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Abstract: The assessment of direct radiative forcing due to atmospheric aerosols (ADRF) in the Indo
Gangetic Plain (IGP), which is a food basket of south Asia, is important for measuring the effect of
atmospheric aerosols on the terrestrial ecosystem and for assessing the effect of aerosols on crop
production in the region. Existing comprehensive analytical models to estimate ADRF require a
large number of input parameters and high processing time. In this context, here, we develop a
simple model to estimate daily ADRF at any location on the surface of the IGP through multiple
regressions of AErosol RObotic NETwork (AERONET) aerosol optical depth (AOD) and atmospheric
water vapour using data from 2002 to 2015 at 10 stations in the IGP. The goodness of fit of the model is
indicated by an adjusted R2 value of 0.834. The Jackknife method of deleting one group (station data)
was employed to cross validate and study the stability of the regression model. It was found to be
robust with an adjusted R2 fluctuating between 0.813 and 0.842. In order to use the year-round ADRF
model for locations beyond the AERONET stations in the IGP, AOD, and atmospheric water vapour
products from MODIS Aqua and Terra were compared against AERONET station data and they
were found to be similar. Using MODIS Aqua and Terra products as input, the year-round ADRF
regression was evaluated at the IGP AERONET stations and found to perform well with Pearson
correlation coefficients of 0.66 and 0.65, respectively. Using ADRF regression model with MODIS
inputs allows for the estimation of ADRF across the IGP for assessing the aerosol impact on ecosystem
and crop production.
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1. Introduction

The Indo Gangetic Plain (IGP) is considered to be one of the most highly polluted regions of the
world due to persistent heavy aerosol loading in its atmosphere [1,2]. Due to the high level of air
pollution, premature mortality as a result of exposure to PM2.5 in the Indian section of IGP alone is
estimated to be 240,000 per annum [3]. Krishna Moorthy et al. [4] analysed the historical data from
aerosol observatories in India and found that the aerosol optical depth (AOD) had increased at a rate
of 2.3% (relative to 1985) per annum and the increasing trend was further increased (to 4%) in the last
decade. High atmospheric pollution in this region is not only due to emissions from an increased
use of fossil fuel in transportation and the industrial sector, but also due to a high dependence on
biomass being used mainly for cooking in the residential sector [5,6]. In addition, the burning of crop
residue (rice and wheat) in the field has significantly contributed to the high level of aerosols during
the post monsoon and pre monsoon seasons in the IGP [7–11]. Furthermore, the unique topographic
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features of the IGP with the Hindu Kush Himalayan range to the north, moderate hills in the south,
Thar desert and Arabian sea to the west, and the Bay of Bengal to the east, in combination with
rapidly increasing anthropogenic aerosol loading in the region and mineral dust from the Thar desert,
has resulted in an alarming increase in aerosol loading in this region [1]. Based upon the annual mean
PM2.5 concentration, 17 cities of the IGP were included in the 20 most polluted cities of the world [12].
Given that all the representative concentration pathway (RCP) scenarios indicate that the air quality in
this region is likely to degrade further. It is expected that severe negative effects on public health and
the ecosystem will continue into the future [13].

Along with the negative effects on public health, it is reported that the high level of atmospheric
aerosols in the IGP has also affected natural systems significantly. Unlike other parts of the world,
solar dimming is found to be continued in India even after 2000 [14]. Similarly, while analyzing net
downward shortwave radiation (NDSWR) over south Asia for the period of 1979–2004, it was found
that solar dimming continues in south Asia with a trend of −0.54 W/m2/year [15]. Singh et al. [16]
analyzed the solar radiation and evaporation trends at four metrological stations in India during
1975–1995 and found solar diming in the range of 1.5% to 3.4% per decade across the stations. Similarly,
it is reported that the net incoming radiation reduced by about 19% in the Indo Gangetic basin due to
aerosols, which is expected to effect the regional climate significantly [17]. The atmospheric brown
cloud (ABC) over the north Indian Ocean and south Asia, due to anthropogenic atmospheric aerosols,
was documented after the Indian Ocean Experiment (INDOEX) and several studies into its possible
effects on regional and global climate [18–22]. In the study of the IGP region using remote sensing
techniques, Devara and Manoj [23] concluded that there is strong association between atmospheric
aerosol content and monsoon precipitation. Since the summer monsoon provides 75–90% of the annual
rainfall in the IGP, the agricultural performance of this region is also expected to be affected by the
high level of atmospheric aerosols.

Aerosols also have a significant effect on fog formation in the IGP region [24]. Every winter,
the whole IGP region is engulfed by dense fog with a significant increasing trend in the number of
foggy days during the past 35 years [25,26]. The increasing trend of winter fog has not only affected
day-to-day life of millions of people living in this region, through frequent flight/train delay due
to poor visibility [27], but it also negatively affected the production of several winter crops [28,29].
A statistical model of historical rice harvest in India, coupled with a regional climate scenario, indicated
that there has been a slowdown in the increase in production over the last two decades due to increased
brown cloud and greenhouse gas [30]. Similarly, Latha et al. [31] compared the radiative forcing
of atmospheric black carbon at two locations in IGP, Varanasi and Ranchi by using Santa Barbara
DISTORT Atmospheric Radiative Transfer (SBDART) model and concluded that the incoming radiation
is reduced by about 5% due to black carbon (BC) during any time of day at Varanasi and 4% at Ranchi.
This study also estimated the loss of wheat crop at Varanasi and Ranchi while using the empirical
model that was developed by Ahmed and Hassen [32] as −149 kg/ha and −141 kg/ha, respectively,
due to the reduction of solar radiation because of atmospheric black carbon. Moreover, a crop response
simulation model has shown that there is a direct relationship between the increase (decrease) in
solar irradiance and increase (decrease) in rice and wheat yield in China and that due to atmospheric
aerosols and regional haze there has been a reduction in wheat and rice yields in China by 5 to 30% [33].
In this context, information on the effect of aerosols on solar radiation in the IGP is important not only
to study the effect on the climate and ecosystem in the long run, but also to study the immediate effects
of atmospheric aerosols on solar radiation availability for agricultural production in the region.

The effect of atmospheric aerosols on climate is generally measured in terms of aerosol radiative
forcing, which is defined as the effect of anthropogenic aerosols on the radiative fluxes [34].
The radiative forcing is estimated at the top of atmosphere (TOA), bottom of atmosphere (BOA),
and in the atmosphere. Ramanathan & Ramana [19] studied the direct radiative forcing of atmospheric
brown clouds in the Himalayan foot hills and Indo Gangetic Plains (IGPs) by using MODIS Terra
satellite data during 2001 to 2003 and found the average surface radiative forcing during the dry season
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(October to May) in the region is about −32 ± 5 Wm−2. Similarly, Dey and Tripathi [35] studied the
direct radiative effect of aerosols in the IGP during 2001 to 2005 by using an aerosol optical model
and found the annual average radiative forcing at the surface at Kanpur was −31.8 ± 10.9 Wm−2.
Their study also concluded that anthropogenic aerosols contributed 80% of the radiative forcing
at Kanpur during October to February. Similarly, Ramachandran and Kedia [36] investigated the
seasonal variation of aerosol radiative forcing at Kanpur and Gandhi college during January 2006
to December 2007 by using AERONET data and the Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) model, which provided very similar results. The maximum radiative forcing in the
atmosphere and at the surface was in the pre-monsoon season at both stations. Das et al. [37] studied
winter haze in the eastern Indo Gangetic Basin through ground measurements during December 2013
to February 2014 and the radiative effect of haze by using SBDART and found the radiative forcing at
the BOA in Silguri, Kolkata and Sunderban was −39.3, −70.3 and −38 Wm−2 respectively. In addition,
Latha et al. [31] studied the radiative forcing of atmospheric black carbon at Varanasi and Ranchi using
SBDART and concluded that the radiative forcing due to atmospheric black carbon is significantly
increased from February to March (i.e., from −30 Wm−2 to −50 Wm−2) at Varanasi due to an increased
BC concentration and mixing layer height. The radiative forcing due to atmospheric aerosols at IGP
stations has been studied at the annual, seasonal, and in some cases, monthly time scale by using
radiative transfer models [36,38–44].

The Santa Barbara DISTORT Atmospheric Radiative Transfer (SBDART) model was developed
to model the plane parallel radiative transfer within the atmosphere and at the earth surface [45].
SBDART is a comprehensive model that consists of six standard atmospheric profiles, five basic
surface types and four standard aerosol types, SBDART is widely used to study direct radiative
forcing due to atmospheric aerosols at the earth surface, within the atmosphere and at the top of
atmosphere [38,46–48]. However, it requires a large number of input parameters (and therefore
assumptions) and high processing time, making it unrealistic for use with large amounts of data across
spatial and temporal scales [49]. In this context, there is a need for a simple model to determine
radiative forcing across the IGP at daily time scale. Determination of the daily radiative forcing across
the IGP may also help to determine the change in radiative flux due to atmospheric aerosols loading,
and this could help to assess the effect of atmospheric aerosols on terrestrial ecosystems at the regional
scale. In turn, this will help to investigate the effects of atmospheric aerosols on the crop production
system at the regional level, as suggested by Huntingford et al. [50].

