Aerosol and Air Quality Research, 11: 883-894, 2011
Copyright © Taiwan Association for Aerosol Research |H
ISSN: 1680-8584 print / 2071-1409 online

doi: 10.4209/aaqr.2011.05.0065

Performance Evaluation of AERMOD and ADMS-Urban for Total Suspended
Particulate Matter Concentrations in Megacity Delhi

Manju Mohan'’, Shweta Bhati', Archana Sreenivas®, Pallavi Marrapu3
! Centre for Atmospheric Sciences, Indian Institute of Technology, Hauz Khas, New Delhi-110016, India

? Tata Consultancy Services, Mumbai, India
3 Center for Global and Regional Environmental Research, The University of lowa, 424 IATL, lowa City

ABSTRACT

Regulatory models are useful tools for air quality management. However, application of models without proper evaluation
may lead to erroneous conclusions and thus systematic model evaluation studies are essential prior to model application.
Often, models are evaluated for a specific source and climatic condition and then find application to another source and
climatic condition without this realization. In this context, two well known regulatory models namely; AERMOD (07026) and
ADMS-Urban (2.2) are applied throughout the world in various countries without rigorous evaluation procedures. An attempt
is made here to undertake performance evaluation of these models for a tropical city such as Delhi in India which is a well
known megacity of the world. The models have been applied to estimate ambient particulate matter concentrations for the
years 2000 and 2004 over seven sites in Delhi and model evaluation and inter-comparison is performed. Concentrations have
been estimated for winter season in both years as the low temperature and low speed wind conditions in this season make it
most significant from air pollution point of view. It has been found that though both the models have a tendency towards
under-prediction, estimated values by both models agree with the observed concentrations within factor of two. However
ADMS-Urban results show better trend correlation with observed values while bias between observed and estimated values is
lower for AERMOD Results. The models include all the urban sources (ie. elevated point sources, vehicular traffic, domestic
and other sources) in the city. The model validation is discussed in the light of emission inventory, requisite meteorological
inputs and statistical performance measures. Performance evaluation of the above models is examined based on boundary
layer parameterisations used in these models. Intercomparison of the model performances is envisaged to be useful for
application to air quality management and further development of these models.
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INTRODUCTION a decade later, after implementation of various control

measures, exceedences of prescribed concentrations of

The capital city of Delhi, India has been undergoing
catalytic reforms in urban demographics and infrastructure.
The rapid growth in population in recent decades
accompanied with the city’s economic progress has resulted
in deterioration of environmental resources which is
manifested in the city’s status as one of the most polluted
cities in the world. Particularly, the air quality of the city is
worst affected due to various air pollution sources. In year
1998, the Ministry of Environment and Forests, Government
of India designated Delhi as an air pollution control area in
recognition of the severity of air pollution due to vehicular,
industrial and domestic sources (MoEF, 1998). More than
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some pollutants, specially suspended particulate matter
(SPM), are still frequently reported in the city. Annual
average ambient levels of respirable suspended particulate
matter (PM,y) have consistently been observed much above
the prescribed standard of 60 ug/m’ for past many years. In
year 2000, the annual average of PM;, concentration in the
city was 168 pg/m’® which improved in year 2004 to 149
pg/m’ but again deteriorated to 165 pg/m’ in year 2009 (CAI,
2010; CPCB, 2009). Air Quality Index values in Delhi range
from unhealthy to hazardous levels in winter season and
particulate matter is the chief contributor towards it (Mohan et
al., 2007b). The poor air quality of the city in terms of
particulate matter is attributed mainly to emissions from
exhaust of motor vehicles, coal based thermal power plants
and commercial and domestic use of solid and liquid fuels.
Adverse impact of elevated levels of particulate matter in air
on human health is evident in many earlier studies (Russel
et al., 2009; Sawyer et al., 2010) which show a strong
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relationship of respiratory and cardiovascular morbidity as
well as mortality with finer particles such as PM;,
(Jonathan et al., 2008; Samoli et al., 2008) and PM,;
(Chen et al., 2005; Cavallari et al., 2008). Mohan et al.
(2011) applied AERMOD for the exposure assessment for
the year 2004 based on air quality predictions of total
suspended particulate matter and found a significant
decrease in mortality with reduction scenarios in particulate
matter emissions.

Prediction of pollutant concentrations with the aid of
regulatory air quality models is an essential part for air
quality management strategies. However, validation of the
regulatory model is important before implementation in a
different geographical and climatic zone for which the model
is originally developed. Thus, prior to application, a model
must be evaluated for local site conditions as performance
of model varies for different source scenarios and climatic
conditions. The present study evaluates the performance of
USEPA model AERMOD (07026) and ADMS-Urban
(version 2.2) for modeling concentrations of total suspended
particulate matter (TSPM) in Delhi. These two models are
most commonly known Gaussian dispersion models for
regulatory implementation. AERMOD was developed at
the United States Environmental Protection Agency. The
model is used for regulatory purposes in the United States
and is a highly recommended model in many countries. In
India, AERMOD has recently been added to the list of
recommended models for regulatory applications (CPCB,
2008). However, the most often used model is still ISCST3
which may be due to unavailability or inaccessibility of
requisite extensive input data for AERMOD or other more
sophisticated models for various regions of the country.
ADMS-Urban, which was developed by Cambridge
Environmental Research Consultants, United Kingdom, is
also widely used for regulatory purposes in the United
Kingdom and other countries across the world. Though
both these models are used widely, there are very few case
studies of validation as well as inter-comparison of these
models in tropical/sub-tropical latitudes. Most of the
model inter-comparison studies have been performed for
European/American countries located largely in mid-latitudes
where neutral conditions and high winds are more prevalent
(Hall et al., 2000; Hanna et al., 2001; Sidle et al., 2004;
Carruthers, 2010). While the current study of an Indian city
(viz., Delhi) has tropical climatic conditions characterized by
intense convective mixing during daytime, intense ground
based inversions during nighttime, low boundary layer
heights and calm winds. Hence model performance in
different climatic conditions help in better applications and
understanding of the model as well as further scoping studies
for the development of model physics.

