; Dockery & Pope, 1996).

The concentration of SO; (0.05 ppm) remained below the limits (0.13 ppm), which does not
represent a risk to human health. The spatial distribution (Figs. 18-20) shows that the most
affected zones are the Center, South and Southeast of the UAG and eventually we expect
extreme values in the rest of the UAG.

6. Conclusion

The statistical analysis of simple and multiple correlations showed that all air pollutants are
influencing the presence and frequency of ARD in children under 5 years of age in the UAG.
The results suggest that concentrations of PMjo, NO2, CO, NOj affect the health of children
younger than five years old in the UAG, while concentrations of SO, and O3, although they
do influence, are not considered as highly significant.
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