We aimed to develop a simple regression model to determine daily radiative forcing from high
quality station data in the IGP, which can then be driven by remotely sensed data (which has wide
temporal and spatial coverage). Within the IGP, there are several AERONET (AErosol RObotic
NETwork) stations that are part of the global network of ground based remote sensing aerosol stations
initiated by National Aeronautics and Space Administration (NASA) [51]. These stations provide
continuous high-quality point observations of aerosol loading and radiative forcing due to atmospheric
aerosols. Garcia et al. [52] validated the AERONET estimated radiative forcing against ground based
broad band measurements from the Baseline Surface Radiation (BSRN) and the Solar Radiation
Networks (SolRad-Net), and found that AERONET estimated radiative forcing is very close to ground
measurements with uncertainty less than 15 Wm−2 for all stations, which is within the uncertainty of
BSRN and SolRad-Net observed data. AERONET ground observation data are extensively used to
study the optical properties of atmospheric aerosols and their radiative effects [48,53–55]. In addition,
AERONET observations are also considered to be the benchmark for the validation of aerosol properties
obtained from other indirect methods, such as models and satellite imagery. But, these point data on
aerosol optical properties and radiative forcing due to atmospheric aerosols at the surface and top of
atmosphere are limited to the location of the AERONET stations.

In this context, it is planned to develop and evaluate a multiple regression model to estimate daily
radiative forcing at the bottom of the atmosphere in the IGP by using the quality AERONET station
point data and spatially distributed satellite remotely sensed data in the region. Remer et al. [56]
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extensively validated the Moderate Resolution Imaging Spectrometers (MODIS) retrieved AOD with
AERONET measured AOD at the global scale and found that MODIS products are accurate within
prelaunch expectations and they are sufficiently accurate for a variety of applications, including
improved estimates of observationally based aerosol radiative effects. For the wide scale application
of this simple regression model, it is evaluated by using MODIS derived aerosol properties at the
AERONET stations located in IGP. After successful evaluation of the model with MODIS derived
aerosol properties at AERONET stations in the IGP, this model can be used to estimate the radiative
forcing due to atmospheric aerosols at the surface on any day at any location of the IGP because MODIS
sensors on the Terra and Aqua earth observing system (EOS) satellites provide continuous and near
real time aerosol properties of the earth at higher temporal and spatial resolutions. This model will
help to estimate the reduction of solar radiation at the surface of the IGP, which may be utilised to study
the immediate effects of aerosols in the IGP on, for example, crop production, evapotranspiration, etc.,
along with the long-term effects of aerosols on climate change and the natural systems of the IGP.

The important feature of this study is the development and evaluation of a simple regression
model to estimate direct daily radiative forcing due to atmospheric aerosol (ADRF) in the IGP region
by using point AERONET data. Once established, the model will be evaluated while using MODIS
inputs at the AERONET stations, where AERONET ADRF is available. Using MODIS products of
daily average AOD and precipitable water vapour in this model will allow, ADRF to be estimated at
any location across the IGP. This simple model may be used to assess the effect of atmospheric aerosols
on solar radiation, and consequently environmental effects at daily time scale in the IGP region.

2. Study Area and Data Sets

2.1. Study Area

The Indo-Gangetic basin is the combination of two neighbouring river basins—the Indus and the
Ganga in south Asia. The origin of both rivers is the Hindu Kush Himalaya, which strongly influences
and controls the atmospheric circulation around the region [57]. Both of these rivers have fertile
alluvium plains that are intensely cultivated and are known as the Indo Gangetic Plain (IGP). The IGP
is the study area, which encompasses the eastern plain area of Pakistan, most of northern and eastern
India, the southern plain area of Nepal and almost all of Bangladesh (Figure 1). The IGP is 250 to
450 km wide and extends from the delta of the Indus river at the Arabian sea to the delta of the Ganga
at the Bay of Bengal and it separates the Himalaya from the Indian peninsula [58]. Agriculture is one
of the major economic activities of the population in the IGP. Rice and wheat are the major crops that
are cultivated in the IGP covering 13.5 M ha of Pakistan, India, Nepal and Bangladesh [59]. The IGP
is also known as the ‘food basket’ of the region because it produces 53% of rice and 93% of wheat in
these countries [60]. The IGP is home to about 800 M people with high population density in the range
of 400–600 people per square kilometre [61,62]. The IGP is a densely populated region with five mega
cities (New Delhi, Karachi, Dhaka, Kolkata, and Lahore) and dozens of cities with population of more
than one-million [63]. Due to rapid urbanization, industrialization and lack of effective monitoring and
control on pollution, there is persistent heavy aerosol loading in the atmosphere of the Indo Gangetic
Plain (IGP), which is considered to be one of the most highly polluted regions of the world [1,2].

The climate of the IGP varies from semi-arid in the Punjab region of Pakistan, hot sub-humid in
Haryana, Uttar Pradesh and Bihar of India and Terai region of Nepal and sub-humid to humid climate
in West Bengal of India and the plain area of Bangladesh [59]. There is a clear gradient in annual
average precipitation in the IGP with 654 mm in the Punjab (western IGP) to 1462 mm in West Bengal
(eastern IGP) [64]. The monsoon season (June to September) is the rainy season and about 85% of the
total precipitation occurs during this period.
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Figure 1. Study area—Indo Gangetic Plain (IGP) and the location of AErosol RObotic NETwork
(AERONET) stations (starred).

2.2. Ground Station Instrumentation and Data

The AERONET network provides, long-term continuous monitoring and characterisation of
aerosols, at a regional and global scale, as well as aerosol information from spectral data of direct
sun radiation extinction and angular measurement of sky radiance [51,65]. In addition, the inversion
AERONET products provide aerosol parameters (e.g., size distribution, complex refractive index,
partition of spherical, and non-spherical particles) and properties (e.g., phase function, refractive index,
spectral and broad band fluxes, etc.), including radiative forcing at the top of atmosphere and bottom
of atmosphere [66]. The AERONET data for daily aerosol optical depth (AOD) at 500 nm, atmospheric
water vapour, and daily direct radiative forcing at the bottom of the atmosphere (BOA) from the
AERONET stations in the IGP (listed in Table 1) are used in this study. Out of those 10 AERONET
stations in the IGP, two stations are from Pakistan, five are from India, one from Nepal, and two
from Bangladesh.

Table 1. AERONET Stations in the IGP.

SN Site Name Country Longitude
(Decimal Degrees)

Latitude
(Decimal Degrees)

Elevation
(Metres)

1 Bhola Bangladesh 90.756 22.227 7

2 Dhaka
University Bangladesh 90.398 23.728 34

3 Gandhi College India 84.128 25.871 60

4 IIT KGP EXT
Kolkata India 88.418 22.574 10

5 Kanpur India 80.232 26.513 123
6 Karachi Pakistan 67.136 24.946 49
7 Lahore Pakistan 74.264 31.480 209
8 Lumbini Nepal 83.280 27.490 110
9 New Delhi India 77.222 28.589 241

10 Pantnagar India 79.521 29.046 241

2.3. Satellite Data

Two Moderate Resolution Imaging Spectroradiometer (MODIS) sensors, Aqua and Terra of
the Earth observing system (EOS) satellites are considered to be the most comprehensive sensors
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continuously providing electromagnetic images of land, ocean, and atmosphere environment for a
wide range of applications. EOS with MODIS Terra sensor (10:30 p.m. local solar equatorial crossing
time) was launched in late 1999 and the MODIS Aqua sensor (1:30 p.m. local solar Equatorial crossing
time) was launched in 2002 [67]. The MODIS deep blue (DB) algorithm was originally developed to
retrieve AOD over bright surfaces by using deep blue wave length and similarly the MODIS dark
target (DT) algorithm was originally developed for dark vegetated surface areas. The merged DT-DB
product combines and it merges the results of both algorithms and is considered to be the “best-of”
combined aerosol product available [68]. In addition, Mhawish et al. [51] found that the merged DT-DB
product showed less bias across IGP sites and performed as good as DT and DB products, except over
the upper IGP. The MODIS Aqua and MODIS Terra merged DT and DB AOD products are used in this
study. At each of the AERONET stations in the IGP listed in Table 1, the area averaged time series of
daily merged DT and DB AOD product from MODIS Aqua and Terra was extracted for pixel lying
in a ±0.1◦ longitude and latitude box around each station. Similarly, time series data of mean daily
precipitable water vapour from MODIS Aqua and Terra products at those selected AERONET stations
were also obtained.