The models have been applied for the winter months
(November, December, January and February) of two years:
2000 and 2004. On a mandate by Supreme Court of India,
public transport vehicles in New Delhi were required to
switch their fuel to compressed natural gas (CNG), in an
attempt to reduce their air pollution impacts. This switch
was initiated in 2001 and was completed by 2003
(Reynolds and Kandlikar, 2008). The years 2000 and 2004,

thus correspond to pre and post phase respectively of
implementation of CNG thereby representing two different
air quality scenarios in Delhi. The estimated concentrations
by both models have been compared with the observed
values and evaluation of the performance is based on various
statistical parameters.

BACKGROUND OF THE STUDY

The capital city of Delhi is located at latitude 28°38'17"
and longitude 77°15'S1" with an altitude of 215 m above
sea level. The city experiences three major seasonal variations
in a year. The month of March marks the onset of summer
season which continues till the month of June. During the
summer season, dry conditions prevail and temperatures
are characteristically high. The maximum temperature peaks
up to 45°C and lowest minimum temperatures in the range
of 24-25°C. During the summer season, duststorms, which
originate from the arid region of nearby state of Rajasthan,
occasionally impact the city and ambient levels of particulate
matter are suddenly raised. Such scenarios can only be
captured appropriately by detailed numerical atmospheric
chemical models where concentrations are estimated in a
time dependent manner from seconds to minutes. However,
most regulatory models are steady state model where detailed
chemical modeling is absent or parameterized in a simple
manner (Mohan ef al., 2011). The months of July, august
and September are dominated by humid south west monsoon
and incidences of rainfall clear the atmosphere and
decrease ambient concentrations of particulates. The most
important season in Delhi, from air quality point of view,
is the winter, which starts in November and ends with the
month of February. This period is dominated by cold, dry
air and ground-based inversion with low wind conditions,
which occur very frequently and increase the concentrations
of pollutants. In the year 2009-2010, the average PM;,
concentration from March 2009 to October 2009 was 183
ug/m’ against the average concentration of 265 pg/m’ in
the winter period from November 2009 to February 2010
(CPCB, 2010). Thus even though consistent exceedence of
prescribed standard (i.e. 100 pg/m’ for daily average and 60
ng/m’ for annual average) is observed throughout the year,
the situation is worst in winter season. A sudden increase
in number of asthma, emphysema and chronic obstructive
pulmonary disease cases is also witnessed in winter season
in Delhi (Chhabra ef al., 1999; Agarwal et al., 2006; WHO,
2010). Particulate matter levels in the city are emitted mainly
by vehicular sources and other fuel combustion processes.
Srivastava et al. (2008) observed that total suspended
particulate matter in the city has been found to comprise
mainly of vehicular pollutants (62%), followed by crustal
dust (35%) in the fine size range; and crustal dust (64%)
followed by vehicular pollution (29%) in the coarse size
range. Perrino et al. (2011) noted that pollutants produced
by combustion sources were major contributors of the total
mass SPM in Delhi, and that the rest of it, in the absence of
desert storms, was contributed from species coming from
the soil, inorganic secondary compounds formed in the
atmosphere and organic species.



Mohan et al., Aerosol and Air Quality Research, 11: 883—-894, 2011 885

The Central Pollution Control Board (CPCB), the nodal
agency responsible for monitoring and regulating the
pollution scenario, measures the particulate matter
concentration at seven monitoring stations in Delhi viz.
Ashok Vihar, Siri Fort, Nizamuddin, Shahzada Baug, Janak
Puri, Shahadara and ITO (Fig. 1). Shahdara and Shahzada
Baug are industrial areas and ITO is one of the busiest
traffic intersections of Delhi. Ashok Vihar and Janakpuri
represent areas of mixed residential and commercial use.
Other monitoring sites are located in residential areas.

MATERIALS AND METHODS

Applied Models

AERMOD (version 07026), is a steady-state Gaussian
plume air dispersion model which was developed by the U.S
Environmental Protection Agency and incorporates planetary
boundary layer concepts. Plume growth is determined by
turbulence profiles that vary with height. AERMOD
calculates the convective and mechanical mixing height.
Under unstable conditions, AERMOD plume displacement
is caused by random convective velocities. AERMOD is
capable of estimating pollutant concentration from point,
line and area sources. Sources can be individually modeled
as rural or urban. The model incorporates the effects of
increased surface heating from an urban area on pollutant
dispersion under stable atmospheric conditions and this
treatment is a function of city population. AERMOD models
a system with two separate components: AERMOD (Aermic
Dispersion Model) and AERMET (AERMOD Meteorological
Preprocessor).The AERMET is the meteorological processor
for the AERMOD. Input data for AERMET includes hourly

cloud cover observations, surface meteorological observations
such as wind speed and direction, temperature, dew point,
humidity and sea level pressure and twice-a-day upper air
soundings. Meteorological data is accepted from multiple
heights and wind, temperature, and turbulence are treated
as vertical profiles (EPA, 2010).

ADMS-Urban (version 2.2) developed by Cambridge
Environmental Research Consultants Ltd. is a model of
dispersion in atmosphere of pollutants released from
industrial, domestic and road traffic sources in urban areas.
The model incorporates parameterization of boundary
layer based on Monin-Obukhov Length and boundary
layer height. This local Gaussian type model is nested
within a trajectory model for areas within 50 km x 50 km
(CERC, 2006). In this model also, non-Gaussian vertical
profile of concentration is created in convective conditions,
which allows for the skewed nature of turbulence within
the atmospheric boundary layer that can lead to high
surface concentrations near the source.

