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Abstract: The Indo Gangetic Plain (IGP) is a food basket of South Asia and is considered a hotspot
for air pollution due to persistently high emissions of anthropogenic aerosols. High levels of aerosols
in the IGP not only affect the health of people but also the health of the natural system and the
climate of the region. Aerosol effects on crop production in the IGP is an emerging area of interest
for policymakers and the scientific community due to their possible effect on the food security and
livelihood of millions of people in the region. To investigate the effect of anthropogenic aerosols on
wheat production in the eastern IGP, we used a calibrated and validated Agricultural Production
System Simulator (APSIM) model at nodes in Bangladesh, India and Nepal, 2015–2017. The effects of
anthropogenic aerosols on wheat production were examined by running the APSIM model under
three conditions: firstly, the condition with anthropogenic aerosols, using the observed meteorological
data; secondly, the condition without anthropogenic aerosols, considering only the radiative effect of
anthropogenic aerosols (adding the reduced radiation due to anthropogenic aerosols on the observed
data); thirdly, the condition without anthropogenic aerosols, considering the radiation as well as
temperature effects (by adding the reduced solar radiation and temperature due to anthropogenic
aerosols on the observed data). The study revealed that, on average, anthropogenic aerosols reduced
the wheat grain yield, biomass yield, and crop evapotranspiration by 11.2–13.5%, 21.2–22%, and
13.5–15%, respectively, when considering the 2015–2017 seasons at the target sites of eastern IGP.
The study also showed an average reduction of more than 3.2 kg per capita per annum of wheat
production in the eastern IGP due to anthropogenic aerosols, which has a substantial effect on food
security in the region. Moreover, the loss of wheat grain yield due to anthropogenic aerosols in the
eastern IGP is estimated to be more than 300 million USD per annum during the study period, which
indicates a significant effect of anthropogenic aerosols on wheat production in the eastern IGP.

Keywords: APSIM; eastern IGP; wheat; aerosols; SRSFI; crop model

1. Introduction

The Indo Gangetic Plain (IGP) region of South Asia has become a hotspot for anthro-
pogenic aerosol emissions, resulting in adverse impacts on the health and environment
of the region [1,2]. Several studies based on satellite data and ground observations have
depicted the IGP region as one of the most polluted regions of the world due to persistently
high levels of atmospheric aerosols [3–6]. The high level of atmospheric aerosols in the IGP
is not only due to anthropogenic emissions from one of the most densely populated regions
of the world, but also due to the conducive conditions for concentrating aerosols created by
the local topography and meteorology [7]. The spatial and seasonal variation in aerosols
within the IGP is governed by aerosol sources, vertical and horizontal transport, and local
and regional meteorology [8]. The average aerosol optical depth (AOD), a measure of the
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proportion of sunlight that is extinguished before reaching the ground, of the entire IGP
during 2006–2015 was 0.503, which is more than four times that of the global average [9]. In
the eastern IGP, mainly eastern Uttar Pradesh, north and central Bihar, there were persistent
periods of a high AOD of greater than 0.8 [5]. The major anthropogenic emissions in the IGP
derive from fossil fuel combustions (vehicular and industrial emissions) and biomass burn-
ing (residential cooking and space heating and crop residue burning in the field) [10–12].
The major natural aerosols in the IGP are mineral dust transported from the Thar Desert
and west Asian dry regions during pre-monsoon seasons and the sea salt brought from the
Arabian sea and the Bay of Bengal [13,14]. The increasing trend of aerosols in recent decades
in the IGP region is mainly due to the increased emissions of anthropogenic aerosols due to
increased urbanization and industrialization [15–17]. Recently, in 2018, 16 cities of the IGP
were listed as the 20 most polluted cities in the world based on mean annual particulate
matter PM2.5 concentration [18].

