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ABSTRACT

Urban air quality has deteriorated in last few decades in the mega cities of both developed and developing coun-
tries. Many mathematical models have been widely used as prediction tool for urban air quality management
in developed countries. However, applications of these models are limited in developing countries including
India due to lack of sufficient validation studies. In this paper, three state-of-the-art air quality models namely
AERMOD, ADMS-Urban and ISCST3 have been used to predict the air quality at an intersection in Delhi city,
India, followed by their performance evaluation and sensitive analysis under different meteorological condi-
tions. The models have been run for different climatic conditions, i.e. summer and winter season to predict the
concentration of carbon monoxide (CO), nitrogen dioxide (NO,) and PM, ; (diameter size less than 2.5 pm).
The ISCST3 has performed satisfactorily (d = 0.69) for predicting CO concentrations when compared with
AERMOD (d = 0.50) and ADMS-Urban (d = 0.45) for winter period. The ADMS-Urban (d = 0.49) has per-
formed satisfactorily for predicting NO, concentration when compared with ISCST3 (d = 0.36) and AERMOD
(d=0.32). The AERMOD, ISCST3 and ADMS-Urban have performed satisfactorily for predicting PM, ; con-
centrations having d values as 0.46, 0.45 and 0.43 respectively. All three models have performed satisfactorily
for predicting CO concentrations when wind speed was in the range of 0.5-3 m/s and wind direction in the
range 90-180 degrees, i.e. downwind direction. The difference in model’s performance may be due to differ-
ences in model formulation and the treatment of terrain features. The causal nature of these Gaussian based
models may be one of the reasons for difference in performance of the models, because these are sensitive to
quality and quantity of input data on meteorology and emission sources.

Keywords: AERMOD, ADMS-Urban, ISCST3, input data, model evaluation, urban air quality management.

1 INTRODUCTION

Urban air quality in majority of the megacities in the world is getting deteriorated due to increasing
industrialization and urbanization [1,2]. In developed countries, trends of urbanization and associated
growth of cities have started to reverse due to severe levels of congestion [3]. However, in the develop-
ing countries, the city’s growth is from periphery to core. Like many cities in the developed country,
Indian cities are also growing at a faster rate. The motorized transport is the principle source of local
urban air pollution in mega cities of developing countries because of the increased vehicular popula-
tion, vehicle kilometre travelled (VKT) and lack of infrastructure development [4]. In Indian
metropolitan cities, the vehicles are estimated to account for 70% of CO, 50% of HC, 30—40% of NOXx,
30% of SPM and 10% of SO, of the total air pollution load of these cities, of which two-third is con-
tributed by two wheelers alone [5]. This rapid growth of motor vehicles ownership and activities in
Indian cities are causing a wide range of serious health, environmental and socio-economic impacts [6].
The total motor vehicles’ population in India has also increased from 0.3 million in 1951 to 115 million
in year 2009 of which, two wheelers account for 70% of the total vehicular population [7].