Requisite hourly surface meteorological data for Delhi
for the time period under consideration in this study i.e. for
the months of January, February, November and December
of years 2000 and 2004 was obtained from Indian
Meteorological Department. The upper air data was
accessed from online global Radiosonde Database of
National Climatic Data Center of National Oceanic and
Atmospheric Administration (NCDC, 2008).

Both AERMOD and ADMS-Urban were used to estimate
24 hour average and monthly average concentrations of
TSPM, by using the meteorological data and emission
inventory for the winter months of the year 2000 and 2004
for Delhi.
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Fig. 1. Grid network (2 km® square grid of uniform size throughout the study area) depicting the ambient air quality

monitoring stations over the study area of Delhi.
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Emission Inventory

There are three main sectors which contribute to
particulate matter emissions. Exhausts from motor vehicles
constitute the transport sector. Thermal power plants of the
power sector in India are mostly coal based. During the
study period, three coal based power plants were operational
in the city. The domestic and waste sector is the third main
sector wherein the particulate matter emissions arise from
combustion of various solid and liquid fuels and open
burning of waste. In the modeling exercises in the present
study, power plants have been considered as point source
emissions and emissions from transportation and other
sectors have been modeled under area sources. Usually in
urban areas, there are widespread vehicular sources and it
is difficult to have detailed data of every road stretch at
each model grid-point. In addition, other category of emission
sources in the urban airshed is also considered alongside
the vehicular traffic and therefore emissions from vehicular
sources have been clubbed under area sources.

The construction of inventory for TSPM for years 2000
and 2004 is based on some earlier studies (Mohan and Dube,
2001; Gurjar et al., 2004; Mohan ef al., 2007a; 2011).

The calculation of emission from vehicles is based on
the data on emission factor for the specific vehicle type,
the distance traveled by a particular vehicle type, number
of vehicles and their distribution in the type of the fuel
used. The emission factor of different pollutants for each
vehicle type have been calculated in earlier studies conducted
by organizations such as Central Pollution Control Board
(CPCB, 2006a, 2006b) and Central Road Research Institute
(Jalihal et al., 2006).

Three coal-based power plants (Badarpur, Indraprastha
and Rajghat) have been considered for estimating emissions
from power plants. The coal consumption in 000’ tons for
these power plants was obtained from Central Electricity
Authority performance review report (CEA, 2006). The
domestic and waste sectors include emissions from fuel
consumption in households and emissions from waste
burning. While cooking gas is the major domestic fuel,
kerosene oil is also usually burnt in small stoves; other
energy sources for domestic sector that have been considered

are biomass such as fuel wood, crop waste and dung. Fuel
consumption data for domestic and waste sectors is given
in Delhi statistical handbook (DES, 2002, 2005) and emission
factors used in Gurjar ef al. (2004) have been used in
calculations. The emissions from small scale industries
have not been taken into account for this study because,
according to a Supreme Court decision in 1996, polluting
industries in Delhi were closed in 2000 and other non
hazardous were relocated and there is absence of factual
information about emissions of relocated industries. Moreover,
Gurjar et al. (2004) estimated the contribution of small scale
industries towards total particulate matter emissions to be
of negligible order (< ~1%) and thus, in this study they
have not been accounted for.

Methodology for the preparation of the gridded emission
inventory is based on an earlier work by Mohan and Dube,
(2001) and Mohan et al. (2007a; 2011). Emissions were
estimated over a grid network of 26 x 30 km with a resolution
of 2 km covering most of the urban area of Delhi. The
selected area covers that part of Delhi where most of the
urban activities take place and includes all major sources
of air pollution, sizeable receptor population and the seven
monitoring stations of CPCB. Keeping these criteria in
consideration, emissions from 173 cells of the grid network
were input into the model. Fig. 1 displays the grid network
over the city of Delhi which was used for the study. The
shaded cells are the ones for which the emissions were
considered (Mohan et al., 2011). The unshaded areas were
poorly developed and with negligible emissions. Wind
Roses for the modeling duration of years 2000 and 2004
are given in Fig. 2.

Table 1 displays total emissions and contribution of
different source category for winter months of 2000 and
2004. Overall, transport sector has been observed to have
highest contribution to total emissions followed by domestic
and waste sector and power plants. The annual growth of
petrol cars and diesel cars is 8.5% and 16.6% respectively
(DES, 2005). Thus, despite implementation of measures like
introduction of CNG in public buses, share of transport
sector is increasing in total emissions. Use of better quality
coal and increase in production of electricity by gas based
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Fig. 2. Wind Roses for winter months (Jan, Feb, Nov, Dec) of year 2000 (left) and year 2004(right).
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Table 1. Percentage contribution towards TSPM emissions for winter months of 2000 and 2004.

Percentage Contribution towards total
Emission for year 2000 (Jan, Feb, Nov, Dec)

Source Sector

Total Emissions: 47 Gg

Percentage Contribution towards total
Emission for year 2004 (Jan, Feb, Nov, Dec)
Total Emissions: 21 Gg

Power plants 15.1%
Transportation 61.7%
Domestic and Waste 23.2%

3.6%
65.3%
31.1%

power stations has resulted in decrease in percentage
contribution of thermal power plants. Increase in emissions
from domestic and waste sector is attributed to mainly
increasing population.