Air pollution remained a leading risk factor for death and disease burden in India
in 2017 [19]. Total premature mortality due to exposure to ambient PM2.5 in India is
estimated to be 999,000 per year, with 24,606,000 years of life lost (YLL), of which the IGP
region contributes 71 percent of the Indian total [20]. Along with the negative effects of
atmospheric aerosols on the health of people in the IGP, serious effects are also reported on
the natural systems of the region, which are mainly driven by changes in radiative forcing.
Ramanathan and Ramana [21] studied radiative forcing due to atmospheric aerosols in
the IGP during the dry season (October to May) from 2001 to 2003 and found that the
average reduction in surface radiation was 32 ± 5 Wm−2. Similarly, Ramachandran and
Kedia [22] estimated the average annual radiative forcing at Kanpur (urban) and Gandhi
College (rural) in the IGP from 2006 to 2008 as −35.46 and −36.24 Wm−2, respectively.
The radiative forcing due to aerosols at the eastern IGP stations of Silguri, Kolkata and
Sundarban during winter in 2014/2015 was −39.3, −70.3 and −38 Wm−2, respectively [23].
Similarly, Kumar et al. [5] estimated the radiative forcing due to atmospheric aerosols at
Varanasi during winter (2014/15) in the range from −51 to −80 Wm−2. These studies
clearly indicate that atmospheric aerosols significantly reduce solar radiation in the IGP,
which may affect the natural environment of the IGP.

The global decline in surface solar radiation (SSR) due to atmospheric aerosols, termed
‘surface dimming’, which occurred from 1950 to 1990 [24], reversed (or brightened) in most
places by the end of 20th century, except in India, where surface dimming occurred at
the rate of −8 Wm−2 decade−1 [25]. Singh et al. [26] analysed trends in solar radiation at
four meteorological stations in central and northern India during 1960–2003 and found
that all stations showed a surface dimming of from 1.5% to 3.4% per decade. By analysing
pan evaporation data of 58 widely distributed stations over India during 1971 and 2010,
Padmakumari et al. [27] concluded that there was a decreasing trend in pan evaporation
at the rate of 9.24 mm per annum2 with a statistically significant confidence level of
99.9 percent.

The expected impact of continued surface dimming on the Indian monsoon remains
unclear. For example, reduced evaporation from the ocean, due to reduced solar radiation,
may also reduce the moisture inflow to south Asia and weaken monsoon precipitation [28].
In addition to this, surface dimming in the IGP is suggested to be responsible for the
weakening of the land–sea temperature gradient and result in a southward shift in the
Asian monsoon circulation, decreasing its intensity [28]. Conversely, using the elevated
heat pump (EHP) hypothesis, the increased loading of aerosols in the IGP during the
pre-monsoon season may be responsible for the increased heating of the upper troposphere
with the formation of an upper-level warm core anticyclone over the Tibetan Plateau from
April to May, which may result in the advance of the monsoon into northern India and
a subsequent increase in rainfall in the Indian sub-continent [29,30]. Recently, Frechet
et al. [31] analysed the effect of local aerosols using numerical simulations (1982–2016) at
the regional scale and found that the maximum temperature during winter is reduced
by 0.5 ◦C in north-eastern India (eastern IGP), and precipitation is locally decreased by
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0.5 mm day−1 over north India due to anthropogenic aerosols. Despite these different
theories on the effect of aerosols on the summer monsoon, all these studies recognized
that the occurrence and pattern of the monsoon is affected by high levels of atmospheric
aerosols in the IGP region. Since the summer monsoon provides from 75 to 90 percent of
precipitation in the IGP, the agricultural performance of the IGP is largely affected by the
monsoon pattern and performance. High aerosol levels are also expected to affect other
agriculturally relevant meteorological features in the region. Wide areas of the IGP, from
Pakistan to Bangladesh, are engulfed by fog/low cloud during winter due to fine aerosols
contributing to fog formation as cloud condensation nuclei [32]. Fog frequency in the IGP
increased by 118.4% during 1971–2015 in the winter months of December and January [33].
Fog events negatively affect the growth and development of wheat due to a reduction in
solar radiation availability, increased cold stress and favourable conditions for disease and
pest [34]. It is believed that the increased aerosols in the IGP also indirectly affect crop
production in the region through the change in natural systems viz. changes in monsoon
precipitation, disease, pest population, water availability, etc. Along with those indirect
effects, the reduced solar radiation, due to high levels of atmospheric aerosols, may also
directly affect crop production in the IGP. In this context, studies related to the direct effect
of atmospheric aerosols on crop production are discussed below.