The success of urban air quality management plan (UAQMP) mainly depends upon the system-
atic networking between its components, i.e. air quality goals, monitoring network system, air
quality prediction and forecasting tools, emission control strategies, emergency alert system, public
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information system, policy implementation and evaluation. The air quality prediction and forecast-
ing by air quality models plays an important role in formulating air pollution control and
management strategies on ‘What If” scenarios [8]. Air quality modelling provides the ability to
assess the current and future air quality in order to enable (informed) policy decisions to be made
[9]. The planning and implementation of urban air quality management practices in developing
countries is a challenging task for policy makers. The major challenges are lack of government
commitment and stakeholder participation, weaknesses in policies, standards and regulations, defi-
ciencies in real-time air quality monitoring, lack of data management, limited scope of air quality
modelling, emission inventories often absent, incomplete or inaccurate [10]. Many mathematically
models have been widely used for urban air quality management in developed world [9]. However,
their applications are limited in developing countries like India due to lack of readily available
input data, time and cost involved in collecting the required model input data [4]. Line source dis-
persion models represent essential computational tools for predicting the air quality impacts of
emissions from road traffic and are widely used in city level air quality planning [9]. They are
extensively used throughout the world including India to carry out the prediction of vehicular pol-
lutant concentrations along highways in both urban as well rural areas. Majumdar et al., [11] reveal
that CALINE 4 with correction factors (0.37) can be applied reasonably well for the prediction of
CO in the city of Kolkata. Bhanarkar ef al. [12] assessed the SO, and NO, pollution level in Jam-
shedpur region using ISCST3 model and observed that the predicted 24-h concentrations have good
agreement with measured concentrations at 11 ambient air monitoring stations. The commercially
available air quality models, e.g. AERMOD [13] and ADMS-Urban [14], are highly advanced and
complex but user-friendly. They are performing satisfactorily with old generation line source dis-
persion models such as CALINE 4, GFLSM and DFLSM [15]. Kumar et al., [16] observed that
AERMOD has a tendency to under-predict both under stable and unstable conditions when the
model was applied for Ohio, USA. Long et al., [17] studied that sensitivity of AERMOD to input
parameters and found out that AERMOD is very sensitive to surface roughness than other input
parameters like solar radiation, cloud cover and albedo. Faulkner ef al., [18] observed that the
ISCST3 is sensitive to changes in wind speed, temperature, solar radiation (as it affects stability
class), and mixing heights below 160 m. Further, surface roughness also affected downwind con-
centrations predicted by ISCST3. They also noticed that AERMOD was sensitive to changes in
albedo, surface roughness, wind speed, temperature, and cloud cover. Over 70 U.K. local authori-
ties [19] have extensively used the ADMS-Urban for control of air pollution at designated air
quality control regions (AQCRs). In India, the application of AERMOD and ADMS-Urban models
for urban air quality assessment are limited. Mohan et al., [20] found out that AERMOD has a
greater tendency to over-predict when compared to ADMS-Urban. They observed that this is due
to difference in treatment of atmospheric stability. The performance and accuracy of the air quality
models mainly depends upon accuracy input parameters. The ISCST3 model works on the Pas-
quill-Gifford stability class while AERMOD and ADMS-Urban worked on the Monin-Abukhov
length. AERMOD required upper air sounding meteorological data. In this study, three state-of-
the-art air quality models, i.e. ISCST3, ADMS-Urban and AERMOD have been set up and run to
predict air pollutants’ concentrations at Income Tax Office (ITO), intersection in Delhi city, India,
followed by their performance evaluation in different meteorological condition.

2 MODELS’ DESCRIPTION
AERMOD is a replacement of the ISCST3 model which incorporates the effects on dispersion from
vertical variations in the planetary boundary layer (PBL). The plume growth is determined by turbu-
lence profiles that vary with height. AERMOD calculates the convective and mechanical mixing
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height. It includes the concept of dividing streamlines and the flume is modelled as combinations of
terrain — following and terrain impacting states [13,21]. It consists of two pre-processors, i.e. AER-
MET (meteorological pre-processor) and AERMAP (terrain pre-processors). 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. The AERMAP uses gridded terrain data (digital elevations model data) to cal-
culate a representative terrain-influence height (/c). It is uniquely defined for each receptor location
and is used to calculate the dividing streamline height.

The ADMS-Urban has been developed by Cambridge Environmental Research Consultants Ltd.
UK. It is an advanced model for predicting concentrations of pollutants emitted both continuously
from point, line, volume and area sources, and discretely from point sources. The model incorpo-
rates parameterization of boundary layer based on Monin-Obhukov length and boundary layer
height. 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 [18,22].

The ISCST3 model is a steady-state Gaussian plume air dispersion model [23]. It is capable of
estimating pollutant concentration from point, line and area sources. It uses Brigg’s equations with
stack top wind speed and vertical temperature gradient. The boundary layer parameters are mixing
heights, P-G stability class and surface roughness length.

The check list of input data required by each model is given in Table 1.

3 MATERIALS AND METHODS
3.1 Site characteristics

The Income Tax Office (ITO) is one of the busiest intersections in Delhi and located at 28°37°39.70”
N and 77°14°28.60” E. The four major roads meet at this intersection. The ITO intersection is sur-
rounded by both commercial and residential area. The pollution monitoring site governed by
CPCB is located 12 m from BSZ Marg outside the premises of Indian National Science Academy
(INSA) (Fig. 1).