2.4. Data Quality

The accuracy of the Cimel radiometers, used at the AERIONET stations, is within ±0.01 to
±0.02 for measured columnar AOD [51,69]. Based upon the results of extensive sensitivity studies on
AERONET data by Dubovik et al. [70], Dubovik et al. [71] recommended a set of quality control criteria
for high accuracy in the retrieval of aerosol parameters. These recommended quality control criteria
were used to produce quality assured version 2.0 AERONET inversion products (National Aeronautics
and Space Administration, Washington, DC, USA) [72]. Similarly, Pérez-Ramírez, D. et al. [73]
demonstrated the ability of AERONET to retrieve precipitable water vapour (average bias less than 6%
and total uncertainty less than 15%) by comparing it with radio sonde, Global Positioning System (GPS),
and microwave radiometry methods. The AERONET data used in this study are taken from the highest
quality version under clear-sky conditions, i.e., Version 2.0 at level 2.0. Hence, the AERONET data are
considered to be standard data and are used to validate atmospheric properties from satellite data.
The MODIS Aqua and Terra products are validated by using AERONET data at the regional and global
scale in many studies [74–79]. The uncertainty in the MODIS retrieved aerosol optical depth (AOD)
over land and ocean are reported to be in the range of ±(0.05 + 0.2 × AOD) and ±(0.03 + 0.15 × AOD),
which is also considered to be the expected error (EE) [74]. Similarly, Sayer et al. [80] compared the
MODIS Aqua data products with AERONET data at global and regional scales and found that MODIS
merged AOD at 550 nm has the correlation coefficient and root mean square error of 0.86 and 0.16,
respectively, for the Indian subcontinent.

3. Methodology

This section is sub-divided in to 3 sub-sections. The first sub-section describes the regression
modelling of the ADRF using AERONET data. In the second sub-section, the method adopted to
compare the MODIS products (AOD and precipitable water vapour) with the corresponding AERONET
product is presented. Finally, in the third sub-section, the method employed to evaluate the developed
model is described.

3.1. Multiple Regressions

To develop a statistical model to predict daily direct radiative forcing due to atmospheric
aerosols (ADRF) at the bottom of atmosphere (BOA), multiple regressions were performed for
different combinations of parameters, including AOD, atmospheric water vapour, elevation, Angstrom
coefficient, etc. A multiple regression of ADRF with daily mean AOD and daily mean atmospheric
water vapour provided a simple model with good results (see Equation (1)) and significant
improvement was not obtained with the inclusion of other variables in the model. Russel et al. [81]
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showed that AOD is the important factor that is responsible for the local radiative forcing among
other several factors. Bilbao et al. [82] also showed that direct short wave irradiance is a function
of AOD at 550 nm. Obviously, AOD is an important parameter related to the radiative forcing
at the surface because it measures the optical extinction due to scattering and absorption in the
vertical column. Moreover, it is also reported that the optical properties of hygroscopic aerosols are
significantly affected by atmospheric water vapour [83]. Furthermore, Bilbao et al. [82] showed that
there is statistically significant negative correlation between direct short wave irradiance and column
atmospheric water vapour.

The null hypothesis for the statistical test of this multiple regression is that there is no relationship
between daily ADRF and daily aerosol optical depth and daily mean atmospheric water vapour at
any particular location in the IGP. The F test was performed, as described by Cohen [84], to test the
hypothesis and the model was evaluated while using the adjusted R2 value. The statistical significance
of the individual atmospheric parameters (viz. AOD and atmospheric water vapour) in the following
linear model was evaluated using the t test, as described by Cohen [84].

ADRF = A + B1 AOD550 + B2 AWV (1)

where, A is an intercept and B1 and B2 are the coefficients for AOD and atmospheric water
vapour respectively.

ADRF = Daily direct radiative forcing due to atmospheric aerosols (Wm−2).
AOD550 = Daily average atmospheric aerosol optical depth at wavelength 550 nm.
AWV = Daily mean atmospheric water vapour (m).
After pooling the data sets from all the stations together, a year-round radiative model for the IGP

region is developed. Similarly, after pooling the seasonal data (winter, pre-monsoon, monsoon, and
post monsoon seasons) of all stations seasonal models for the IGP region are also developed.

3.2. Comparison of AERONET and MODIS Products

As the AERONET measured AOD and precipitable water vapour are only available at a few
stations in the IGP, this limits the applicability of the derived model. Unlike point products of
AERONET, MODIS provides continuous spatial as well as the temporal distribution of AOD and
precipitable water vapour over the earth. Since MODIS provide the AOD at 550 nm and AERONET
provides the AOD at 500 nm, the AOD at 500 nm wavelength, is transformed to 550 nm by using the
following equation, as suggested by Prasad and Singh [85] and Bibi et al. [44].

AOD550 = AOD500 (500/550)−α (2)

where,
AOD550 = Daily average atmospheric aerosol optical depth at wavelength 550 nm.
AOD500 = Daily average atmospheric aerosol optical depth at wavelength 500 nm.
α = Angstrom Exponent in the wavelength range of 440 to 870 nm.
Before using MODIS derived AOD and precipitable water vapour for the IGP in the developed

model, the MODIS derived AOD and mean precipitable water vapour are compared against the
AERONET station based AOD and mean atmospheric water in the IGP. The comparison was performed
using a scatterplot, calculating mean error (ME), mean absolute error (MAE), root mean square error
(RMSE), and Pearson correlation coefficient (r).

3.3. Evaluation of the Model

The ADRF predicted by the model is compared with the AERONET observed ADRF for all the
AERONET stations in the IGP. The model predicted results are evaluated by calculating the mean error,
mean absolute error, root mean square error, Nash-Sutcliffe coefficient of efficiency [86], and Pearson
correlation coefficient. Since it is reported that Jackknife validation is unbiased when compared to
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validation with data splitting [87], the model is evaluated and the stability of the model is tested by
adopting a delete one group (station) Jackknife method, as described by [88,89]. The ADRF predicted
by the model when using MODIS Aqua and Terra derived AOD and mean precipitable water vapour
is compared against the AERONET measured ADRF.

4. Results and Discussions

This section is sub-divided in to six sub-sections. In the first sub-section, the year round and
seasonal ADRF models that were developed through multiple regression using AERONET data at
10 stations in the IGP region are presented. In the second sub-section, the overall and station wise
evaluation of the performance of the models are discussed. Moreover, the results of the cross-validation
Jackknife method are also discussed in this sub-section. To use the developed year-round ADRF model
beyond the AERONET stations in the IGP, two model input parameters AOD and precipitable water
vapour retrieved from MODIS Aqua and Terra are compared against AERONET values in the third
sub-section. In the fourth sub-section, the developed ADRF is evaluated by using MODIS Aqua
and Terra products. In the fifth sub-section, the performance of the model with MODIS Aqua input
parameters is compared with that of the MODIS Terra products. Finally, in the sixth sub-section,
the results of the ADRF model is compared against the published values from SBDART at two
AERONET stations.

4.1. Development of Regression Model for ADRF

Multiple linear regressions are developed for year-round and seasonal empirical models to
estimate daily ADRF at the surface using AOD and mean atmospheric water vapour from the
AERONET stations in the IGP listed in Table 1. The results of the regressions are presented in
Table 2. The intercept (A) and coefficients (B1 and B2) of the year-round model, which is developed
using 5138 daily data points from the IGP, are found to be significant (p < 0.01). The adjusted R2

of the year-round model is 0.834, which indicates the year-round model provides a good fit to the
ADRF in the IGP. All of the seasonal models, except winter, have significant (p < 0.01) intercept and
coefficients. In the winter model the coefficient of mean atmospheric water vapour in the atmosphere
is not significant, which may be due to the dry atmospheric condition during this time with nil to
very little rainfall in the IGP [90]. The adjusted R2 values of the seasonal models are similar to that
of the year-round model, ranging from 0.825 for the monsoon model to 0.862 for the post monsoon
model. The standard error is a measure of model prediction accuracy and it is defined as the square
root of the ratio of the sum of squared residuals and the degree of freedom. The standard error of the
year-round model is 14.39 Wm−2 where as that of the seasonal models range from 11.364 Wm−2 for
the Monsoon model to 14.970 Wm−2 for the post monsoon model. From the results of the regression
using AERONET data, it appears that the proposed models could be promising models for estimating
daily ADRF in the IGP.

Table 2. Regression results of year-round and seasonal models to predict atmospheric aerosol (ADRF).

