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Abstract

In this paper an attempt has been made to undertake performance evaluation of the two well-known regulatory
models, AERMOD (07026) and ADMS-Urban (2.2) for a tropical city such as Delhi in India. The model is
applied to estimate ambient air concentrations of SO, and NO, for the years 2000 and 2004 over seven sites in
Delhi. Both model evaluation and inter-comparison is performed. It has been found that though both the models
have a tendency towards over-prediction, most of estimated values by both models agree with the .observed
concentrations within a factor of two. The models include all the urban sources (ie. elevated point sources,
vehicular traffic, domestic etc.) in a city. Model validation is discussed in the light of emission inventory,
requisite meteorological inputs and state-of-the art performance measures.

Keywords: Air Quality Modeling, Model Evaluation, AERMOD, ADMS-Urban, Regulatory Models

1. Introduction

The presence of sulphur and nitrogen oxides in ambient air is known to increase the risk of visibility
impairment and respiratory and cardiovascular morbidity as well as mortality (USEPA, 2008).
Though, sulphur oxides are present in low levels in ambient air in Delhi, an increasing trend has been
observed in nitrogen oxide levels (CES, 2006 and 2007). In a mega city like Delhi where more than 1,
00,000 petrol and diesel based vehicles are added every year to the roads (DES, 2006), air quality
management becomes an area of significant concern. Since modeling of pollutant concentrations is an
essential tool for air quality management and thus there arises a need to evaluate the available models
as suited to local site conditions.

The present study evaluates the performance of USEPA model AERMOD (07026) and ADMS-
Urban (version 2.2) for modeling concentrations of Sulphur dioxide (SO,) and Nitrogen dioxide
(NO;) in Delhi for two years, 2000 and 2004 for the winter months of November, December January
and February. The years 2000 and 2004 correspond to pre and post phase respectively of
implementation of compressed natural gas (CNG) thereby represent two different air quality scenarios
in Delhi. On a mandate by Supreme Court of India, public transport vehicles in New Delhi were
required to switch their fuel to natural gas 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
estimated concentrations by both models have been compared with the observed values and their
performance has been evaluated based on various statistical parameters.

Background of the study

The capital city of Delhi is located at latitude 28° 38' 17" N -and longitude 77° 15' 51" E with an
altitude of 215 m above sea level. With a population of about 13.85 million (DES, 2006), it is one of
the rapidly growing megacities in the world. The scenario of population in Delhi is well explained by
the fact that Delhi stands sixth among the principal agglomerations of the world in terms of
population (Brinkhoff, 2007). This overpopulation causes strain on urban infrastructure that
consequently results in deterioration of environmental condition. In recognition of the severity of air
poliution due to vehicular, industrial and domestic sources, Delhi has been designated as an air
pollution control area by Ministry of Environment and Forests (MoEF, 1998).

The climate in Delhi is mainly influenced by its inland position and the prevalence of
continental air during a major part of the year and extreme climatic conditions. The city has three
distinct seasons namely summer, monsoon and winter, The summer season (March, April, May and
June) is governed by high temperature and hot, high speed winds. The monsoon (July, August, and
. September) is dominated by rains and since rain acts as a cleaning device for the environment,




incidences of rain result in lower levels of pollutants in air. 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. Thus Air
Quality Index values in Delhi range from unhealthy to hazardous levels in the winter season (Mohan
and Kandya 2007). Based on this premise, the models were used to estimate SO, and NO;
concentrations in winter months in Delhi.

The Central Pollution Control Board (CPCB), the nodal agency responsible for monitoring and
regulating the pollution scenario, carries out regular monitoring of ambient levels of various air
pollutants at seven monitoring stations in Delhi viz. Ashok Vihar, Siri Fort, Nizamuddin, Shahzada
Baug, Janak Puri, Shahadara and ITO (Figure 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.
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Figure 1: Location of Ambient Air Quality Monitoring Stations in Delhi

3. Applied Models

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 reccommended model in many countries. In
India, ISCST is still recommended by Ministry of Environment and Forests, Government of India
(EIA Manual, 2001) for impact prediction in air environment. This may be due to fack of sufficient
model validation studies for AERMOD in rural and urban areas in India as also the lack of detailed
meteorological data required by this model.