Model Evaluation

Data for observed ambient air concentrations of total
suspended particulate matter was collected for the years
2000 and 2004 in terms of average daily concentrations from
the seven monitoring stations of CPCB in Delhi mentioned
in section 2. This monitored daily average TSPM data and
calculated monthly average data were compared with the
models’ estimated concentrations. Comparison was carried
out by measuring some statistical parameters which have
been used in earlier studies related to model validation (Fox,
1984; Hanna, 1988; Hanna et al., 1993; Mohan et al., 1995;
ASTM, 2000). These parameters include Fractional Bias (FB),
Normalized Root Mean Square Error (NMSE), Correlation
Coefficient (r), Index of Agreement (d), Geometric Mean
(MG), Geometric Variance (VG), Root mean square error
(RMSE), Fraction of Predicted concentrations within factor
of two of observed concentration (FAC,) and Quantile -
Quantile Plots. These statistical performance measures were
used to evaluate the performance of both models.

RESULTS AND DISCUSSIONS

Overall Performance of Models

A comparison of monthly average observed and estimated
values of total suspended particulate matter at all seven
monitoring stations of Delhi for years 2000 and 2004 by
both ADMS and AERMOD is depicted in Fig. 3. It can be
seen that both the models have a tendency towards under-
prediction of the concentrations. The observed concentrations
have decreased from year 2000 to year 2004 and this decrease

is captured by estimated concentrations by both models.

Scatter Plots of Predicted vs. Observed concentrations
of both the models are shown in Figs. 4 and 5 along with
the limits of factor of 2. Most results from both AERMOD
and ADMS-Urban agreed with the measured concentration
statistics to within a factor of two for daily average
concentrations (Fig. 4). However, a scatter plot for monthly
averages reveals that monthly average concentrations
estimated from models’ results correlate better with observed
monthly average concentrations as compared to 24 hour
daily average concentrations. Thus it can be said that there
is a good degree of correlation between the observed and
predicted values for both the models.

The results for performance of statistical indicators can
be seen in Tables 2 and 3. Summarily, measures for bias
such as FB, NMSE and RMSE are lower for AERMOD
estimations while measures indicating relationship between
observed and estimated values such as correlation coefficient
(r) and index of agreement (d) are better for ADMS-Urban
estimations.

To determine the reliability of the model, the criteria
used is as set in a study by Kumar et al. (1993) and Chang et
al. (2004). According to Kumar et al. (1993), the performance
of the model can be deemed as acceptable if;

NMSE <0.5 and -0.5<FB<+0.5

The above criteria were satisfied for results for all the
seven stations for concentration estimations by both models
for years 2000 and 2004 inferring that performance of both
models was considerably good. The fractional bias of
concentrations estimated by ADMS-Urban for site of ITO is
the only exception where the value is 0.508 for the year 2004.

Further, according to Chang et al. (2004) a ‘‘good’”” model
would be expected to have about 50% of the predictions

Concentration
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Fig. 3. Comparison of monthly average observed and estimated values of TSPM.
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Table 2. Performance of statistical indicators for concentration predictions by AERMOD at different monitoring sites in

Delhi.
Ashok Vihar ~ ITO Janakpuri Nizamuddin  Shahdra Sh]ggizda Siri Fort

2000 2004 2000 2004 2000 2004 2000 2004 2000 2004 2000 2004 2000 2004

Correlation Coefficient 0.84 0.54 0.76 0.57 0.797 0.63 0.7 067 056 076 0.77 0.64 0.86 091
Index of Agreement  0.89 0.65 0.85 0.66 0.86 0.73 0.75 085 071 076 084 0.96 0.92 0.89
Fractional Bias ~ 0.12 0.19 0.11 034 0.14 0.18 0.08 020 0.07 024 0.13 025 0.02 0.4
NMSE 0.08 0.08 0.08 029 008 0.0 0.1 014 006 006 0.10 0.7 0.06 0.16
Geometric Mean Bias  1.08 120 1.12 152 117 1.19 1.09 124 110 135 115 132 1.03 1.28
Geometric Variance ~ 1.01 1.04 1.01 1.19 1.03 1.03 1.0l 1.05 1.0l 1.09 1.02 1.08 1.00 1.07
RMSE 105.70 90.05 137.12 245.66 92.09 90.07 132.99 107.59 86.24 112.63 109.22 98.82 70.46 95.15
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Table 3. Performance of statistical indicators for concentration predictions by ADMS-Urban at different monitoring sites

in Delhi.
. . . . Shahzada .

Ashok Vihar ITO Janakpuri Nizamuddin Shahdra Baug Siri Fort
2000 2004 2000 2004 2000 2004 2000 2004 2000 2004 2000 2004 2000 2004
Correlation Coeffiecient 0.92 0.84 0.57 0.84 0.74 0.82 0.86 0.84 057 094 0.61 056 0.78 0.95
Index of Agreement 093 0.68 0.66 0.63 0.66 0.74 089 0.62 0.72 097 0.69 044 0.76 0.77
Fractional Bias 0.13 039 023 051 040 035 -0.12 043 0.12 0.12 024 045 -029 0.38
NMSE 0.05 025 0.14 029 024 0.16 005 022 0.06 0.06 0.12 0.17 0.18 0.16
Geometric Mean Bias 1.12 1.55 1.23 1.68 1.53 143 0.88 1.53 1.13 1.14 124 1.58 0.74 1.43
Geometric Variance 1.01 1.21 1.04 131 120 1.14 1.02 120 1.02 1.02 1.05 123 1.09 1.3

RMSE

84.38 118.15192.83 248.28 149.18 104.46 89.06 135.82 74.52 50.47 145.33 115.34 140.96 128.20

within a factor of two of the observations and a relative
mean bias within + 30% or FB as within + 0.3. Considering
FAC2 values, it is evident from scatter Plots (Figs. 4 and 5),
that for the present study, the condition of FAC2 > 50% is
satisfied for both AERMOD and ADMS-Urban estimations
for both years 2000 and 2004. Fractional Bias values are
also within the range of £ 0.3 for AERMOD estimations
for both years 2000 and 2004 at all sites except for ITO
(0.34) in year 2004. Though ADMS-Urban satisfies the
FAC2 criterion for all sites, fractional bias exceeds the
limit of 0.3 for concentration estimations by ADMS-Urban
for one site for year 2000 and six out of the seven sites for
the year 2004. Thus it can be said, that AERMOD performs
better than ADMS-Urban in relation to bias between observed
and estimated concentrations.