Model Number of
Observations A (Sig.) (Wm−2) B1 (Sig.) (Wm−2) B2 (Sig.) (Wm−3)

Adjusted
R2

Standard Error
(Wm−2)

Year-round Model 5138 −32.464 (0.00) −119.446 (0.00) 4.471 × 102 (0.00) 0.834 14.390
Season Models

Winter 884 −23.895 (0.00) −117.876 (0.00) −4.89 × 102 (0.62) 0.846 14.724
Pre-monsoon 1854 −24.256 (0.00) −129.979 (0.00) 2.232 × 102 (0.00) 0.828 13.184

Monsoon 812 −40.510 (0.00) −97.921 (0.00) 4.093 × 102 (0.00) 0.825 11.364
Post monsoon 1588 −35.872 (0.00) −118.795 (0.00) 5.458 × 102 (0.00) 0.862 14.970

Note: A is the intercept and B1 and B2 are the coefficients shown in Equation (1). Significance was tested using a
t-test and p values are in brackets.
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4.2. Evaluation of the Performance of the ADRF Model

The performance of the developed year-round ADRF regression model is evaluated through
station wise scatterplots of AERONET ADRF and estimated ADRF using AERONET AOD and
precipitable atmospheric water vapour, as shown in Figure 2. The total number of daily observations
across all 10 stations in the IGP during 2002 to 2015 is 5138 and the station wise observations vary
from 27 at Kolkata to 1581 at Kanpur. From Figure 2, it is evident that most of the observed and
estimated ADRF points follow the 1:1 line, indicating agreement between the estimated ADRF and the
AERONET ADRF at all ten stations of the IGP.
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Figure 2. Evaluation of estimated radiative forcing with that of AERONET radiative forcing (Wm−2) in
the IGP stations. (a) Bhola (b) Dhaka University (c) Gandhi College (d) Kanpur (e) Karachi (f) Kolkata
(g) Lahore (h) Lumbini (i) New Delhi (j) Pantnagar.

The results of applying the year-round model to estimate daily ADRF by using AERONET AOD
and daily mean atmospheric moisture at each station is presented in Table 3. The mean error (ME) in
the estimation of daily ADRF varies from −7.689 Wm−2 at Bhola to 22.946 Wm−2 at Kolkata. Both of
those stations have very few observations i.e., 37 and 27 at Bhola and Kolkata, respectively, out of
a total of 5138 data points. The mean absolute error (MAE) ranges from 8.607 Wm−2 at Karachi to
23.338 Wm−2 at Kolkata and the MAE across all stations is 10.490 Wm−2. The root mean square error
(RMSE) in estimated ADRF across all the stations in IGP is 14.390 Wm−2. The RMSE of Kolkata is
highest (26.284 Wm−2) and that of Karachi is lowest (10.592 Wm−2) among the stations in the IGP.

Table 3. Results of the ADRF model using all AERONET stations in the IGP by using AERONET
aerosol optical depth (AOD) and atmospheric water vapour at each station.

SN Stations Number of
Observations

Mean Error
(Wm−2)

Mean
Absolute

Error (Wm−2)

Root Mean Square
Error (RMSE)

(Wm−2)

Nash-Sutcliffe
Efficiency

(NSE)

Correlation
Coefficient, r

1 Bhola 37 −7.689 11.760 15.428 0.608 0.870
2 Dhaka University 253 10.158 16.997 22.914 0.723 0.882
3 Gandhi College 833 0.419 10.924 15.144 0.782 0.886
4 Kanpur 1581 −0.405 9.780 13.522 0.831 0.912
5 Karachi 1028 −5.255 8.607 10.592 0.827 0.932
6 Kolkata 27 22.946 23.338 26.284 0.402 0.954
7 Lahore 1017 1.289 10.646 14.436 0.822 0.909
8 Lumbini 106 3.679 16.702 20.912 0.802 0.900
9 New Delhi 67 7.828 12.962 18.301 0.695 0.888

10 Pantnagar 189 2.984 8.816 11.911 0.790 0.896

All Stations 5138 0.000 10.490 14.390 0.830 0.910

Even though the acceptability of the performance of a model depends upon the application of the
model [91], for practical application Ritter and Muňoz-Carpena [92] adopted Nash–Sutcliffe efficiency
of between 0.65 and 0.8 as an acceptable range and 0.81 to 0.9 as a good range for the goodness of fit
when evaluating a model. The Nash–Sutcliffe efficiency of the year-round model for all station data
is 0.830, indicating that the model is a good fit to the data. The station wise Nash–Sutcliffe efficiency
of the year-round model at all stations in the IGP, except that of Kolkata (0.402) and Bhola (0.608) is
within the acceptable range. The Pearson correlation coefficient (r) between the year-round model
estimated ADRF and the AERONET ADRF at all stations in the IGP is 0.91. The Pearson correlation
coefficient of the station wise estimated values of the ADRF range from 0.87 at Bhola to 0.95 at Kolkata.
Test results of the year-round ADRF model at the station level indicate that the year round ADRF
model is acceptable.

To test the consistency and stability of the year-round model for prediction of ADRF, the model is
tested by adopting a delete one group (station) Jackknife method. The results of the multiple regressions
from the delete one group (station data) Jackknife method are shown in Table 4. From the table, it is
observed that the adjust R2 value ranged from 0.813 to 0.842 and the standard error varied from
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13.791 Wm−2 to 15.098 Wm−2 in the 10 Jackknife cases, which indicates consistency in the performance
of the model, even when one of the stations is removed from the analysis. The intercept (A) of the
year-round model in the Jackknife cases ranged from −36.43 to −30.21. The coefficients B1 and B2

values fluctuated from −121.390 to −116.116 and 3.843 to 5.113, respectively. Interestingly, it is also
observed that the mean value of intercept, coefficients, adjusted R2, and standard error from the
Jackknife cases is very close to the values that are generated by the regression with all station data. The
limited variation in the distribution of the coefficients, the intercepts, adjusted R2, and standard error
values in the Jackknife cases indicates that the year-round model is a stable model for the prediction of
the ADRF in the IGP.

Table 4. Results of multiple regression of ADRF using AERONET AOD and atmospheric water vapour
in the IGP by adopting a delete one group (station data) Jackknife method.

SN All Stations
of IGP Except

Number of
Observations N

Intercept, A
(Wm−2)

AOD
Coefficient,
B1 (Wm−2)

Atmospheric
Moisture

Coefficient,
B2 (Wm−3)

Adjusted R
Square

Standard
Error (Wm−2)

1 Bhola 5101 −32.388 −119.608 4.451 × 102 0.834 14.382

2 Dhaka
University 4885 −32.355 −118.039 4.301 × 102 0.835 13.791

3 Gandhi
College 4305 −32.846 −120.940 5.113 × 102 0.842 14.224

4 Kanpur 3557 −31.758 −121.390 4.552 × 102 0.834 14.749
5 Karachi 4110 −36.430 −116.116 4.775 × 102 0.813 15.098
6 Kolkata 5111 −32.424 −119.215 4.448 × 102 0.835 14.300
7 Lahore 4121 −30.218 −120.602 3.843 × 102 0.835 14.352
8 Lumbini 5032 −32.409 −119.616 4.527 × 102 0.835 14.220
9 New Delhi 5071 −32.420 −119.184 4.429 × 102 0.835 14.331

10 Pantnagar 4949 −32.205 −119.537 4.426 × 102 0.834 14.476
Min 3557 −36.430 −121.390 3.843 × 102 0.813 13.791
Max 5111 −30.218 −116.116 5.113 × 102 0.842 15.098

Average 4624.20 −32.545 −119.425 4.487 × 102 0.833 14.392
Standard
Deviation 553.99 1.543 1.513 0.323 × 102 0.008 0.344

All Stations 5138 −32.464 −119.446 4.471 × 102 0.834 14.390

Note: ADRF = Daily direct radiative forcing due to atmospheric aerosols (Wm−2); AERONET = Aerosol Robotic
Network; AOD = Aerosol Optical Depth; IGP = Indo Gangetic Plain.

4.3. Comparison of MODIS and AERONET Products

To extend the applicability of the developed year-round and seasonal ADRF models throughout
the IGP, it is necessary to obtain AOD and atmospheric water vapour data for any location within the
IGP. In this context, MODIS products are considered to be very useful for this application, because
they provide high spatial resolution atmospheric aerosol data with observations twice a day covering
most of the planet and easy access to near real-time data [78]. Before applying MODIS data in this
model, it is necessary to compare the MODIS and AERONET products in the IGP. The comparison of
MODIS Aqua and MODIS Terra products is performed separately against the AERONET AOD and
atmospheric water vapour. The results of comparison of MODIS and AERONET data are presented in
the supplement section.