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.

AERMOD calculates the convective and mechanical mixing height. Plume growth is
determined by turbulence profiles that vary with 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. This treatment is a function of city population.
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ADMS-Urban (Atmospheric Dispersion Modelling System) was developed by Cambridge
Environmental Research Consultants, United Kingdom. It is widely used for regulatory purposes in
the United Kingdom and other countries across the world. It is a model of dispersion in the
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
beyond 50km x 50km. In this model 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.

4. Data

Data for ambient air concentrations of SO, and NO, was collected for the years 2000 and 2004 in
terms of average daily concentrations from the seven monitoring stations of CPCB in Delhi. Hourly
values of meteorological data were obtained from Indian Meteorological Department (IMD) for the
time period of two years under study i.e. 2000 and 2004. The upper air data was accessed from online
global Radiosonde Database of National Climatic Data Center (NCDC) of National Oceanic and
Atmospheric Administration (US-NOAA). The estimate of emissions for the year 2000 was based on
the study by Gurjar et al, 2004. For year 2004, data for emission estimates has been collected from
different sources such as Delhi Statistical Hand Book-2006 and government agencies like Central
Pollution Control Board and Central Electricity Authority.

5. Methodology

Both AERMOD and ADMS-Urban were used to predizt 24 hour average and monthly average
concentrations of SO, and NO,, by using the meteorological data and emission inventory for the- ,
winter months of the year 2000 and 2004 for Delhi. Three source categories have been considered:
Transportation Sector, Power plants, and other sources which includes domestic and waste sector. In
the present study, a grid network was constructed which comprised of 173 cells (2 km X 2 km)"
covering 26 X 30 sq km area of Delhi, where most of the urban activities fake place. This area covers
all the sources, receptors, seven monitoring stations and most part of urban Delhi. Estimation of
emissions for the year 2000 is based on an earlier study by Gurjar et al, 2004. The data for emissions
of year 2004 has been gathered from the sectors such as transportation (CPCB, 2006), power plants
(CEA, 2006) and other i.e. domestic and waste etc. (DES, 2006) sources were calculated for each 2
km x 2 km cell of the grid. Methodology for the preparation of the gridded emission inventory is
based on an earlier work by Mohan et al, 2007

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
year 2000 and other non hazardous units were relocated and there is absence of factual information
about emissions of relocated industries.

The models were run for two types of receptor options: (i) for discrete specified points i.e. for
the location of monitoring stations so that comparisons between estimated and observed concentration
could be made; and (ii) over the entire grid network of Delhi. The output was generated in the form
of 24 hour average and monthly average concentrations. '

Data for observed ambient air concentrations of SO, and NO; was collected for the years 2000
and 2004 in terms of average daily concentrations from the seven monitoring stations of CPCB in
Delhi. The monitored daily averaged air quality data of the above pollutants for seven stations in the -
city was used for comparison with the model results. Analysis was performed both for daily averaged
and monthly averaged concentrations. Statistical performance measures used in earlier studies related
to model validation (Hanna et al, 1993, Mohan et al., 1995), were used to evaluate the performance of
the models. These parameters include

Fractional Bias (FB): The fraction bias is a non-linear operator which is used to represent the relative
difference between model and observation in a bounded range (Cooper, 1999). Since fractional bias
is a symmetrical measure and a dimensionless number, it is convenient for comparing the
results from studies involving different concentration levels, or even different chemical -
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parameter values for the fractional bias range between 2.0 which indicates extreme under-prediction
to -2.0 which is extreme over-prediction (Radonjic et al, 2004).