The air quality of ITO intersection has been degraded due to heavy traffic load most probably
during peak hours. Mohan and Kandya [24] has calculated AQI for Delhi city based on 9 years’ pol-
Iution monitoring data at seven different locations and found that air quality at ITO intersection is
worst in the city amongst all monitoring stations, which may be due to high traffic density and con-
gestion at the ITO intersection. The annual average concentration of CO and PM, ; at BSZ marg was
2469 and 102 pg/m’, respectively, during 2007, while monthly average concentration of CO and
PM, ; varied from 1688 to 4531 ug/m? and 34 to 198 pg/m?, respectively. High levels of CO and
PM, ; concentration might be attributed to the increase in vehicular population in Delhi [25]. Goyal
et al. [26] reported that 17% and 28% of total NOx and PM concentration respectively are due to
vehicular pollution, which is almost the same as those from other sources such as industry, power
plants and domestic uses in Delhi.

3.2 Traffic characteristic
The traffic data at ITO intersection has been collected from Central Road Research Institute (CRRI),

New Delhi. The traffic volume on road 3 and 4 has been observed to be greater than other two roads
(road 1 and 2).
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Table 1: Check list of input data requirement for all three models.

Parameters AERMOD ADMS-Urban ISCST3
Site information (latitude, longitude, base v \ N
elevation, time zone (GMT).

Source type \ \ \/
Met data

Year, month, day, hour \ N N
Cloud cover (tenths) \ N \
Temperature (°c) \ N N
Relative humidity (%) v Optional \
Pressure (mbar) \ Optional \
Wind direction (degrees) (north as 360 degree) \ \ \
Wind speed (m/s) \/ A \
Ceiling height (m) v \
Hourly precipitation (inches) \ Optional \
Global horizontal radiation (Wh/m?) \/ Optional \
Upper air data for AERMET (NCDC-TD 6201 \ Optional

variable length) — pressure (Pa), height (m), tem-

perature (°C), relative humidity (%), wind direc-

tion (degree), wind speed (m/s)

Albedo \/

Bowen ratio v

Surface roughness length (m) \ \

Site map (.shp file) and DEM formatted terrain \ \ \
data (xt, yt, zt)

Monin-Obhukov length (m) Optional

Mixing height (m) S
Stability class \
Emission rates (g/s) for each types of pollutant \ \ \
Height of the source (m) \ \ \
Background concentration of pollutants \ \ \

*Unit of cloud cover is Oktas.
*#*Minimum threshold wind speed is 0.75 m/s.

Maximum traffic has been observed between 8:00 and 10:00 am (morning peak hour) and between
5:00 and 7:00 pm (evening peak hours) (Fig. 2). The traffic fleet of Delhi is composed of two wheeler
(2-stroke and 4-stroke), three wheeler (CNG driven), cars/jeep (petrol, diesel and Compressed
Natural Gas, CNG driven), light commercial vehicle (LCV), buses (CNG and diesel driven) and
heavy commercial vehicle (HCV). The traffic fleet of ITO intersection is shown in Fig. 3.

The portion of two wheeler (2W) is highest, i.e. 38.8% (2W-2-stroke = 14.4% and 2W-4-stroke =
24.4%) followed by cars 36.3% (petrol driven = 23.5% and diesel driven = 12.8%). In total traffic
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Figure 1: Site view of ITO intersection, Delhi.
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Figure 2: Diurnal traffic pattern at the ITO intersection.

composition, the three wheeler (CNG driven) is 18.0% and bus is 4.1% (CNG driven = 3% and
diesel driven = 1.1%). Age of the vehicle can affect the emission characteristic of the exhaust. An old
and poorly maintained vehicle generates more emission compared to new vehicle. The assessment
of vintage profiles of local traffic is very difficult job especially when traffic characteristics are het-
erogeneous in nature. The vintage profile data of traffic was collected by fuel station survey at
different petrol pumps and CNG filling stations along the road corridor. This included finding out
percentage of two stroke (2S) and four stroke (4S) vehicles in two wheeler and percentage of petrol
and diesel and CNG driven vehicles in four wheeler (i.e. car categories). It has been further assumed
that the vehicles plying on the road, could be represented by vehicles (in terms of their age profile,

engine technology and composition) captured during the fuel station survey [27]. The vintage profile
of the vehicles of Delhi is given in Table 2.
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Figure 3: Traffic fleet characteristic of ITO intersection.