4.3.1. Comparison of MODIS Aqua and AERONET Products

The station wise comparison of MODIS Aqua retrieved AOD550 against transformed AERONET
AOD at 550 nm from measured AOD at 500 nm at the IGP stations is performed through scatterplots
in Figure S1. The plots indicate that the MODIS Aqua AOD is similar to the transformed AERONET
AOD measured at each station in the IGP, because the majority of the scatter points are near to the
1:1 line. The uncertainty in the MODIS retrieved aerosol optical depth (AOD) over land and ocean
are reported to be in the range of ±(0.05 + 0.2 × AOD) and ±(0.03 + 0.15 × AOD), which is also
considered to be the expected error (EE) [74]. Figure S2 provides the share of the MODIS Aqua AOD
values that lie within, above and below the expected error range where AERONET AOD is assumed to
be actual AOD. The figure indicates that in all the stations except Kolkata, more than 60% of MODIS
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Aqua retrieved AOD data lie within the expected error range for the IGP stations. Since more than
70% of MODIS Aqua retrieved AOD at Kanpur is within the expected error range, MODIS retrieved
AOD is well matched with AERONET data, which is similar to the findings of Choudhary et al. [93].
As 64.4% of MODIS Aqua retrieved AOD is within the expected error range at Gandhi college in this
study, the correlation of the MODIS Aqua retrieved AOD at Gandhi College in this study is higher
than the findings of Choudhary et al. [93], which may be due to the extended data period of this study
(2002 to 2015) as compared to the previous study (2002 to 2010). Similarly, more than two-thirds of the
MODIS Aqua AOD data across all IGP stations are within the expected error range.

The statistical comparison of the MODIS Aqua retrieved AOD and atmospheric water vapour
with the AERONET measured AOD and atmospheric water vapour is presented in Table 5. It is
observed that the station wise mean error (ME) of the MODIS Aqua retrieved AOD ranges from −0.107
to 0.079 with an all station ME of −0.004. Similarly, the station wise MAE of MODIS Aqua retrieved
AOD ranges from 0.11 to 0.175 with an all station MAE of 0.144. The station wise root mean square
error (RMSE) of MODIS Aqua AOD varies from 0.156 at Kanpur to 0.255 at Lahore and the all station
RMSE is 0.210. Station wise Pearson correlation coefficient (r) of the MODIS Aqua retrieved daily AOD
with AERONET measured daily AOD ranges from a minimum of 0.538 at New Delhi to a maximum of
0.898 at Lumbini. The Pearson Correlation coefficient of MODIS Aqua retrieved AOD with AERONET
AOD across all stations in the IGP is 0.778. In summary, the MODIS Aqua retrieved daily AOD at the
IGP stations is found to be similar to the AERONET measured AOD.

Table 5. Evaluation of Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua derived AOD
and atmospheric water vapour against AERONET measured AOD and atmospheric water vapour for
the IGP stations.

SN Row Labels Number of
Observations N

MODIS Aqua Retrieved AOD MODIS Aqua Retrieved
Atmospheric Water Vapour

ME MAE RMSE r ME
(cm)

MAE
(cm)

RMSE
(cm) r

1 Bhola 37 0.052 0.124 0.182 0.811 −0.264 0.493 0.617 0.838
2 Dhaka University 253 −0.072 0.156 0.218 0.785 0.445 0.559 0.674 0.865
3 Gandhi College 833 −0.060 0.159 0.223 0.732 0.210 0.500 0.669 0.899
4 Kolkata 1581 0.029 0.140 0.207 0.767 0.348 0.481 0.645 0.882
5 Kanpur 1028 −0.078 0.110 0.156 0.785 0.313 0.460 0.592 0.847
6 Karachi 27 −0.107 0.175 0.206 0.686 0.383 0.501 0.651 0.839
7 Lahore 1017 0.079 0.175 0.255 0.776 0.246 0.450 0.631 0.929
8 Lumbini 106 −0.083 0.133 0.183 0.898 −0.436 0.602 0.705 0.906
9 New Delhi 67 0.023 0.167 0.240 0.538 0.518 0.623 0.819 0.930
10 Pantnagar 189 0.046 0.124 0.164 0.749 0.152 0.394 0.556 0.871

All Stations 5138 −0.004 0.144 0.210 0.778 0.278 0.479 0.638 0.887

Note: ME = Mean Error; MAE = Mean Absolute Error; RMSE = Root Mean Square Error; r = Pearson
Correlation Coefficient.

Scatterplots of the station wise MODIS Aqua retrieved daily mean precipitable water vapour and
AERONET measured daily mean atmospheric water vapour are presented in Figure S3. The figure
indicates that the MODIS Aqua derived precipitable water vapour is very similar to that of AERONET,
because most the points are close to the 1:1 line at all stations in the IGP. The station wise ME of
MODIS Aqua derived precipitable water vapour ranges from −0.436 cm at Lumbini to 0.518 cm at
New Delhi and across all of the stations ME in the IGP is 0.278 cm (Table 5). The station wise MAE
ranges from 0.394 cm at Pantnagar to 0.623 cm at New Delhi and across all the stations the MAE is
0.479 cm. The RMSE of the MODIS Aqua derived precipitable water vapour across all of the stations
in the IGP is limited to 0.638 cm. The correlation coefficient of the MODIS Aqua derived precipitable
water vapour with AERONET measured atmospheric water vapour across all the stations in the IGP is
0.887, which indicates a good correlation.

At the seasonal scale (winter, pre-monsoon, monsoon, and post monsoon), MODIS Aqua derived
AOD at all stations of the IGP is plotted against AERONET measured AOD in Figure S4. It is observed
that there is more variation of MODIS Aqua AOD and AERONET AOD in the monsoon season when
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compared to other seasons, which may be due to the effect of clouds on MODIS Aqua retrieved AOD
because AERONET Version 2 AOD is quality assured and cloud screened data [94]. Season wise
evaluation of the MODIS Aqua retrieved AOD and water vapour is presented in Table 6. The table
indicates that the ME of MODIS Aqua retrieved AOD vary from −0.059 during the pre-monsoon to
0.093 in the monsoon season. The MAE and RMSE value of MODIS Aqua retrieved AOD is found to
be least (0.118 and 0.180, respectively) during winter and maximum (0.249 and 0.336, respectively)
during the monsoon season. With respect to seasonal performance of MODIS Aqua derived daily
mean precipitable water vapour, the least value of ME, MAE, and RMSE is found during the post
monsoon as 0.175, 0.397, and 0.519, respectively, and the maximum value is found during monsoon
season as 0.642, 0.813, and 1.015, respectively. Comparatively higher ME, MAE, and RMSE of MODIS
Aqua retrieved AOD and precipitable water vapour during the monsoon season is possibly due to the
effect of clouds in this season. The correlation between AERONET and MODIS Aqua retrieved AOD
and atmospheric water vapour ranges from 0.702 to 0.84 and 0.655 to 0.853, respectively, indicating
good seasonal correlations.

Table 6. Evaluation of MODIS Aqua derived AOD and precipitable water vapour against AERONET
measured AOD and atmospheric water vapour in four seasons in the IGP.

SN Row Labels Number of
Observations N

MODIS Aqua Retrieved AOD MODIS Aqua Retrieved
Atmospheric Water Vapour

ME MAE RMSE r ME
(cm)

MAE
(cm)

RMSE
(cm) r

1 Winter 884 0.020 0.118 0.180 0.840 0.297 0.417 0.523 0.655
2 Pre monsoon 1854 −0.059 0.130 0.185 0.702 0.197 0.432 0.562 0.820
3 Monsoon 558 0.093 0.249 0.336 0.703 0.642 0.813 1.015 0.853
4 Post monsoon 1842 0.011 0.139 0.197 0.824 0.175 0.397 0.519 0.780

All Stations 5138 −0.004 0.144 0.210 0.778 0.278 0.479 0.638 0.887

4.3.2. Comparison of MODIS Terra Products

The station wise comparison of MODIS Terra retrieved AOD550 against transformed AERONET
AOD at 550 nm from measured AOD at 500 nm at the IGP stations is performed through scatterplots
in Figure S5. The figure also consists of two lines indicating expected error (EE) range of MODIS
Terra retrieved AOD as ±(0.05 + 0.2 × AOD), as explained by Chu [74]. It is observed that at Bhola,
Dhaka University, Gandhi College, Kanpur, Lahore and New Delhi a significant portion of the points lie
above the upper limit of expected error line. Similarly, at Karachi, Lumbini, and Pantnagar a significant
portion of the points lie below the lower limit of expected error line. The figures indicate that in
general the majority of MODIS Terra retrieved AOD are within the expected error limits. Figure S6
presents the share of the MODIS Terra AOD values that lie within, above and below the expected
error range where AERONET AOD is assumed to be actual AOD. The figure indicates that in all of the
stations, except Bhola, Pantnagar, and Lumbini, more than 60% of MODIS Terra AOD data lie within
the expected error range for the IGP stations. The figure also shows that more than 65% of the MODIS
Terra AOD data across IGP stations are within the expected error range.

