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Abstract
Air quality modelling can be a strong tool for air quality management. In the present study, the Danish Urban BackgroundModel
(UBM) and the USEPAAERMOD are applied for calculating NOx and total particulate matter (TPM) concentrations forMumbai
city of India for the years 2007 and 2012. In order to compare the results from the two models, two sets of simulations are
performed using the same sets of input data for boundary conditions, emissions, and meteorology. The results showed that the
NOx calculations from the UBMmodel were in better agreement with observed data when compared with similar results from the
AERMOD model. However, the opposite was the case for TPM for which the results from the AERMOD model were in better
agreement with observed data when compared with the results from the UBM. The concentration levels for 2012 were generally
higher than for 2007, reflecting differences in meteorological conditions for the 2 years. When comparing the obtained model
results with measurements, it should be noted, that the emission inventories have various shortcomings, and that the boundary
conditions from the DEHM (Danish Eulerian Hemispheric Model) are obtained with a coarse resolution of 150 km × 150 km.
One of the main shortcomings of the TPM emission inventories is that it is not accounted for all the sources. Moreover, for both
TPM and NOx, the boundaries of model calculations of the UBM and AERMOD model domain are underestimating the actual
concentrations due to the relatively coarse resolution. When the UBM model calculations are scaled to fit the level of the
observed concentrations, it is evident that spatial and temporal variation reproduced better results when compared with the
results obtained from AERMOD.

Keywords Air quality model . UBM .AERMOD . DEHM . Regionalmodel

1 Introduction

Urban air pollution in Indian cities is causing major health
issues for the population. The rapid growth in urban popu-
lation increases the air pollution level which results in ad-
verse health effects of a very large number of the people. Air
pollutants like NOx and Total Particulate Matter (TPM) in
such cities are exceeding World Health Organization

standards of permissible limits. In order to analyze the in-
crease in air pollution levels and to provide knowledge for
decision-making of cost-efficient emission reductions, an
integrated monitoring and modelling approach is applied
[21]. Operating a large number of air quality monitoring
stations in an urban region is highly resource demanding
and uneconomical activity whereas modelling tools are cost
effective, but requires high quality input data for the model-
ling domain in the form of emission inventories, meteoro-
logical, and land use data. In local scale modelling, like
application of a plume model, it is common to obtain mea-
sured meteorological data from a meteorological station. In
mesoscale to long-range transport modelling, application of
weather forecast models like the Mesoscale Model (MM5)
and the Weather Research and Forecasting (WRF) model
are usually the common choices.

Mumbai with its 18.4 million habitants is the most pop-
ulated city in India and after Delhi the second most popu-
lated metropolitan area in India. Chembur is an area of
Mumbai city with worst air quality due to a high density
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of industrial settlement and heavy traffic loads. The TPM
emission density of Chembur is the highest within the whole
city of Mumbai. To mitigate the air pollution issues in
Chembur, several studies have been carried out like evalu-
ation and control strategies for industrial air pollution by
[24]. Also, vehicular pollution studies have been carried
out for various perspectives for the same region [23, 25, 26].

Study focuses on the performances of two different urban
scale models such as the Danish Urban Background Model
(UBM) and the American Meteorological Society (AMS)
and U.S. Environmental Protection Agency (EPA)
Regulatory Model (AERMOD). Both models have been ap-
plied and compared for Mumbai domain. Also, UBM has
been applied for an Indian city for the first time in this study.
The boundary conditions for urban modelling are for both
model applications obtained from a long-range chemistry-
transport model. For these boundary conditions, the obtain-
ed background concentration is basically transported from
outside the study domain along with the wind. The back-
ground concentration is computed using the Danish
Eulerian Hemisphere Model (DEHM). The model domain
of DEHM is covering the Northern Hemisphere and parts of
the Southern Hemisphere.

The objective of this paper is to investigate the appro-
priate air quality model to predict accurate air pollutant
concentration so that it can be used for air quality manage-
ment and evaluation of control strategies by regulatory
authorities. In order to study air pollution, two air quality
models; AERMOD and the Danish model UBM were used
and the results of the two different models were compared.
The lack of detailed information about local sources puts
limits to the quality of the emission inventory for Mumbai.
The available inventory has been compiled for 2007, but
this inventory has been assumed to be valid for 2012 too
since only little growth in population and industries has
been observed in Mumbai over this time period. Around
4.7% population growth of Mumbai is observed in
10 years, i.e., from 2001 to 2011; therefore, the city has a
relatively low growth in population from 2007 to 2012 [3].
However, the number of vehicles has increased by almost
35% in this 5-year period [28, 29] and at the same period,
emission factors have decreased because Bharat Standard
(BS) III was recommended in 2005 and BS IV was recom-
mended in 2010 for Mumbai city. The scalar value of BS
IV was lower than BS III. Because of this, emission load
from vehicles has decreased from 2007 to 2012 (by 13%
for NOx and 35% for TPM) and resuspension of particulate
matter increases due to the movement of vehicles. This has
been estimated using local emission factors [1]. However,
some emission loads have increased from domestic and
other area sources due to the 4.7% growth rate in the pop-
ulation for 10 years. However, it is assumed that the