Assessments of the effect of atmospheric aerosols on crop production are mainly per-
formed via three types of studies viz. experimental, statistical model and process-based
model studies. Experimental studies, using open-top field chambers, are mainly conducted
to study the effect of air pollutants in gaseous form viz. O3, SO2, NO2, etc. [35–38]. In a
chamber study, Hirano et al. [39] studied the effect of particulate matter deposition on the
leaf surface and found that it affects stomatal conductance, photosynthesis, and transpi-
ration by shading, plugging the stomata and increasing the leaf temperature. Similarly,
the accumulation of particulate matter and trace elements on vegetation is reported to be
affected by air pollution level, rainfall and the passage of time [40]. Weerakody et al. [41],
using natural and synthetic leaves in experiments on the accumulation of particulate matter,
found that all three characteristics of leaves viz. leaf size, leaf shapes and leaf surface
characteristics are influential in the capture and retention of particulate matter. In a recent
experimental study on the effect of deposition of aerosols on rice leaves at New Delhi in
the IGP by Mina et al. [42], they found that aerosols reduced the yield of rice (Basmati
varieties). Experimental studies on the effect of aerosols on crop production mainly focus
on the effect of gaseous aerosols and the deposition of particulate matter on leaves, not on
the effect on crop production of atmospheric aerosols reducing surface solar radiation.

Statistical modelling has also been used to study the effect of atmospheric aerosols
on crop production in India and China. Auffhammer et al. [43] used a statistical model
of historical rice harvest in India, coupled with a regional climate scenario, to suggest
that increased brown cloud and greenhouse gases reduced harvest growth in the last two
decades. Similarly, using a statistical model, Burney and Ramachandran [44] concluded that
the combined effect of climate change and short-lived climate pollutants (SLCPs) from 1980
to 2010 reduced wheat yield by up to 36% in India. Gupta et al. [45] analysed the impact
of temperature and solar radiation (due to atmospheric aerosols) on wheat production
through a regression analysis of data from 208 districts in India from 1981 to 2009 and
found that every 1 ◦C increase in average daily maximum and minimum temperature tends
to lower yield by 2–4% and 1% increase in solar radiation increases yield by about 1%. By
using historical MODIS AOD data during 2001–2013, their study also indicated that a one
standard deviation decrease in AOD is estimated to increase wheat yield by about 4.8% in
India. Likewise, in China, various statistical modelling results have shown that reduced
solar radiation due to increased atmospheric aerosols resulted in a decline in rice, wheat
and maize production [46–48].

Process-based crop simulation models are also widely used to study the effects of
atmospheric aerosols on crop production and to investigate different scenarios. Using the
Crop Environment Resource Synthesis (CERES) 3.1 model, Chameides et al. [49] presented
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a 1:1 relationship between change in solar irradiance and change in rice and wheat yield
in China; they suggested that the yield of 70% of crop growth is reduced by from 5 to
30% due to the regional haze in China. Greenwald et al. [50] used a modified CERES
crop model to study the influence of aerosols on rice, wheat and maize production under
various atmospheric conditions. They also found that aerosols tend to decrease plant
water stress by reducing soil evaporation and transpiration when crops are grown under
rainfed conditions.

Along with the CERES crop model, the Agriculture Production System Simulator
(APSIM) model [51] is also used to study the effect of atmospheric aerosols on crop produc-
tion. The model has been widely and robustly tested in South Asian cropping systems [52].
Liu et al. [53] used a calibrated APSIM model to study the impact of air pollution on wheat
yield in the North China Plain and found that the reduction in incoming solar radiation
due to air pollution significantly affects wheat yield. Similarly, Xiao and Tao [54] studied
detailed field experiment data from four stations in the North China Plain from 1980 to
2009 and used the APSIM to investigate the impact of changes in climate on winter wheat
yield and found that the significant decline in solar radiation (at rates ranging from 0.06 to
0.15 MJm−2 decade−1) over the past three decades reduced wheat yield by 3–12% across the
stations. Likewise, Zhang et al. [55] also found that declining average daily sunshine hours
(at the rate of 0.0239 h/season) in the North China Plain, due to increasing air pollution,
resulted in a decline in wheat yield from 1979 to 2012.