The station wise statistical comparison of the MODIS Terra AOD and precipitable water vapour
with the AERONET measured AOD and atmospheric water vapour is presented in Table 7. It is
observed that the station wise ME of the MODIS Terra AOD ranges from −0.178 at Pantnagar to 0.115
at Bhola with an all station ME of 0.035. Similarly, the station wise MAE of MODIS Terra retrieved
AOD ranges from 0.106 at Kanpur to 0.197 at Pantnagar with an all station MAE of 0.152. The station
wise RMSE of MODIS Terra retrieved AOD vary from 0.162 at Kanpur to 0.262 at Dhaka University
and the all station RMSE is 0.230. Station wise Pearson correlation coefficient of the MODIS Terra
retrieved daily AOD with AERONET measured daily AOD vary from 0.572 at New Delhi to 0.907 at
Lumbini. The Pearson Correlation coefficient of MODIS Terra retrieved AOD with AERONET AOD
across all the stations in the IGP is 0.781. In summary, the MODIS Terra retrieved daily AOD at the
IGP stations is also found to be similar to the AERONET measured AOD.
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Scatterplots of the station wise MODIS Terra retrieved atmospheric water vapour and AERONET
measured atmospheric water vapour are shown in Figure S7. Even though MODIS Terra somewhat
overestimated the atmospheric water vapour at Karachi, Kanpur, and New Delhi and somewhat
underestimated at Bhola, Lumbini, and Pantnagar; overall MODIS Terra derived daily atmospheric
water vapour is very similar to that of AERONET measured atmospheric water vapour because most
the points are close to the 1:1 line at all stations in the IGP (Figure S7). The station wise ME of MODIS
Terra derived atmospheric water vapour vary from −0.651 cm at Lumbini to 0.543 cm at New Delhi
and across all of the stations in the IGP the ME is 0.212 cm (Table 7). The station wise MAE ranges
from 0.425 cm at Lahore to 0.690 cm at Lumbini and across all the stations the MAE is 0.483 cm.
The RMSE of the MODIS Terra derived atmospheric water vapour across all the stations in the IGP is
0.646 cm. The correlation coefficient of the MODIS derived atmospheric water vapour with AERONET
measured atmospheric water vapour across all of the stations in the IGP is 0.880, which indicates a
good correlation.

Table 7. Evaluation of MODIS Terra derived AOD and atmospheric water vapour against AERONET
measured AOD and atmospheric water vapour for the IGP stations.

SN Row Labels Number of
Observations N

MODIS Terra Retrieved AOD MODIS Terra Retrieved
Atmospheric Water Vapour

ME MAE RMSE r ME
(cm)

MAE
(cm)

RMSE
(cm) r

1 Bhola 41 0.115 0.162 0.218 0.744 −0.317 0.527 0.658 0.876
2 Dhaka University 232 0.014 0.166 0.262 0.768 0.262 0.492 0.604 0.819
3 Gandhi College 823 0.000 0.143 0.220 0.729 0.186 0.513 0.709 0.893
4 Kolkata 1773 0.087 0.149 0.225 0.793 0.301 0.474 0.655 0.895
5 Kanpur 918 −0.062 0.106 0.162 0.748 0.381 0.484 0.616 0.845
6 Karachi 25 −0.037 0.163 0.225 0.613 0.369 0.528 0.638 0.849
7 Lahore 1005 0.112 0.195 0.289 0.768 0.118 0.425 0.582 0.918
8 Lumbini 104 −0.067 0.114 0.166 0.907 −0.651 0.690 0.781 0.884
9 New Delhi 69 0.082 0.189 0.256 0.572 0.543 0.611 0.776 0.947
10 Pantnagar 190 −0.178 0.197 0.235 0.690 −0.453 0.543 0.670 0.825

All Stations 5180 0.035 0.152 0.230 0.781 0.212 0.483 0.646 0.880

For the season wise comparison, the scatterplots of MODIS Terra retrieved AOD with AERONET
AOD in four seasons (winter, pre-monsoon, monsoon, and post monsoon) at all stations of the IGP are
plotted in Figure S8. Like MODIS Aqua seasonal plot, in this figure, also, there is more variation in the
monsoon season when compared to other seasons, which may be also due to the effects of clouds in
MODIS Terra retrieved AOD. However, the majority of points are near to the 1:1 line, indicating that
the MODIS Terra retrieved AOD is similar to AERONET measured AOD.

The statistical results of season wise evaluation of MODIS Terra retrieved AOD and precipitable
water vapour with the AERONET AOD and atmospheric water vapour is presented in Table 8. The ME
of the MODIS Terra retrieved AOD vary from −0.016 cm during the pre-monsoon to 1.508 cm during
the monsoon season. Comparatively small MAE and RMSE on seasonal MODIS Terra derived AOD is
obtained during the pre-monsoon season with values 0.126 cm and 0.181 cm, respectively, and larger
MAE and RMSE during the monsoon season with values 1.100 and 0.673, respectively. The seasonal
Pearson correlation coefficient of MODIS Terra derived AOD and AERONET AOD vary from 0.713 in
the monsoon season to 0.834 in the post monsoon season, which indicates good seasonal correlations.
The ME of the MODIS Terra retrieved atmospheric water vapour ranges from 0.079 cm during post
monsoon season to 0.573 cm during monsoon season. Similarly, comparatively higher MAE and RMSE
on MODIS Terra derived atmospheric water vapour is obtained during the monsoon season with
values 0.799 cm and 1.015 cm, respectively. The seasonal Pearson correlation coefficient of MODIS
Terra derived precipitable water vapour and the AERONET water vapour ranges from 0.598 during
winter to 0.820 during monsoon season. It is observed that comparatively more error on the MODIS
Terra products is observed during monsoon season than other seasons, which may be due to the effect
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of clouds. After comparing the seasonal and station wise errors and correlation coefficients, it is found
that the MODIS Terra retrieved products in general are found to be close to the AERONET products.

Table 8. Evaluation of MODIS Terra derived AOD and atmospheric water vapour against AERONET
measured AOD and atmospheric water vapour in four seasons in the IGP.

SN Row Labels Number of
Observations N

MODIS Terra Retrieved AOD MODIS Terra Retrieved
Atmospheric Water Vapour

ME MAE RMSE r ME
(cm)

MAE
(cm)

RMSE
(cm) r

1 Winter 886 0.065 0.142 0.226 0.821 0.175 0.388 0.492 0.598
2 Pre monsoon 1848 −0.016 0.126 0.181 0.725 0.182 0.445 0.579 0.813
3 Monsoon 833 1.508 1.100 0.673 0.713 0.573 0.799 1.015 0.820
4 Post monsoon 1613 0.035 0.149 0.222 0.834 0.079 0.415 0.541 0.750

All Stations 5180 0.035 0.152 0.230 0.781 0.212 0.483 0.646 0.880

4.4. Evaluation of Model with MODIS Products

The developed year-round ADRF model is evaluated by using the MODIS Aqua and MODIS
Terra retrieved AOD and atmospheric water vapour in the following sections.

4.4.1. Evaluation of the Model with MODIS Aqua Products

By using the MODIS Aqua derived AOD and daily mean atmospheric water vapour in the
developed year-round ADRF model, the daily ADRF is estimated and it is plotted against AERONET
ADRF in Figure 3. Since the majority of the points are clustered near to the 1:1 line in almost all
stations, the estimated ADRF are similar to the AERONET ADRF. However, in the stations like Kolkata,
New Delhi and Bhola the estimated ADRF showed more deviation from the AERONET observation
when compared to other stations, which may be due to less number of data points compared to other
stations. The test results of the year-round model estimated ADRF by using the MODIS Aqua AOD
and atmospheric water vapour is presented in Table 9. It is observed that the average error ranged
from −15.070 Wm−2 at Bhola to 37.429 Wm−2 at Kolkata and the average error of the model with all
the stations in IGP is only 1.739 Wm−2. The MAE varies from 15.083 Wm−2 at Karachi to 40.715 Wm−2

at Kolkata and the MAE of all stations of IGP is limited to 21.822 Wm−2. Similarly, the station wise
RMSE value fluctuated from 20.810 Wm−2 at Karachi to 45.397 Wm−2 at Kolkata and the RMSE value
across all of stations in the IGP of the model with MODIS Aqua AOD and atmospheric water vapour
is 30.700 Wm−2. Except New Delhi, Pantnagar, and Lahore, the station wise Pearson correlation
coefficient of the year-round model estimated ADRF from MODIS Aqua AOD and precipitable water
vapour is found to be above 0.6 in all stations of IGP and the correlation coefficient of the model across
all the stations in the IGP is found to be 0.66. These data indicate that the year round ADRF model at
the surface using inputs of MODIS Aqua AOD and precipitable water vapour provided fairly reliable
estimates of daily ADRF in the IGP region.
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Figure 3. Comparison of estimated radiative forcing by using MODIS Aqua derived AOD and
atmospheric water vapour with AERONET radiative forcing in the stations of IGP. (a) Bhola (b) Dhaka
University (c) Gandhi College (d) Kanpur (e) Karachi (f) Kolkata (g) Lahore (h) Lumbini (i) New Delhi
(j) Pantnagar.