emission inventory in 2012 has not changed considerably
compared to 2007.

2 Description of Models Used

2.1 UBM

The UBMwas developed by Aarhus University, Denmark, and
it has performed well in a number of case studies in Europe [2,
4–7, 12]. The UBM was initially developed in the 1990s to
adjoin the warnings of enhanced air pollution levels with a
system for forecasting the increment in NO2 levels during pe-
riods [20]. It is a relatively simple model and the basic equation
behind the model is shown in Eq. 1.

C ¼ ∫
r

0

Qdx
uσz xð Þ þ Rural Background ð1Þ

where Q is the emission rate, u is the wind speed, and σz is the
vertical dispersion, which is given as σz(x) = σw. x + ho such that
σz(x) ≤ hmix.

σz is directly proportional to the distance to the receptor but
the average height of the buildings (ho) determines the initial
vertical dispersion, which is limited by the mixing height, h-

mix. σw, the vertical turbulence is calculated as σ2
w ¼ α:uð Þ

2 þ σ2
conv.

σw is governed by two parts: the mechanical and the con-
vective turbulence. The mechanical turbulence is taken pro-
portional to the wind speed u (α = 0.1), and the convective
turbulence is represented by the free convection velocity scale,
which is contributing to the vertical dispersion in the form of
Eq. 2.

σconv ¼ ho
g
T
w0T 0

� �1=3 ð2Þ

where w0T 0 is the sensible heat flux. It is estimated using the
Resistance method, which is originally developed for the
Danish point source dispersion model (OML; [31]). Here,
the convective velocity scale is calculated at a certain
height, which is usually equal to the average height of the
buildings ho.

UBM calculates concentration (C) at a receptor by nu-
merical integration of contribution from each of the individ-
ual area sources along each actual wind direction path up-
wind to 30 km from the receptor, where the rural back-
ground is used as boundary condition (in this case, results
from the DEHM model). The horizontal diffusion is as-
sumed to follow a Gaussian function. The step size is
50 m in the numerical integration both along the wind di-
rection and perpendicular to the wind direction, where
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horizontal diffusion is taken into account using the follow-
ing equation.

C ¼ 1

2ΔΦ
∫

þΔΦ

−ΔΦ
CdΦ ð3Þ

Horizontal dispersion is accounted for using Eq. 3 by
averaging the calculated concentrations over a certain, wind
speed dependent wind direction sector centered on the av-

erage wind direction where C is the average concentration
and dtr is the angle between the mean hourly wind direction
and the wind speed dependent sector, where emissions are
contributing to the receptor. The angel is wider for low wind
speeds and narrower for higher wind speeds. It is worth
mentioning that the basic principles of the UBM model are
not new.

2.2 AERMOD

AERMOD was developed by the US-EPA and this model is
an advanced version of the Industrial Source Complex Short
Time (ISCST3) and ISC-Prime model, which is used rou-
tinely as a regulatory model in urban cities of India. These
are based on Gaussian plume and Eulerian model, respec-
tively. AERMOD was established to introduce current plan-
etary boundary layer (PBL) concepts into regulatory disper-
sion models. It has two preprocessors, AERMET and
AERMAP. The AERMET deals with meteorological param-
eters whereas AERMAP deals with terrain data using digital
elevation model (DEM). Hourly meteorological data are fed
into AERMET, which gives input for AERMOD. These
meteorological input data used in AERMET, can be ob-
served or simulated using any meteorological model, which
depends upon the objective of the study. The details of
AERMOD are given in EPA [11]. This model has been used
in many case studies for Indian cities with different perspec-
tives [22, 23].