Table 2: Age profile (percentage) of vehicles.

783

Two Wheelers (2W) Four Wheelers (Cars)

Auto (3W)

Year 2-Stroke  4-Stroke  Petrol
1991-95 3.54 2.97
1996-00 5.97 8.09 16.53

2001-05 57.46 54.46 41.65
2006-07 33.03 34.48 41.82

62.61 68.48

Total 100 100 100

LCV HCV
(CNG) Diesel CNG  Diesel
70.41
37.39 31.52 100 29.59
100 100 100 100

3.3 Emission factor

The emission rate is a function of vehicle emission factor (as a function of vehicle category, fuel
type, age profile, etc.) [28] and vehicle activity (traffic volume). Hourly emission rates have been
calculated as product of emission factor and vehicular activity data for each road link. All three
models have been set up by using time varying emission rates. The emission rate has been calculated

using the following equation:

P(i) = 2() X (0 N (, k) XEF (i, j, k)

where,

P( i) = Emissions rate of pollutant ‘i’ (i = CO/PM, //NO,),

N(j, k) = Number of vehicles of a particular type ‘j” and age of vehicle ‘k’,
EF(, j, k) = Emission factor for pollutant ‘i’ in the vehicle type ‘j” and age ‘k’ (gm/km),
j = Type of vehicle (2W — 28 and 4S, 3W — petrol, diesel and CNG driven, 4W — petrol, diesel and

CNG driven, bus, truck.

ey



784 S. Gulia et al., Int. J. Sus. Dev. Plann. Vol. 9, No. 6 (2014)
3.4 Meteorological data

The meteorological data has been collected from Indian meteorological department, Delhi for winter
(January month) and summer (May month) periods. The analysis shows that the winter and summer
periods have 43% and 53% of calm condition, respectively (Fig. 4a and b).

In winters, the winds are mostly westerly, north westerly and south easterly having frequent fluc-
tuations. In summer, winds are mostly south easterly having frequent fluctuations. The upper air
meteorological data required for AERMOD has been collected from www.weather.uwyo.edu.

3.5 Air quality trends

The diurnal pattern of CO, NO, and PM, 4 monitored concentrations collected from CPCB monitor-
ing station during one-week monitoring in January and May of 2007 have been shown in Figs 5, 6
and 7 respectively. The CO and PM, 5 concentrations in winter period were found higher than sum-
mer period, while the NO, concentrations were observed higher in summer period than winter period
with some fluctuations. The higher concentrations of NO, in summer season may be due higher
photochemical reactions during day time.
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Figure 4: Windrose diagram for (a) January, 2007 and (b) May, 2007.
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Figure 5: Weekly variations of monitored CO concentrations in January and May, 2007.
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Figure 6: Weekly variations of monitored NO, concentrations for January and May, 2007.
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Figure 7: Weekly variations of monitored PM, 5 concentrations for January and May, 2007.

The background concentrations for CO for the months of January and May have been 1400 and
1250 pg/m?, respectively. The background concentrations for NO, and PM, ¢ have been taken cor-
responding to the lowest point on the curve of monitored data [29]. The background concentrations
of NO, for winter and summer period have been taken as 61 pg/m? and 40 pg/m?, respectively. The
background concentration of PM, 5 for winter and summer season has been taken as 83 pg/m?3 and
25 pg/m?, respectively.

4 RESULTS AND DISCUSSIONS

All three models have been set up for the prediction of CO, NO, and PM, ; concentrations for winter
as well as summer period. The whole intersection has been divided in ten road links based on traffic
count and road alignment. All three models have been run for flat terrain. The hourly monitored pol-
lutants’ concentrations have been compared with the predicted concentrations by measuring some
statistical parameters, which have been used in earlier studies related to model validation [16,20].
Statistical descriptors, mainly index of agreement ‘d’, factor of 2 (FAC2), fractional bias (FB) and
normal mean square error (NMSE), have been used to evaluate the model performance. According
to Kumar et al., [16] the performance of the model can be deemed acceptable if: 0.4 < d < 1.0,
-0.5<NMSE<0.5,0.5<FB <£0.5 and FAC2 > 0.8. Tables 3, 4 and 5 show the model performance
results in both winter and summer season.
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The index of agreement (d) value for CO concentration indicates that ISCST3 (d = 0.69) per-
formed satisfactorily when compared to AERMOD (d = 0.5) and ADMS-Urban (d = 0.45) in winter
period (Table 3). Fractional bias gives the estimates of extremities in under prediction or over predic-
tion. All models have under predicted the CO concentrations. Similarly, the FAC2 values for all three
models results were found to be >0.8, which indicates that models are performing satisfactorily for
predicting CO concentrations [16]. Further, the NMSE values for all three models’ results were
found to be <0.5 which also indicated the satisfactory performance of these models in both seasons.