Normalized Root Mean Square Error (NMSE): Normalized mean square error emphasizes the scatter
in the entire set and is an estimator of the overall deviations between the observed and predicted
values (Kumar et al, 2006). Smaller values of NMSE indicate a better performance and it is not biased
toward models that over-predict or under-predict.

FAC,: FAC, determines fraction of predicted concentrations within factor of two of observed
concentration. Ideal value of FAC; is 1.

Index of Agreement (IA): It is the ratio of the cumulative difference between the model estimates and
the corresponding observations to the sum of two differences between the estimates and observed
mean and the observations and the observed mean. The index of agreement is a measure of how well
the model estimates depart from the observed mean matches, case by case, the observations' departure
from the observed mean (Doty et al, 2002). The index of agreement has a theoretical range of 0 to 1,
the latter score suggesting perfect agreement.

RMSE. S-RMSE and U-RMSE: The root mean square error (RMSE) is a measure of difference
between the observed and predicted values. RMSE can be further analyzed as composed of systematic
and unsystematic error. A measure of the model's linear (or systematic) bias may be estimated from
the systematic root mean square error(S-RMSE) and a measure of the model's unsystematic bias is
given by the unsystematic root mean square error. The unsystematic difference is a measure of how
much of the discrepancy between estimates and observations is due to random processes or influences
outside the legitimate range of the model. A "good" model will provide low values of the root mean
square error, RMSE, explaining most of the variation in the observations. The systematic error, S-
RMSE should approach zero and the unsystematic error U-RMSE should approach RMSE since:
RMSE?= U-RMSE? + S-RMSE’

The RMSE, however, may be a misleading overall measure of model performance. Since large errors
are weighted heavily, these can produce large RMSE even though the errors may be small elsewhere.

Geometric Mean Bias and Variance: Geometric Mean Bias (MG) and Geometric Mean Variance
(VG) are measures of dispersion which find application when values in a data set follow a log-normal
distribution. A perfect model would have both MG and VG equal to 1.0

6. Results and Discussions

A comparison of monthly average observed and estimated values of SO, and NO, at all seven
monitoring stations of Delhi for years 2000 and 2004 by both ADMS-Urban and AERMOD is
depicted in Figures 2 and 3. It can be seen that both the models have a tendency towards over-
prediction of the concentrations.

The results for performance of statistical indicators can be seen in Tables 1 to 4. Summarily, FB
varies from -0.88 to -0.04, NMSE varies from 0.15 to 2.36, MG varies from 0.46 to 2.1, IA varies
from 0.04 to 0.45, VG from 1.18 to 8.96 and FAC, varies from 0.35 to 0.91 in terms of predictions by
AERMOD. For ADMS-Urban predictions, FB varies from -0.79 to -0.18, NMSE varies from 0.15 to
0.98, MG varies from 0.44 to 1.24, 1A varies from 0.07 to 0.49, VG from 1.17 to 4.96 and FAC,
varies from 0.35 to 0.96.

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). Atcording to Kumar et al (1993), the performance of the model can be
deemed acceptable if;

NMSE < 0.5 and -0.5<FB <+0.5
In case of NO, the above criteria were satisfied for results of only two stations (Ashok Vihar and
Janakpuri) for the year 2000 and for three sites (ITO, Janakpuri, Shahdra) for the year 2004 for
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ADMS-Urban predictions. For AERMOD estimations, 1TO, Nizamuddin and SiriFort satisty this
condition for the year 2000 and ITO, Shahdra and Shahzada Baug for the 2004.
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Figure 2: Plot of observed and estimated monthly average NO, concentrations for the study period
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Figure 3: Plot of observed and estimated monthly average SO, concentrations for the study period
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For SO, estimations by ADMS-Urban, four monitoring stations (ITO, Janakpuri, Shahdra and
Sirifort) satisfied the Kumar et al condition for the year 2000 while three sites (ITO, Shadra,
Shahzada Baug) satisfied this condition for the year 2004. AERMOD failed to satisfy the limits of
this condition on FB and NMSE for SO, estimations at all sites for the year 2000. For the year 2004,
however, three sites (Nizamuddin, Shahdara and Sirifort) were able to satisfy this condition.