DEHM was developed at Aarhus University, Denmark
(DEHM; [8]). It is an offline three dimensional large-scale
Eulerian model, which includes atmospheric chemistry, trans-
port and deposition [13]. The model is used to study long-range
transport of air pollution in theNorthern Hemisphere. Themod-
el domain used in previous studies is discretized on a polar
stereographic projection and it includes a two-way nesting pro-
cedure with higher resolution over selected areas of the
Northern Hemisphere, e.g., Europe, Northern Europe, and
Denmark. Several emission inventories such as Emission
Database for Global Atmospheric Research (EDGAR) Fast
track, Global Emission Inventory Activity (GEIA), and
Representative Concentration Pathways (RCP4.5) were used
in this study. The MM5 meteorological model was used to
provide the meteorological input data for DEHM. More details

of this model and emission inventories are given in Brandt et al.
[8]. The model was also applied in many studies of air quality
for different perspectives like climate change impacts on future
air pollution levels, intercontinental transport of air pollution,
health impacts, and related external costs [9, 10, 14–19].

The accuracy of the models depends upon the assumptions/
formulation of the model and reliability of the input data. The
formulation code of the model cannot be changed and the data
used in this study was collected from local authority. The un-
certainties in the model prediction are due primarily to data
input. In general, there is a substantial lack of data to character-
ize air pollution loadings in Indian megacities. The extent avail-
able of input data for Mumbai as compared with observed
pollutant levels when local scale models are applied. The study
shows that emission inventories are insufficient and need to be
supplemented in order to obtain concentrations in the same
range as observed. The differences in the model concepts and
results are discussed in context of how modelling pollutant
levels in Indian megacities can be brought up further.

3 Study Area

Mumbai city is the most populated city in India and fifth most
populated city in the world. This city is the financial, commer-
cial, and entertainment capital as well as the administrative
capital of Maharashtra State in India. The latitude and longi-
tude of this city are 18.97° North and 72.82° East, respective-
ly. This city had a total population of around 18.4 million in
2011 and it has been divided into 24 wards (sector) for admin-
istrative purposes. The dense population of Mumbai carries
heavy transportation load by Mumbai Suburban Railway and
Brihanmumbai Electric Supply and Transport (BEST) buses.
The ward wise city map is shown in Fig. 1.

4 Methodology

Emission inventory prepared by the National Environmental
Engineering Research Institute (NEERI), Mumbai, India [30],
has been used as an emission inventory forMumbai for the year
2007. The dimension of the study area is 24 km × 44 km. The
emission inventory are assembled for NOx and TPM taking into
account sources like road traffic, bakeries, crematoria, outdoor
restaurants, hotels, domestic heating, open burning, landfilling,
aircraft, local trains, harbor traffic, 39 industries (excluding
power plants and stone crusher), etc. After this, all inventories
have been converted into a 2 km × 2 km resolution grid cover-
ing the region using information on activities, which is located
in each grid [30].

Figure 2 shows the emission inventory on 2 km × 2 km
grid (ton/year/km2) for NOx and TPM, respectively. The
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original inventory consists of annual mean emissions.
UBM requires hourly meteorological data on six parame-
ters: temperature, global radiation, humidity, wind speed,
wind direction, and mixing height over the study period.

The input data for AERMOD requires nine hourly meteo-
rological parameters: pressure, rain fall, and cloud cover, in
addition to the six input parameters of UBM. AERMOD
was developed for a variety of sources of emissions and it

Fig. 2 Emission rate in Mumbai (in ton/year/km2) for a NOx and b TPM

Fig. 1 Study area in Mumbai city
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has a terrain preprocessor using terrain maps. UBM was
developed for only area sources and it has consideration of
average topographical information. The observed meteoro-
logical data for the years 2007 and 2012 are obtained from

one location of Mumbai. It is operated by the India
Meteorological Department (IMD).

UBM and AERMOD are run hour by hour to calculate
concentration for each receptor. Annual averages of modelling

Fig. 3 Concentration (in μg/m3) of a NOx and b TPM in Mumbai for the year 2007 as calculated by using UBM
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TPM at various monitoring
stations for the year 2007 for
UBM
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results are compared with annual average of observed concen-
trations for NOx and TPM. Air quality sampling is done twice a
week for 24 h to obtain observed concentrations. TPM andNOx

concentrations are obtained by gravimetric and colorimetric

techniques, respectively, using high volume sampler instru-
ment. In order to study the impact of meteorology and regional
background, the same emission data is used in the modelling of
air quality with two different meteorological datasets and

(a) (b) 
Fig. 5 Concentration (in μg/m3)
of a NOx and b TPM of Mumbai
for the year 2007 using
AERMOD
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Fig. 6 Comparison of modelled
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TPM at various monitoring
stations for the year 2007 for
AERMOD
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regional background for the years 2007 and 2012. Using the
emission and meteorological data, UBM and AERMOD are
run for the years 2007 and 2012. In modelling of NOx and
TPM, respective regional background concentrations are taken

fromDEHM for both years taking into account the contribution
from long-range transport. DEHM has been run in a setup in-
cluding India, to obtain data for theMumbai region for the years
2007 and 2012.