Table 9. Evaluation of the model with AOD and Atmospheric water vapour retrieved from MODIS
Aqua in the IGP.

SN Row Labels Number of
Observations

Mean Error
(Wm−2)

Mean Absolute
Error (Wm−2)

RMSE
(Wm−2)

Correlation
Coefficient, r

1 Bhola 37 −15.070 22.611 31.371 0.610
2 Dhaka University 253 20.767 29.357 40.322 0.619
3 Gandhi College 833 8.478 23.676 32.359 0.603
4 Kanpur 1581 −2.349 20.921 29.095 0.672
5 Karachi 1028 5.466 15.083 20.810 0.661
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Table 9. Cont.

SN Row Labels Number of
Observations

Mean Error
(Wm−2)

Mean Absolute
Error (Wm−2)

RMSE
(Wm−2)

Correlation
Coefficient, r

6 Kolkata 27 37.429 40.715 45.397 0.664
7 Lahore 1017 −6.989 25.954 36.337 0.586
8 Lumbini 106 11.589 24.624 31.964 0.779
9 New Delhi 67 7.410 29.878 41.419 0.138
10 Pantnagar 189 −1.876 18.234 24.768 0.587

All Stations 5138 1.739 21.822 30.700 0.660

4.4.2. Evaluation of the Model with MODIS Terra Products

The estimated ADRF by using inputs of MODIS Terra AOD and daily mean precipitable water
vapour in the year-round model is compared with AERONET ADRF in the IGP stations through
scatterplots in Figure 4. Except Bhola, Kolkata, and New Delhi, the station wise scatterplots in the
stations of IGP tend to follow the 1:1 line, indicating an agreement of the estimation with the AERONET
ADRF. More deviation of estimated ADRF in Kolkata, New Delhi, and Bhola may be due to the low
number of data points at those stations. The test results for the evaluation of the estimated ADRF from
the year-round model whileusing MODIS TERRA AOD and atmospheric water vapour inputs is given
in Table 10. The table indicates that the station wise average error varies from −21.532 Wm−2 at Bhola
to 28.748 Wm−2 at Kolkata and the average error using all the stations in the IGP is −2.818 Wm−2.
The MAE and RMSE of the model for all stations in the IGP while using MODIS Terra AOD and
precipitable water vapour is 22.668 Wm−2 and 33.08 Wm−2 respectively. The Pearson correlation
coefficient of the estimated value of the model for all stations of the IGP with MODIS Terra AOD
and precipitable water vapour is 0.654, indicating good correlation between estimated ADRF and
AERONET ADRF in the IGP region.

Atmosphere 2018, 9, x FOR PEER REVIEW  17 of 26 

 

7 Lahore 1017 −6.989 25.954 36.337 0.586 
8 Lumbini 106 11.589 24.624 31.964 0.779 
9 New Delhi 67 7.410 29.878 41.419 0.138 
10 Pantnagar 189 −1.876 18.234 24.768 0.587 

 All Stations 5138 1.739 21.822 30.700 0.660 

4.4.2. Evaluation of the Model with MODIS Terra Products 

The estimated ADRF by using inputs of MODIS Terra AOD and daily mean precipitable water 
vapour in the year-round model is compared with AERONET ADRF in the IGP stations through 
scatterplots in Figure 4. Except Bhola, Kolkata, and New Delhi, the station wise scatterplots in the 
stations of IGP tend to follow the 1:1 line, indicating an agreement of the estimation with the 
AERONET ADRF. More deviation of estimated ADRF in Kolkata, New Delhi, and Bhola may be due 
to the low number of data points at those stations. The test results for the evaluation of the estimated 
ADRF from the year-round model whileusing MODIS TERRA AOD and atmospheric water vapour 
inputs is given in Table 10. The table indicates that the station wise average error varies from −21.532 
Wm−2 at Bhola to 28.748 Wm−2 at Kolkata and the average error using all the stations in the IGP is 
−2.818 Wm−2. The MAE and RMSE of the model for all stations in the IGP while using MODIS Terra 
AOD and precipitable water vapour is 22.668 Wm−2 and 33.08 Wm−2 respectively. The Pearson 
correlation coefficient of the estimated value of the model for all stations of the IGP with MODIS 
Terra AOD and precipitable water vapour is 0.654, indicating good correlation between estimated 
ADRF and AERONET ADRF in the IGP region.  

  

  

  

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(a) Bhola

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(b) Dhaka University

-500

0
-400 -300 -200 -100 0

tim
at

ed
 Fo

rc
in

g 
M

OD
IS

 T
ER

RA
) 

Aeronet Radiative Forcing 

(c) Gandhi College

-500

0
-400 -300 -200 -100 0

tim
at

ed
 Fo

rc
in

g 
M

OD
IS

 T
ER

RA
) 

Aeronet Radiative Forcing 

(d) Kanpur

-600

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(e) Karachi

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(f) Kolkota

Figure 4. Cont.



Atmosphere 2018, 9, 405 18 of 26
Atmosphere 2018, 9, x FOR PEER REVIEW  18 of 26 

 

  

  
 

Figure 4. Comparison of estimated radiative forcing by using MODIS Terra derived AOD and 
atmospheric water vapour with AERONET radiative forcing in the stations of IGP. (a) Bhola (b) 
Dhaka University (c) Gandgi Colleague (d) Kanpur (e) Karachi (f) Kolkata (g) Lahore (h) Lumbini (i) 
New Delgi (j) Pantnagar. 

Table 10. Evaluation of the model with AOD and precipitable water vapour retrieved from MODIS 
Terra in the IGP. 

SN Row Labels 
Number of 

Observations  
Mean Error 

(Wm−2) 
Mean Absolute 

Error (Wm−2) 
RMSE 
(Wm−2) 

Correlation 
Coefficient, r 

1 Bhola 41 −21.532 28.316 37.577 0.452 
2 Dhaka University 232 10.634 30.945 42.617 0.610 
3 Gandhi College 823 1.574 22.494 33.057 0.576 
4 Kanpur 1773 −8.722 21.861 31.624 0.675 
5 Karachi 918 4.114 14.923 22.069 0.625 
6 Kolkata 25 28.748 37.405 42.506 0.462 
7 Lahore 1005 −11.536 27.854 40.269 0.573 
8 Lumbini 104 9.137 23.826 32.175 0.762 
9 New Delhi 69 −0.385 29.929 41.748 0.144 
10 Pantnagar 190 21.894 24.394 29.638 0.649 

 All Stations  5180 −2.818 22.668 33.080 0.654 

4.5. Comparison of the Model Estimation from MODIS Aqua and Terra Products  

While comparing the evaluation results of ADRF estimated from MODIS Aqua and MODIS 
Terra in Tables 9 and 10, respectively, it is observed that the ADRF estimated from both the products 
provided almost similar results. It is found that the results from the MODIS Aqua is slightly superior 
than MODIS Terra, because of low average error (1.739 Wm−2 against −2.818 Wm−2), MAE (21.822 
Wm−2 against 22.668 Wm−2), and RMSE (30.700 Wm−2 against 33.080 Wm−2) in all the stations of the 
IGP. Moreover, the Pearson correlation coefficient of the ADRF estimated from MODIS Aqua AOD 
and atmospheric water vapour in all stations of the IGP is marginally higher than that from MODIS 
Terra (0.660 against 0.654). In summary, the results of the ADRF model with MODIS Aqua products 
is almost similar to that from MODIS Terra products in the IGP, but MODIS Aqua products 
provided a slightly better estimate of ADRF when compared to that of MODIS Terra products in the 
IGP. 

-600

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(g) Lahore

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(h) Lumbini

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(i) New Delhi

-400

-200

0
-400 -300 -200 -100 0

Es
tim

at
ed

 Fo
rc

in
g 

(M
OD

IS
 T

ER
RA

) 

Aeronet Radiative Forcing 

(j) Pantnagar

Figure 4. Comparison of estimated radiative forcing by using MODIS Terra derived AOD and
atmospheric water vapour with AERONET radiative forcing in the stations of IGP. (a) Bhola (b) Dhaka
University (c) Gandgi Colleague (d) Kanpur (e) Karachi (f) Kolkata (g) Lahore (h) Lumbini (i) New
Delgi (j) Pantnagar.