For predicting NO, concentrations, the ADMS-Urban (d = 0.48) has performed satisfactorily
when compared to ISCST3 (d = 0.36) and AERMOD (d = 0.32) in winter season (Table 4). The
fractional bias value showed that the ADMS-Urban has been under-predicted while the ISCST3 and
the AERMOD have been over-predicted for NO, concentrations. Similarly, the FAC 2 and NMSE
values also showed the satisfactory performance of the ADMS-Urban.

For predicting PM, 5 concentrations, all three models performed satisfactorily having d value
above 0.4. The calculated statistical descriptors from results of the models have been shown in
Table 5. All three models have been under-predicted for PM, ; concentrations.

Table 3: Performance evaluation of the models for predicting CO concentrations.

Index of Agreement FAC2 FB NMSE
Models Winter Summer Winter Summer Winter Summer Winter Summer
ISCST3 0.69 0.59 0.98 0.89 0.19 0.18 0.18 0.18
ADMS-Urban 0.45 0.44 0.85 0.92 0.74 0.15 0.27 0.28
AERMOD 0.50 0.51 0.86 0.95 0.27 0.14 0.24 0.24

Table 4. Performance evaluation of models for predicting NO, concentrations.

Index of Agreement FAC2 FB NMSE
Models Winter Summer Winter Summer Winter Summer Winter Summer
ISCST3 0.36 0.40 1.43 0.97 -0.34 0.02 0.15 0.12
ADMS-Urban  0.48 0.45 0.81 0.80 0.66 0.67 0.21 0.18
AERMOD 0.32 0.35 1.78 1.15 -0.53 -0.12 0.2 0.14

Table 5: Statistical performance of AERMOD, ISCST3 and ADMS-Urban for PM, , prediction.

Index of Agreement FAC2 FB NMSE
Models Winter Summer Winter Summer Winter Summer Winter Summer
ISCST3 0.45 0.44 0.43 0.61 0.93 0.64 0.49 0.42

ADMS-Urban 043 0.42 0.41 0.65 1.08 0.61 0.52 0.48
AERMOD 0.46 0.42 0.44 0.64 0.90 0.61 0.50 0.40
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The quantile-quantile (Q-Q) plots have been developed between monitored and predicted concen-
trations to reveal the models’ performance. Figures 8(a, b), 9(b) and 10(a, b) clearly indicate that all
three models are under-predicted in both winter and summer period. However, the ISCST3 and
AERMOD models have been over predicted the NO, concentrations during winter period (Fig. 9a).
The ISCST3 model has performed less under prediction compared to AERMOD and ADMS-Urban
for CO and PM,  concentrations.
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Table 6: Values of index of agreement (d) with different wind speed in winter and summer period,

respectively.
ISCST3 ADMS-Urban AERMOD
Models Winter Summer Winter Summer Winter Summer
Calm 0.00 0.00 0.44 0.34 0.00 0.00
0.5-3 m/s 0.84 0.63 0.45 0.47 0.53 0.53
3-6 m/s 0.57 0.57 0.46 0.60 0.56 0.50
>6 m/s 0.38 0.38 0.41 0.61 0.47 0.11

4.1 Models’ sensitivity

The models’ sensitivity analysis has been carried out for CO concentrations with respect to
wind speed and direction. The ‘d’ value (Table 6) indicates that ISCST3 and AERMOD models
have performed unsatisfactorily under calm wind condition because they failed to consider ‘lag
effect’, in which CO accumulates due to worse meteorological conditions (inversions) sup-
pressing the dispersion [9]. The ADMS-Urban can predict satisfactorily when compared to
AERMOD and ISCST3 in calm meteorological condition, because it consider the wind speed of
0.75 m/s as threshold. All three models have performed satisfactorily when wind speed was in
the range of 0.5-3 m/s. The ISCST3 model performed satisfactorily (d = 0.84) in wind speed
range of 0.5-3 m/s when compared to AERMOD (d = 0.53) and ADMS-Urban (d = 0.45) in
winter period.