Further, according to Chang et al, a ‘‘good’’ model would be expected to have about 50% of
the predictions within a factor of two of the observations and a relative mean bias within % 30% or
FB as within £ 0.3. This criterion is fulfilled at ITO and Shahzada Baug for the year 2000 for NO,
estimations by AERMOD. In case of SO, estimations, ITO, Janakpuri, Shahdra and Shahzada Baug
satisfy the Chang et al condition for the year 2000 for ADMS-Urban predictions. Janakpuri,
Nizamuddin and SiriFort fulfill this condition for the year 2004 for AERMOD estimations.

Consistent prevalence of negative Fractional Bias values for both the models indicates that
both the models have a tendency towards over-prediction as compared to observed values. Quantile-
Quantile (Q-Q) plots also explain the model behavior in terms of over-prediction or under-
prediction. 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 (Luhar et
al, 2006; Venkatram et al, 2001). Figures 4 to 7 show Q—Q plots for 24 hour average observed and
estimated concentrations of SO, and NO,. The plots reveal the general tendency of both models
towards over-prediction at the higher end of the observed concentration distributions. Performance
of both models is quite similar for observed concentrations up to roughly one fourth of the
maximum observed concentration in all cases. However, except for NO, concentration estimations
for the year 2000, it can be seen that AERMOD has greater tendency towards over-prediction of
concentrations as compared to ADMS-Urban.
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Figure 4: Q-Q plot of observed and estimated 24 hour average concentration (ug m>) of NO, for year 2000
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Figure 5: Q-Q plot of observed and estimated 24 hour average concentration (ug m™) of NO, for year 2004
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Table 5: Overall performance of statistical indicators for NO; and SO; monthly averages of
both years and all monitoring sites combined

Parameter Name NO, SO,
AERMOD | ADMS-Urban AERMOD ADMS-Urban
Correlation Coefticient 0.73 0.76 0.71 0.56
M
Index of Agreement 0.55 0.57 0.49 0.47
M
Fractional Bias -0.51 -0.55 -0.53 -0.47
0)
NMSE 0.42 0.49 0.46 0.38
)
Geometric Mean Bias 0.64 10.57 0.61 0.64
@) '
Geometric Variance 1.84 1.61 1.67 1.55
M)
FAC, 0.61 0.71 0.69 0.69
M

Table 5 depicts comparison of statistical measures of monthly average concentration
estimation by both models for all the monitoring sites and for both the years 2000 and 2004. In case
of SO,, estimated concentrations by AERMOD compare well with observed concentrations in terms,
of correlation and agreement. However bias and error are lower.for ADMS-Urban estimations. The
opposite is observed for NO, estimations where bias and error values are lower for AERMOD
predictions while trend comparisen between observed and estimated concentrations is better for

ADMS-Urban.
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Over-prediction by dispersion models can be attributed to various reasons, the prime cause
being discrepancies in emission inventory. There are always differences between available factual
data and existing real scenario and such differences are, at times, difficult to account for in the
inventory. For instance, growth in number of vehicles in the city over the years need not correspond
to their actual usage on road in the same proportion. 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 through out the year. But this is not possible in
the real scenario, hence at times, when the emissions decrease, the monitored values might tend to
be lower than the modeled values.

For comparison purposes, concentrations were also estimated using emission data available
from REAS (Regional Emission Inventory in Asia) for the year 2000. Table 6 lists the statistical
analysis of the estimated concentrations. Comparatively lower values of bias and NMSE are
obtained for most cases. For NO,, fractional bias lies within the limits as specified by Chang et al
(2004). However, an overall under-prediction is observed in case of AERMOD estimations for NO,
yielding a positive fractional bias. In case of SO,, AERMOD estimations still fail to satisfy both
Kumar et al (1993) and Chang et al (2004) condition in terms of fractional bias.