RMSE values, which account for difference between
modeled and observed values, are high. However, low
values of NMSE indicate that the overall deviations are
less. Satisfactorily high values for Correlation Coefficient
and Index of agreement indicate that the predicted values
follow the trend of the observed values.

Greater prevalence of positive Fractional Bias values for
both the models indicates that both the models have a
tendency towards under-prediction as compared to observed
values. Over prediction or under prediction of the model is
explained further in Quantile-Quantile (Q-Q) plots. In Q-Q
plots, the sorted predicted concentrations are plotted against
the sorted observed values (i.e. independent of time and
position) to determine whether the observed and predicted
concentrations datasets come from populations with a
common distribution. If the two sets come from a
population with the same distribution, the points should fall
approximately along the 1:1 reference line. The greater the
departure from this reference line, the greater the evidence for
the conclusion that the two data sets have come from
populations with different distributions (Venkatram et al.,
2001; Luhar et al., 2006). Figs. 6 and 7 show a Q-Q plot for
24 hour average particulate matter observed and estimated
concentrations. The plots reveal the general tendency of
both models towards underprediction at the higher end of
the observed concentration distributions. AERMOD performs
extremely well for year 2000 as most of the quantile points
lie along the 1:1 reference line (Fig. 6, Left). However there is
a consistent tendency towards underprediction for estimations
in year 2004. ADMS-Urban overpredicts concentrations at

lower end of the observed concentration distribution and
underpredicts towards higher end in year 2000. However
its performance in year 2004 is similar to that of AERMOD
showing consistent underprediction.

Dispersion models can substantially under-predict impacts
because the theoretical and physical assumptions on which
they are based don’t match a particular environmental or
meteorological situation. Moreover, the meteorological
(weather) inputs provided may be too few or too limited to
allow the model to function properly (AReCO, 2002). Often
emission inventory that comprises of large number of
variety of sources find it difficult to suitably account for all
of these sources that may affect the model bias. The total
suspended particulate matter concentration in Delhi gets
affected at times by long range transport of dust by dust-
storms due to its close proximity to desert land in the nearby
state of Rajasthan. Such random and irregular phenomenon
is not being accounted for in the emission inventory presently.
As stated in section 3.2, polluting industries in Delhi were
relocated in accordance with Supreme Court ruling. However,
certain small factories are still expected to be operational
within city boundary limits. Another important reason is that,
the activities under sectors such as transport and waste, which
lead to particulate matter emissions, are under the purview
of regulatory authorities and hence a close estimate of total
emissions from these sectors can be obtained. However,
activities under domestic sector (such as domestic fuel usage),
cannot be surveyed in entirety as a large section of low income
group people live in unauthorized slums and colonies in Delhi
which are not under legal purview. Though emissions from
these sections are significant, but their quantitative estimation
is based on many assumptions (Kandlikar and Ramachandran,
2000; Gurjar et al., 2004). The monitored ambient data,
however, would measure concentration due to all sources
and thus observed concentrations are usually higher than
those estimated by models.

In certain cases, the model results exceeded the monitored
values; this could be due to some disturbances in the local
activities. The emission data which serves as an input to
the models has been derived from suitable averaging of the
annual emission data. Hence, the emissions data for each
grid is taken to be constant throughout the year. But this is
not possible in the real scenario, thus at times, when the
emissions decrease, the monitored values might tend to be
lower than the model values.
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Comparison of the Performance of Both Models

Comparison of the performance of AERMOD and
ADMS-Urban has been based on results of mainly four
statistical measures:

e Correlation Coefficient: to compare the trend of modeled
values to that of measured concentrations.

o NMSE and Fractional Bias: to compare the deviations
between observed and predicted values.

e Index of Agreement: to assess the extent to which
magnitudes of mean observed values are related to the
predicted deviations about them.

Comparison of model predictions based on statistical
measures reveals that modeled values by ADMS-Urban
have higher correlations with observed concentrations. Hence
correlation between observed and modeled values is better
for ADMS-Urban predictions as compared to AERMOD.
However, Fractional Bias values are mostly lower in
AERMOD modeled concentrations as compared to ADMS-
Urban. This indicates that concentrations predicted by
AERMOD are closer to observed concentrations than those
estimated by ADMS-Urban. Both the models perform
similarly as far as results of index of agreement and NMSE
are concerned. It is therefore concluded that performance of

both models is comparable based on statistical performance
measures.

Table 4 lists the values of above mentioned statistical
parameters for monthly averages of both 2000 and 2004
taken together. It can be seen that AERMOD performs
marginally better than ADMS-Urban for monthly averages
for all considered statistical measures. Thus while ADMS
performs better for 24 hour average concentrations,
AERMOD is better for monthly averages. However, it must
be noted that in both scenarios, i.e. 24 hour average as well
as monthly average, difference between performances of both
models is not significant enough to conclude one model as
better than the other.

Table 4. Overall performance of statistical indicators for
monthly averages of all years and all monitoring sites
combined.

AERMOD  ADMS-Urban

Correlation Coefficient 0.790 0.688
Index of Agreement 0.768 0.643
Fractional Bias 0.164 0.240
NMSE 0.045 0.155
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Both models usually underpredict the concentrations.
However, ADMS-Urban has a slightly greater tendency
towards under-prediction in comparison to AERMOD. This
fact can be observed from Q-Q plots in Figs. 6 and 7 in which
concentrations by ADMS-Urban show greater deviation
from 45-degree reference line towards under-prediction.
The following model evaluation studies have been performed
on these models and reported of underpredictions as in the
present study.