Similarly, the scatter plot (Fig. 11a and b) indicated the performance of models for predict-
ing CO concentrations with different wind speed range in winter and summer seasons,
respectively.

The sensitivity of the models’ predictions for different wind direction have been analysed by cat-
egorizing the wind direction into the ranges of 90-180, 180-270 and 270-360 degree. The wind
direction between 360 (as North) and 90 degrees was negligible during the study period (Fig. 4a
and b). The ‘d’ value (Table 7) indicates that all three models have predicted CO concentrations
satisfactorily when wind direction was in range of 90—180 degrees. The satisfactory performance of
models in this direction might be due to heavy traffic volume on road 3 and road 4 in the same direc-
tion (Fig. 1), i.e. receptor location is in downwind direction. The AERMOD (d = 0.49) and
ADMS-Urban (d = 0.63) models have performed satisfactorily in the wind direction range of
270-360 degree in summer seasons compared to ISCST3 (d = 0.44) models.

Figures 12(a) and (b) indicated the scatter plot between wind direction and CO concentrations
(predicted as well as monitored) in winter and summer seasons respectively.

The difference in model performance may be due to differences in model formulation and the
treatment of terrain features. The AERMOD and ADMS-Urban models consider the vertical profiles
of wind speed, temperature and turbulence parameters in the planetary boundary layer in AERMOD
and ADMS-Urban unlike ISCST3 [18]. The ISCST3 has least data requirements when compared to
AERMOD and ADMS-Urban, which required upper air data, surface roughnesses, Monin-Obhukov
length, albedo and Bowen ratio.
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Figure 11: (a) Scatter plot between predicted and monitored CO concentrations verses wind speed in
winter period. (b) Scatter plot between predicted and monitored CO concentrations verses

wind speed in summer period.
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Table 7: Index of agreement (d) with different wind direction in winter and summer period,

respectively.
ISCST3 ADMS-Urban AERMOD
Models Winter Summer Winter Summer Winter Summer
Calm 0.00 0.00 0.43 0.53 0.00 0.00
90-180 0.64 0.71 0.62 0.77 0.23 0.94
180-270 0.35 043 0.41 0.48 0.29 0.35
270-360 0.29 0.44 0.31 0.63 0.37 0.49

5 CONCLUSIONS

The performance of ISCST3, AERMOD and ADMS-Urban model have been evaluated in pre-
dicting CO, NO, and PM, concentrations for different climatic conditions, i.e. winter and
summer season. The results indicated that the ISCST3 has performed satisfactorily for predict-
ing CO concentrations when compared with AERMOD and ADMS-Urban. The ADMS-Urban
has performed satisfactorily for predicting NO, concentration when compared with ISCST3 and
AERMOD. All three models have performed satisfactorily for predicting PM, 5 concentrations
in both seasons. Models are under predicted for CO and PM, ; concentrations in both winter and
summer period. However, ISCST3 and AERMOD are over predicted the NO, concentration in
winter period. All three models are found sensitive to the wind speed and direction and perform
poorly in calm condition. The models have performed satisfactorily when wind speed was in the
range of 0.5-3 m/s and wind direction in range of 90-180 degree, i.e. downwind direction. The
ADMS-Urban showed satisfactory performance when compared to AERMOD and ISCST3 in
calm meteorological condition, because it considers the wind speed of 0.75 m/s as threshold.
The difference in models’ performance might be due to differences in model formulation and
the treatment of terrain features. The causal nature of these Gaussian based models may be one
of the reasons for difference in performance of the models, because these are sensitive to quality
and quantity of input data on meteorology and emission sources. This type of study for model
performance evaluation can improve the understanding of urban air quality manger to select the
efficient air quality model for urban air quality assessment in developing countries including
India.
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