Fig. 7 Concentration plots (in μg/m3) for a NOx and b TPM using UBM for Mumbai for the year 2012
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5 Results and Discussions

Figure 3 shows modelled concentration distribution plots for
NOx and TPM calculated by UBM. The model results are com-
pared with observations obtained from the monitoring stations
in the study domain for NOx and TPM in Fig. 4. UBM model
results show good resemblance with observed NOx

concentrations and for TPM. UBM considerably underesti-
mates the observed concentration levels for TPM. There are
two possible reasons for this underestimation in TPM concen-
trations: (1) underestimation of the local TPM emissions and
(2) the regional background concentrations of PM10 calculated
by using DEHM are underestimated. Both these possible ex-
planations are plausible, and the actual reason for the

(a) (b)Fig. 9 Concentration plots (in
μg/m3) for a NOx and b TPM
using AERMOD for Mumbai for
the year 2012
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Fig. 10 Comparison of modelled
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underestimation of concentrations may be the combination of
both reasons. The PM10 concentrations generally have a major
contribution from resuspension of particulate matter, which is
neither included in DEHM nor in UBM or in the emission
inventory of TPM. Congestion of vehicles that has not been
accounted for in the emission inventory and other sources could
also have a vital role for estimating TPM. Another possible
reason for the underestimation could be the use of a meteoro-
logical profile at one point to describe the conditions in the
entire region; however, these effects should also be seen in
the results for NOx.

AERMOD performs poorly for NOx, showing a large over-
prediction (Figs. 5a and 6a), whereas for TPM, the modelled
values (Fig. 5b) are closer to the observed data (Fig. 6b). Here,
the output from the model is in good agreement for all other
locations except Bandra, Mahul, Dharavi, and Mulund.
However, there are model results of TPM that exceed the

observed values. The uncertainties in results of all models de-
pend upon formulations or assumptions of the model and un-
certainties in input data. However, the major differences be-
tween model and observed concentrations are probably due to
the contribution of background concentration sources from re-
gional sources or missing/uncertain sources in the emission
inventory. Further, both models are formulated by developers
and have been used as they are available.

For the 2012 simulations, concentration plots of NOx and
TPM using UBM are shown in Fig. 7. The ward BM^ is found
to have high concentrations of NOx and TPM for both the years
2007 (Fig. 3) and 2012 (Fig. 7) due to higher emissions. The
comparison ofmodelled with observed concentrations have been
shown usingUBM in Fig. 8. Similar to the 2007 results, for NOx,
a reasonable agreement is observed, while TPM is largely
underestimated byUBM.AERMODhas been runwith the same
emission inventory and meteorology for the year 2012. In the
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Fig. 11 Comparison of modelled
concentration with observed
concentration of TPM using
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Table 1 Performance of UBM and AERMOD for the years 2007 and 2012

UBM AERMOD

NOx TPM TPM + correction NOx TPM

NMB NRMSE NMB NRMSE NMB NRMSE NMB NRMSE NMB NRMSE

2007 0.15 0.043 − 0.77 0.149 − 0.08 0.057 5.31 0.68 − 0.12 0.09

2012 0.30 0.068 − 0.72 0.97 − 0.043 0.093 6.61 0.87 0.33 0.43

NMB normalized mean bias, NRMSE normalized root-mean-square error
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year 2012, some of the monitoring stations were not operating
and could therefore not be included in the validation. The 2012
results of AERMOD for NOx and TPM have been shown in
Fig. 9, which shows that AERMOD results are highly
overestimated for NOx but as shown in Fig. 10, for TPM, there
is some degree of agreement between the results. Here, it is also
seen that the AERMOD model results for TPM are higher than
what has been observed.