Hanna et al. (2001) compared the results of ADMS and
AERMOD to five sets of field measurements, which
represent a cross-section of scenarios common in modelling
studies. Though, in general both models performed well for
all scenarios, the ADMS performance was slightly better
than the AERMOD performance. On average in the study
by Hanna et al. (2001), ADMS underpredicted by about
20% and AERMOD underpredicted by about 40%, and
both had a scatter of about a factor of two. Approximately
53% and 46% of the ADMS and AERMOD predictions,
respectively, are within a factor of two of observations in
their study. Overall, both ADMS and AERMOD tended to
underpredict the mean and maximum concentrations. This
result is in consonance with the findings of our present
study for megacity Delhi. Carruthers et al. (2000) compared
the results of ADMS to measurements from urban and
industrial locations in London, Ireland and Wales. The PM,,
concentrations were significantly underpredicted. The authors
suggested that this could be due to emission sources or
strengths being poorly defined, exclusion of periodic releases
from the modeling, regional variations in the background
concentrations or the use of incorrect emission factors.
Kesarkar ef al. (2006) compared the estimated values of PM;,
to that of observed values over the city of Pune, India using
AERMOD coupled with Weather Research and Forecasting
Model where underestimation of the concentrations were
reported.

Spatial Variation of TSPM

Figs. 8(a)—(d) display concentration contours of TSPM
for years 2000 and 2004 as estimated by both AERMOD
and ADMS. The region around ITO (marked by star symbol),
which is both a traffic intersection and in vicinity of a
thermal power plant is a major hotspot in all the isopleths.
Some other hotspots which are common in all isopleths are
regions around Mangolpuri and CP. Other hotspots are
Uttam Nagar and Silampur. ADMS-Urban contours have
more distinct concentration hotspots in comparison to
AERMOD estimated concentration isopleths. It can be noted
that emissions in the city dominate over wind direction. It can
be noted that emissions dominate more over wind direction
in year 2004 in comparison to year 2000, as concentration

distribution does not follow wind rose pattern for year 2004.

Also, since vehicular sources are spread throughout the city,
the effect of wind direction is not significant in the directions
of the contours.

Influence of Boundary Layer Height on Model Results
The difference between estimated concentrations by both
models arises due to processing of the meteorological data

which result in different estimations of the depth of boundary
layer. Since winter months are characterized by low
boundary layer conditions, the estimated concentrations are
very sensitive to any change in this parameter. Fig. 9 displays
boundary layer height (BLH) estimations by AERMET
and meteorological processor of ADMS-Urban for both
years 2000 and 2004. About 64 % of estimated values of
boundary layer height fall within the ADMS/AERMET ratio
of 0.5 and 2. About 14% of BLH estimations by AERMET
are more than twice of those estimated by ADMS-Urban.
On the other hand, about 22% of BLH estimations by ADMS-
Urban are more than twice those of AERMET. Thus overall,
BLH estimations by ADMS-Urban are comparatively higher
than those by AERMET. This could be the reason for
slightly higher concentration estimations by AERMOD in
comparison to ADMS-Urban and consequently lower bias.
Brooke et al. (2007) compared boundary layer heights
estimation by AERMET (04300) and ADMS 3.3 for
Yorkshire, UK and found that AERMET estimation of BLH
were higher than that of ADMS-Urban. The models could
perform differently in different climatic zones. The ADMS-
Urban meteorological module provides good estimates of
boundary layer depth when the site is in mid-latitudes
(CERC, 2006). However, there is no comparison of these two
models for Indian conditions (tropical/sub-tropical) from
meteorological processing viewpoint exist as undertaken in
this study which could help in model implementation.
Meteorological processing in AERMOD modeling system
includes upper air soundings whereas this feature is absent
in ADMS-Urban. However, deeper understanding of the
meteorological preprocessors of both models is required
for determining specific reasons of difference in estimated
concentrations. Comparable performance of both AERMOD
and ADMS-Urban reveals that use of sophisticated
parameterizations to describe boundary layer physics in
AERMOD do not always help in improving the model
performance perhaps due to lack of appropriate good
quality upper air meteorological data. The surface layer
parameterizations in ADMS-Urban based on similarity
theory requiring only the surface data has also performed
equally well.

CONCLUSIONS

e Performance evaluation of two commonly used
regulatory air quality models across the world namely
AERMOD (07026) and ADMS-Urban (2.2) has been
performed using statistical measures for a sub-tropical
region of Delhi in India.

e Estimated daily and monthly averaged concentration
values by both models agreed with the observed
concentrations within a factor of two. Agreement of
monthly average estimated particulate matter
concentrations with observed monthly average
concentrations is better as compared to 24 hour
average concentrations.

e Both the models have a tendency towards under-
prediction of concentrations. Irregularities and
assumptions in emission input can be a possible cause.
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Fig. 8. Concentration isopleths for TSPM as estimated by (A) AERMOD, year 2000 (B) ADMS-Urban, year 2000; (C)
AERMOD, year 2004; (D) ADMS-Urban, year 2004.

ADMS-Urban shows greater tendency towards under-
prediction as compared to AERMOD. However,
AERMOD requires more input meteorological data as
compared to ADMS-Urban.

Monthly average estimations of both the years taken
together, reveals that AERMOD estimates are marginally
better than ADMS-Urban.

Overall, both the models have comparable performance
and the differences between estimated concentrations
are mainly due to processing of the meteorological
data. Specifically the influence of boundary layer
estimations on the model results were observed that
could explain most of the differences amongst the two
models. Additional case studies for model
performance evaluation always enhance the credibility

of the models for both model users and developers. It is
helpful from the standpoint of the modeling community
targeting their application in tropical urban areas as
well as to provide insight for further improvement of
these models.