Table 10. Evaluation of the model with AOD and precipitable water vapour retrieved from MODIS
Terra in the IGP.

SN Row Labels Number of
Observations

Mean Error
(Wm−2)

Mean Absolute
Error (Wm−2)

RMSE
(Wm−2)

Correlation
Coefficient, r

1 Bhola 41 −21.532 28.316 37.577 0.452
2 Dhaka University 232 10.634 30.945 42.617 0.610
3 Gandhi College 823 1.574 22.494 33.057 0.576
4 Kanpur 1773 −8.722 21.861 31.624 0.675
5 Karachi 918 4.114 14.923 22.069 0.625
6 Kolkata 25 28.748 37.405 42.506 0.462
7 Lahore 1005 −11.536 27.854 40.269 0.573
8 Lumbini 104 9.137 23.826 32.175 0.762
9 New Delhi 69 −0.385 29.929 41.748 0.144

10 Pantnagar 190 21.894 24.394 29.638 0.649

All Stations 5180 −2.818 22.668 33.080 0.654

4.5. Comparison of the Model Estimation from MODIS Aqua and Terra Products

While comparing the evaluation results of ADRF estimated from MODIS Aqua and MODIS Terra
in Tables 9 and 10, respectively, it is observed that the ADRF estimated from both the products provided
almost similar results. It is found that the results from the MODIS Aqua is slightly superior than
MODIS Terra, because of low average error (1.739 Wm−2 against −2.818 Wm−2), MAE (21.822 Wm−2

against 22.668 Wm−2), and RMSE (30.700 Wm−2 against 33.080 Wm−2) in all the stations of the IGP.
Moreover, the Pearson correlation coefficient of the ADRF estimated from MODIS Aqua AOD and
atmospheric water vapour in all stations of the IGP is marginally higher than that from MODIS Terra
(0.660 against 0.654). In summary, the results of the ADRF model with MODIS Aqua products is almost
similar to that from MODIS Terra products in the IGP, but MODIS Aqua products provided a slightly
better estimate of ADRF when compared to that of MODIS Terra products in the IGP.
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4.6. Comparison of Model Estimated ADRF with Published SBDART Results

The SBDART model is considered to be a comprehensive reliable model to estimate radiative
forcing due to the atmospheric aerosols. In Table 11, the performance of the ADRF model is compared
against published SBDART model results at Lahore and Karachi from Alam et al. [95,96]. The ADRF
model estimated monthly ADRF at the surface for Karachi during July 2006 and November 2010 and
Lahore during November 2010 to be consistent with the published SBDART results. It is shown that
the ME of year-round model is less in both the periods July 2006 and November 2010 than that of
SBDART model. Since MAE and RMSE from the SBDART model are less than from the year-round
model at both stations, SBDART is found to be a better model than the year round ADRF model
to estimate ADRF at Lahore and Karachi. Similarly, the SBDART model performed better than the
year round ADRF model with respect to Pearson correlation coefficient at both stations. In spite of
the comparatively better performance of SBDART than the year round ADRF model at Lahore and
Karachi, the results of the year round ADRF model are comparable to the complex SBDART model.
Moreover, with respect to the input requirement (only two input parameters for the year round ADRF
model against more than 60 input parameters for SBDART [48] and simplicity the ADRF model is an
attractive alternative to SBDART and other complex models to estimate radiative forcing at the surface
across the IGP region.

Regarding the limitations of this model, the performance of the model is mainly dependent
upon the accuracy of those two input parameters that are derived from satellite data. Moreover,
other limitation is that the accuracy of this model is only moderate. Moreover, the output of the
model is limited to only daily radiative forcing. In spite of these limitations, because of simplicity
and moderate accuracy, this could be used to study the effect of atmospheric aerosols on the natural
systems in the IGP.
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Table 11. Comparative statistical evaluation of ADRF model and Santa Barbara DISTORT Atmospheric Radiative Transfer (SBDART) model estimated monthly ADRF
at Karachi and Lahore in the IGP.

Station Duration
Mean Error (Wm−2) Mean Absolute Error (Wm−2) Root Mean Square Error (Wm−2) Pearson Correlation Coefficient

SBDART ADRF MODEL SBDART ADRF MODEL SBDART ADRF MODEL SBDART ADRF MODEL

Karachi August 2006 to July 2007 4.64 0.21 5.18 11.28 8.11 13.46 0.91 0.74
Karachi April 2010 to February 2011 2.68 1.49 3.92 3.89 4.97 6.64 0.91 0.79

Karachi Combined 2.05 0.39 4.74 8.67 7.16 11.52 0.92 0.82
Lahore April 2010 to Feb 2011 −6.77 −3.35 6.77 14.37 8.86 15.67 0.98 0.71
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5. Summary and Conclusions

The IGP region is considered to have an extremely high loading of atmospheric aerosols in the
south Asian region [97]. The high loading of atmospheric aerosols has not only negatively affected
the public health and day to day life of people, but also the natural systems in the IGP. The ADRF is
a measure to estimate the effect of atmospheric aerosols on the regional and global natural systems.
Various studies indicate that there is a significant effect of atmospheric aerosols on solar radiation in the
IGP. To estimate the ADRF at the BOA and TOA, radiative transfer models are used, and, among them,
SBDART is found to be comprehensive and widely used. However, the complexity of SBDART, which
requires more than 60 input parameters [48] and high processing time, are limitations to wider use. To
address these limitations, here we developed a simple year-round model to estimate the daily radiative
forcing due to atmospheric aerosols (ADRF) at the surface of the IGP through multiple regressions of
AERONET AOD, atmospheric water vapour, and the radiative forcing at the surface using data from
2002 to 2015 at 10 stations in the IGP. The goodness of fit of the developed ADRF model is indicated by
the adjusted R2 value of 0.834. The Jackknife method of delete one group (station data) was employed
to study the stability of the model and the model was found to be robust because adjusted R2 fluctuated
between 0.813 and 0.842 and the standard error varied from 13.791 to 15.098. Station wise and season
wise evaluations of the model were performed and found that the model performed well in all seasons
and stations.

In order to use the year-round ADRF model beyond the AERONET stations, AOD and
atmospheric water vapour products from MODIS Aqua and Terra (daily mean AOD at 550 nm
and daily mean precipitable water vapour) were compared against AERONET AOD and atmospheric
water vapour. Since the RMSE of MODIS Aqua derived daily mean AOD and precipitable water
vapour in IGP stations is 0.210 and 0.638 cm with correlation coefficients 0.778 and 0.887, MODIS Aqua
product is found to be similar to the AERONET product. Similarly, MODIS Terra product is also found
to be similar to the AERONET products because RMSE of MODIS Terra retrieved daily mean AOD
and precipitable water vapour is 0.230 and 0.646 cm, respectively, with Pearson correlation coefficients
of 0.781 and 0.880, respectively.

By using the MODIS Aqua and MODIS Terra products, the year round ADRF is evaluated in
the IGP stations and found that the model performed well with both MODIS products with RMSE
30.700 Wm−2 and 33.080 Wm−2 respectively with Pearson correlation coefficient 0.660 and 0.654
respectively. The ADRF model performed slightly better with MODIS Aqua products than MODIS
Terra products. The ADRF model was also compared against the published SBDART results at Karachi
and Lahore. The results indicate the ADRF model is comparable with the complex SBDART results.
Even though SBDART is found to be better than the year round ADRF model, with respect to RMSE
(7.16 Wm−2 against 11.52 Wm−2 at Karachi and 8.86 Wm−2 against 15.67 Wm−2 at Lahore) and
correlation coefficients (0.92 against 0.82 at Karachi and 0.98 against 0.71 at Lahore), the developed
year round model is much simpler and it requires less input parameters (two compared to more than
60 in SBDART) to estimate radiative forcing at the surface in the IGP.
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Figure S1: Comparison of MODIS Aqua Derived AOD with AERONET AOD at the IGP stations, Figure S2: Station
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Figure S3: Comparison of MODIS Aqua and AERONET derived Atmospheric Water vapour (in cm) at the IGP
Stations, Figure S4: Comparison of MODIS Aqua derived AOD with AERONET AOD in four seasons in the IGP,
Figure S5: Comparison of MODIS Terra derived AOD with AERONET AOD at the IGP stations, Figure S6: Station
wise comparison of MODIS Terra AOD with AERONET AOD in terms of expected error (EE) in the IGP stations,
Figure S7: Comparison of MODIS Terra derived atmospheric water vapour with AERONET atmospheric water
vapour at the IGP stations, Figure S8: Comparison of MODIS Terra derived AOD with AERONET AOD in four
seasons in the IGP.
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