Table 6: Comparison of performance of statistical indicators for SO, and NO, concentration
estimations using emission data from present study and REAS 2000 emissions

SO, NO,
P ameter’ | AERMOD ADMS-Urban AERMOD ADMS-Urban
' Present | REAS Present | REAS Present | REAS Present | REAS
Study | Emissions | Study | Emissions | Study | Emissions | Study | Emissions
Index of
Agreement | 0.154 | 0.161 0.256 | 0.260 0.498 | 0.544 0.559 | 0.784
@)
Fractional .
Bias -0.681 | -0.637 -0.331 | -0.283 -0.256 | 0.185 - |-0.570 | -0.184
()
M. |o0ges [os93 0396 0367 |og0s |64 [0504 | 020
Geometric
Mean Bias | 0.711 | 0.746 0.871 |0.915 1.088 | 1.632 0.637 | 0.955
(1) : \
Geometric , _ '
Variance | 3.661 3.354 2.143 ] 2.230 2.547 | 5.136 1.862 1.324
@) '
RMSE (0) | 10.45 9.81 13.98 13.13 38.24 28.78 50.47 23.32
SJ}S’;SE 5.658 | 5.389 9.308 | 8.865 20.826 | 19.262 31.574 | 10.037
U'%\;{SE 8.785 | 8.196 10.434 | 9.691 32.077 | 21.385 39.375 | 21.050
Fégz 053 | 0.54 072|077 0.66 | 0.6l 061|091

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 modeling 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 under-
predicted by about 20% and AERMOD under-predicted by about 40%, and both had a scatter of
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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 models tend to under-predict the mean and maximum concentrations. Hall et al (2001)
compared applicability of AERMOD, ADMS and ISC for regulatory purposes. Overall, ADMS
produced maximum concentrations that were a little higher than AERMOD. However the
differences in many individual cases were quite large by regulatory standards. In the present study,
53 % and 67 % of AERMOD predictions lie within a factor of 2 for SO, for the years 2000 and 2004
respectively, while 72% and 69% predictions lie within a factor of two for the years 2000 and 2004
respectively for ADMS-Urban. For NO,, 66% and 60 % estimations lie within a factor of 2 for the
years 2000 and 2004 for AERMOQOD estimations. 61 % and 74 % estimations lie within FAC, limits
for the years 2000 and 2004 respectively for NO, estimations by ADMS-Urban.

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. Meteorological processing in AERMOD modeling
system includes upper air soundings and many times the quality and unavailability of upper air data
may affect the model computations. ADMS-Urban is dependent only on surface data for boundary
layer parameterizations. This also reveals the fact that sophisticated parameterizations are not
always helpful in improving the model performance for the lack of appropriate good quality data.
On the whole, both the models have comparable performance and the differences between estimated
concentrations are likely due to the processing of the meteorological data and many times the quality
and availability of upper air data.

7. Conclusions

» Performance evaluation of two commonly used regulatory air quality models across the world
namely AERMOD (07026) and ADMS-Urban (2.2) have been successfully performed using
state-of-the-art practice.

> 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.

> Agreement of monthly average estimated concentrations with observed monthly average
concentrations is better as compared to 24 hour daily average concentrations.

> Both the models have a tendency towards over-prediction of concentrations. Model tendency
and to an extent assumptions in emission input, can be a possible cause.

» AERMOD has a greater tendency towards over-prediction of concentrations as compared to
ADMS-Urban. However both models perform similar for lower end of the observed
concentrations and the differences are largely attributed to their deviations from higher end of
the concentrations.

> Greater differences in these models for high concentrations are likely due to differences in the
treatment of atmospheric stability conditions as highly stable conditions are associated with
higher concentrations. Further work is required to understand the differences

» 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 due to lack of appropriate good quality meteorological data.
The surface layer parameterizations based on similarity theory that requires only the surface
data, are often available and of good quality has worked equally well in ADMS-Urban.

» Overall, considering the statistical evaluation, both the models can be said to have performed
satisfactorily for both SO, and NO.
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