ACKNOWLEDGEMENTS

This research was partially supported by Ministry of
Human Resource Development (MHRD), Govt. of India as
a research grant. We thankfully acknowledge India
Meteorological Department (IMD), Delhi, for providing
the meteorological data. We also thank Central Pollution
Control Board, Delhi for making available the air quality
data.



Mohan et al., Aerosol and Air Quality Research, 11: 883—-894, 2011 893

2000 Boundary Layer Height Estimations (m)

2500 -

2000 1 . R

P )
=
s
2 1500 -
< -7
- -
1000 4 -,
500 -
T -
0
0 500 1000 1500 2000 2500 3000
ADMS-Urban

Fig. 9. Boundary layer height estimations (meters) by AERMET and meteorological processor of ADMS-Urban for years

2000 and 2004.

REFERENCES

Agarwal, R., Jayaraman, G., Anand, S. and Marimuthu, P.
(2006). Assessing Respiratory Morbidity through Pollution
Status and Meteorological Conditions for Delhi. Environ.
Monit. Assess. 114: 489-504.

Alliance of Residents Concerning O'Hare (AReCO) (2002).
Myths and Facts of Pollution. http://www.areco.org/myths.
pdf (Jul. 30, 2010).

American Society for Testing and Materials (ASTM).
(2000). ASTM Standard Guide for Statistical Evaluation
of Atmospheric Dispersion Model Performance, ASTM,
Pennsylvania, USA.

Brooke, D., Stiff, S. and Webb, A. (2007). A Comparison of
Results from ADMS and AERMOD with Measured Data,
11th Conference on Harmonisation within Atmospheric
Dispersion Modelling for Regulatory Purposes, Cambridge,
United Kingdom, 2007.

Cambridge Environmental Research Consultants (CERC)
(2006). ADMS-Urban User Guide. CERC, Cambridge, UK.

Carruthers, D.J. and Edmunds, H.A. (2000). Use and
Validation of ADMS-Urban in Contrasting Urban and
Industrial Locations. Int. J. Environ. Pollut. 14: 364-374.

Carruthers, D. (2010). Comparison of Air Dispersion Models
Including ADMS, AERMOD and CALPUFF. ADMS
User Group Meeting Vilnius 19 January 2010.

Cavallari, J.M., Eisen, E.A., Fang, S.C., Schwartz, J., Hauser,
R., Herrick, R.F. and Christiani, D.C. (2008). PM, s Metal
Exposures and Nocturnal Heart Rate Variability: A Panel
Study of Boilermaker Construction Workers. Environ.
Health 7: 36.

Central Electricity Authority (CEA) (2006). All India
Electricity Statistics: General Review 2006, Ministry of
Power, Government of India.

Central Pollution Control Board (CPCB) (2006a). Vehicular
Air Pollution in Delhi-A Preliminary Study, Report No.
CUPS/10/1982-83, Government of India.

Central Pollution Control Board (CPCB) (2006b). Transport
Fuel Quality for Year 2005.

Central Pollution Control Board (CPCB) (2008). Conceptual
Guidelines and Common Methodology for Air Quality
Monitoring, Emission Inventory & Source Apportionment
Studies for Indian Cities. CPCB, Delhi, http://cpcb.nic.in/
oldwebsite/Air/sourceapportionmentstudies.pdf.

Central Pollution Control Board (CPCB) (2009). Environmental
Data Bank, http://cpcbedb.nic.in/ (May 7, 2010).

Central Pollution Control Board (CPCB) (2010). Real Time
Air Quality Status. http://164.100.43.188/cpcbnew/websearch.
asp (May 7, 2010).

Chang, J.C. and Hanna, S.R. (2004). Air Quality Model
Performance Evaluation. Meteorol. Atmos. Phys. 87: 167—
196.

Chen, L.C. (2005). What are the Long Term Effects of PM?
HEI Annual Meeting 2005, http://www healtheffects.org/
Slides/AnnConf2005/Chen.pdf (Apr. 9, 2010).

Chhabra, S.K., Gupta, C.K., Chhabra, P. and Rajpal, S. (1999).
Risk Factors for Development of Bronchial Asthma in
Children in Delhi. Ann. Allergy Asthma Immunol. 83: 385—
390.

Clean Air Initiative for Asian Cities Center (CAI) (2010).
India: Air Quality Profile - 2010 Edition. Pasig City,
Philippines.

Directorate of Economics & Statistics (DES) (2002). Delhi
Statistical Handbook- 2002. Govt. of NCT of Delhi.

Directorate of Economics & Statistics (DES) (2005). Delhi
Statistical Handbook- 2005. Govt. of NCT of Delhi.

Fox, D.G. (1984). Uncertainty in Air Quality Modeling. Bull.
Am. Meteorol. Soc. 65: 27-36.

Gurjar, B.R., van Aardenne, J.A., Lelieveld, J. and Mohan, M.
(2004). Emission Estimates and Trends (1990-2000) for
Megacity Delhi and Implications. Atmos. Environ. 38:
5663-5681.

Hall, D.J., Spanton, A.M., Dunkerley, F., Bennett, M. and
Griffiths, R.F. (2000). In An Inter-comparison of the



894 Mohan et al., Aerosol and Air Quality Research, 11: 883—-894, 2011

AERMOD, ADMS and ISC Dispersion Models for
Regulatory Applications, R&D Technical Report P362,
Environment Agency, Rio House, Bristol.

Hanna, S.R., Chang, J.C. and Strimaitis, D.G. (1993). Hazardous
Gas Model Evaluation with Field Observations. Afmos.
Environ. 27A: 2265-2285.

Hanna, SR., Egan, B. A., Purdum, J. and Wagler, J. (2001).
Evaluation of the ADMS, AERMOD, and ISC3 Dispersion
Models with the OPTEX, Duke Forest, Kincaid, Indianapolis
and Lovett field datasets. Int. J. Environ. Pollut. 16: 301—
314.