In general, there is a substantial lack of data to characterize air
pollution loadings in Indian megacities. The study shows that
emission inventories are insufficient and need to be supplement-
ed in order to obtain concentrations in the same range as ob-
served. The UBM model has been run with an additional back-
ground concentration for both years 2007 and 2012 in order to
investigate the hypothesis that the background concentrations are
underestimated and to investigate whether the geographical and
temporal variation is captured in the model results. AERMOD is
overestimating NOx over the region and TPM at few locations of
the region. UBM is underestimating TPM, so, the addition of
background concentration was included. Additional background
concentration is included using the best fit with observed con-
centration of TPM. This best fit is carried out with minimum
percentage differences between modelled and observed values.
The model results of particulate matter (PM) are always
underestimated compared with observed data because of under-
estimations in the emission inventory [27, 32]. Generally, irreg-
ular and unknown sources of PM, like secondary aerosol and
resuspended dust aremissed in the emission inventory and results
in lower predictions for the concentration. The model results are
compared with the observed values and the differences are attrib-
uted as additional background of concentration for these missed
emission sources. This additional background concentration is
estimated to compare with the best fit model as 216 and

150 μg/m3, which is 12 and nine times more than DEHMoutput
for the years 2007 and 2012, respectively. The average of the
percentage differences betweenmodelled and observed after cor-
rection are − 3 and 0 for the years 2007 and 2012, respectively.
The comparisons between observations and model results are
shown in Fig. 11 for the years (a) 2007 and (b) 2012 for TPM.
The standard deviations of the percentage error between the pre-
dicted and observed concentrations of TPM were 43 and 24 for
UBM for the years 2007 and 2012, respectively. The standard
deviation of percentage error between the observed concentration
and predicted concentration of TPM are 76 and 84 for the years
2007 and 2012, respectively, for AERMOD. The performance of
the UBM and AERMOD models are presented in Table 1 for
both the pollutants and years. Statistical assessment like normal-
ized mean bias (NMB) and normalized root-mean-square error
(NRMSE) were used to compare the performance of the models
for both time periods. NMB and NRMSE were calculated using
Eqs. 4 and 5, respectively. Also, the calculation of root-mean-
squared error (RMSE) has been given in Eq. 6. Where, Concmod
and Concobs are modelled and observed concentration, respec-
tively. Concobs, max and Concobs, min are observed maximum and
minimum concentration, respectively.

NMB ¼
∑
N

i¼1
Concmod‐Concobsð Þ

∑
N

i¼1
Concobs

ð4Þ

NRMSE ¼ RMSE
Concobs;max‐Concobs;min

ð5Þ

where

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i
Concmod‐Concobsð Þ2

s
ð6Þ

Figure 12 shows the change in air quality using UBM be-
tween 2007 and 2012 due to different meteorology and back-
ground concentrations. It is found that almost all locations have
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Fig. 12 Changes in a NOx and b
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Table 2 Variation in
wind speed (m/s) in the
years 2007 and 2012

Wind speed (m/s) 2007 2012

Mean 2.8 1.8

Percentile 75 4.1 2.6

Percentile 25 1.5 0.4
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higher concentration for NOx from the model results except
Worli, Andheri, and Borivali from year 2007 to 2012. In the
case of TPM concentrations, they are increased all over the city
from year 2007 to 2012. The wind speed was higher in the year
2007 than 2012 as shown in Table 2.

6 Conclusions

The Urban Background Model (UBM) and AERMOD have
been used for modelling NOx and TPM for Mumbai city. The
models have been run for 2007 and 2012 using the same emis-
sion inventory, whereas specific meteorological data and re-
gional background concentrations for the years have been ap-
plied. Regional background concentration data have been ob-
tained from the Danish Eulerian Hemisphere Model (DEHM)
for both years. The performance of UBMwas found to be better
than the one for the AERMOD for NOx for the years 2007 and
2012. It was seen for TPM that the results had to be adjusted to
fit the observed levels. This is most likely a result of not includ-
ing all sources in the emission inventory. The performance of
UBMwas shown to be better than AERMOD for TPMmodel-
ling once additional background concentration was incorporat-
ed (as given in Table 1). The standard deviation has been cal-
culated as the standard deviation of percentage difference of
observed value and predicted value. The standard deviation of
percentage error between observed concentration and predicted
concentration was 43 for year the 2007 and 24 for the year 2012
for UBM. The modelling results for the year 2012 are higher
than 2007 for NOx except at three stations. However, in the case
of TPM, modelling results for the year 2012 are higher than for
the year 2007 for all locations except one. The increment and
decrement of NOx and TPM concentrations show the effect of
meteorology and regional background concentrations between
the years 2007 and 2012. Overall results show that AERMOD
in the current setup is not suitable for NOx as it gives higher
results than the observed values. For TPM, the model is
overestimating for some locations. UBM performs better than
AERMOD for NOx but for TPM, it requires additional back-
ground concentration to obtain good performance. This study
could be a useful support to decision-making processes regard-
ing the most appropriate model in relation to the available input
data.
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