Hanna., S.R. (1988). Air Quality Model Evaluation and
Uncertainty. J. Air Pollut. Contr. Assoc. 38: 406—412.
Jalihal, S.A. and Reddy, T.S. (2006). An alternative fuel

for public transport. J. Sci. Ind. Res. 65: 426-431.

Jonathan, G., Kulkarni, N., Pierse, N., Rushton, L., Callaghan,
C.O. and Rutman, A. (2008). Black-Pigmented Material in
Airway Macrophages from Healthy Children: Association
with Lung Function and Modeled PM;,, The Health
Effects Institute, Research Report 134.

Kandlikar, M. and Ramachandran, G. (2000). The Causes
and Consequences of Particulate Air Pollution in Urban
India: A Synthesis of the Science. Annu. Rev. Energy
Env. 25: 629-684.

Kesarkar, A.P., Dalvi, M., Kaginalkar, A. and Ojha, A. (2006).

Coupling of the Weather Research and Forecasting Model
with AERMOD for Pollutant Dispersion Modeling. A

Case study for PM,, Dispersion over Pune, India. Atmos.

Environ. 41: 1976-1988.

Kumar, A., Luo, J. and Bennett, G. (1993). Statistical Evaluation
of Lower Flammability Distance (LFD) Using Four
Hazardous Release Models. Process Saf. Prog. 12: 1-11.

Luhar, A.K., Galbally, L.E. and Keywood, M. (2006) Modelling
PM;, Concentrations and Carrying Capacity Associated
with Woodheater Emissions in Launceston, Tasmania.
Atmos. Environ. 40: 5543-5557.

Ministry of Environment & Forests (MoEF) (1998). White
Paper on Pollution in Delhi with an Action Plan,
Government of India.

Mohan, M., Panwar, T.S., and Singh, M.P. (1995). Development
of Dense Gas Dispersion Model for Emergency
Preparedness. Atmos. Environ. 29: 2075-2087.

Mohan, M. and Dube, M. (2001). Ambient Air Quality
Assessment of Sulphur Dioxide over Delhi. Indian J.
Environ. Prot. 21: 720-728.

Mohan, M., Dagar, L. and Gurjar, B.R. (2007a) Preparation
and Validation of Gridded Emission Inventory of Criteria
Air Pollutants and Identification of Emission Hotspots
for Megacity Delhi. Environ. Monit. Assess. 130: 323—
339.

Mohan, M. and Kandya, A. (2007b). An Analysis of the
Annual and Seasonal Trends of Air Quality Index of
Delhi. Environ. Monit. Assess. 131: 267-2717.

Mohan, M., Bhati, S. and Rao, A. (2011). Application of
Air Dispersion Modelling for Exposure Assessment
from Particulate Matter Pollution in Mega City Delhi.
Asia-Pac. J. Chem. Eng. 6: 85-94.

National Climatic Data Center (NCDC) of National Oceanic
and Atmospheric Administration. (2008). http://www.ncdc.
noaa.gov/oa/climate/igra/index.php (Feb. 20, 2008).

Perrino, C., Tiwari, S., Catrambone, M., Dalla, Torre, S.D.,
Rantica, E. and Canepari, S. (2011). Chemical Characterization
of Atmospheric PM in Delhi, India, during Different
Periods of the Year Including Diwali Festival. Atmos.
Pollut. Res. In Press, doi: 10.5094/APR.2011.048.

Reynolds, C.C.O. and M. Kandlikar, M. (2008). Climate
Impacts of Air Quality Policy: Switching to a Natural Gas-
fueled Public Transportation System in New Delhi.
Environ. Sci. Technol. 42: 5860 — 5865.

Russell, A.G. and Brunekreef.,, B. (2009). A Focus on
Particulate Matter and Health. Environ. Sci. Technol. 43:
4620-4625.

Samoli, E., Peng, R., Ramsay, T., Pipikou, M., Touloumi,
G. and Dominici, F. (2008). Acute Effects of Ambient
Particulate Matter on Mortality in Europe and North
America: Results from the APHENA Study. Environ.
Health Perspect. 116:1480-1486.

Sawyer, K., Mundandhara, S., Ghio, A.J. and Madden, M.C.
(2010). The Effects of Ambient Particulate Matter on
Human Alveolar Macrophage Oxidative and Inflammatory
Responses. J. Toxicol. Environ. Health 73: 41-57.

Sidle, C., Tuckett-Jones, B., Ng, B. and Shi, J.P. (2004). Model
Intercomparison between ADMS 3.1, AERMOD and
AERMOD Prime, 9th Conference on Harmonisation within
Atmospheric Dispersion Modelling for Regulatory Purposes,
2004, Garmisch-Partenkirchen, Germany.

Srivastava, A., Gupta, S. and Jain, V.K. (2008). Source
Apportionment of Total Suspended Particulate Matter in
Coarse and Fine Size Ranges over Delhi. Aerosol Air
Qual. Res. 8:188-200

USEPA Support Center for Regulatory Atmospheric
Modeling (EPA) (2010). Preferred/Recommended Models.
http://www.epa.gov/scram001/dispersionprefrec.htm#aerm
od (Mar. 29, 2010).

Venkatram, A., Brode, R., Cimorelli, A., Lee, R. Paine, R.,
Perry, S., Peters, W., Weil, J. and Wilson, R. (2001). A
Complex Terrain Dispersion Model for Regulatory
Applications. Atmos. Environ. 35: 4211-4221.

World Health Organisation-India (WHO). (2010). Delhi
Children Final Report. http:/www.whoindia.org/linkfiles/
environmental epidemiology air poll rural child 4.pd
f (Apr. 1, 2010).

Received for review, May 18, 2011
Accepted, August 30, 2011