APSIM has also been used in the North China Plain to investigate the impact of aerosols
on maize production. Sun et al. [56] indicated a positive linear correlation between maize
yield and sunshine hours (from silking to harvest stage) and the important role of radiation
during the grain-filling stage for the final yield of maize. Similarly, by using a calibrated
APSIM model, Xiao and Tao [57] found that changes in climate variables from 1981 to 2009
in the North China Plain reduced maize yield by from 15 to 30%. They also found that,
among the changing climate variables, the highest reduction in maize yield 12–24% was
due to the reduction in solar radiation (caused by increased atmospheric aerosols) during
that period. Crop simulation modelling is an important tool for quantifying the effect of
atmospheric aerosols on wheat and maize production in China.

The impact of aerosols on the natural system and crop production in the IGP is an
emerging area of interest for policymakers and the scientific community. Studies on the
effects of atmospheric aerosols on crop production in IGP are very important with respect to
food security in this region, as this region produces 53% of rice and 93% of wheat produced
in the IGP countries (Pakistan, India, Nepal, and Bangladesh) [58]. The IGP is home to
about 800 million people spreads across four countries [59] and the negative effects of
atmospheric aerosols on crop production could threaten the livelihoods of many people in
this region. In the eastern IGP, the effect could be more serious because of the comparatively
higher atmospheric aerosol levels and dominance of agriculture by smallholders (with
low risk-bearing capacity). Of particular interest is the impact of relatively high levels
of aerosols during winter in the eastern IGP [5,60,61] and their effect on the performance
of the major winter crop, wheat. Some studies based on statistical models [43–45] have
shown a significant negative effect of atmospheric aerosols on crop production (rice and
wheat) in India. However, studies on the effects of atmospheric aerosols in the IGP using
process-based models in the IGP are lacking. In this context, this study aimed to investigate
the effect of atmospheric aerosols on winter wheat production in the eastern IGP using a
calibrated APSIM model. This study also intended to quantify the economic implications of
the impact of air pollution on winter wheat production in the IGP to inform policymakers
about the potential benefits of pollution control programs in the region.

2. Materials and Methods
2.1. Study Area

The IGP is one of the largest fertile plains in the world formed by the Indus and Ganges
river systems, and it encompasses the eastern plain area of Pakistan, most of northern and
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eastern India, the southern plain area of Nepal and almost all of Bangladesh. The IGP is
home to 1 billion people, and it is also the ‘food basket’ of the region, producing 53% of
rice and 93% of wheat of those countries [58]. Considering biophysical conditions and
socioeconomic development, the IGP can be divided into two broad categories: western IGP
and eastern IGP [59]. Our study area is the eastern IGP, which encompasses Bihar and West
Bengal of India, the eastern Terai area of Nepal and the plain area of Bangladesh (Figure 1).
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Figure 1. Study area, the eastern IGP and the Sustainable and Resilient Farming Systems Intensifica-
tion (SRSFI) project districts (1—Dhanusha and 2—Sunsari of Nepal; 3—Madhubani and 4—Purnea of
Bihar, India; 5—Cooch Behar and 6—Malda of West Bengal, India; and 7—Rajshahi and 8—Rangpur
of Bangladesh).

The biophysical and socio-economic characteristics of the eastern IGP are different
from the western IGP. There is a clear gradient in annual average precipitation in the
IGP, ranging from 654 mm in Punjab (western IGP) to 1462 mm in West Bengal (eastern
IGP) [62]. The climate of the eastern IGP is hot and sub-humid with a monsoon season
(June to September), in which about 85% of total precipitation occurs [63]. Despite the
higher precipitation in the eastern IGP, compared to western IGP, crop productivity in the
eastern IGP is lower due to a lack of assured irrigation facilities, low levels of agricultural
input, traditional agriculture systems and climate extremes (flood and droughts) [59]. A
major characteristic of the eastern IGP is low-lying flood-prone land, formed by alluvium
deposits from the Ganga river system [64]. The average land-holding in the eastern IGP
is small (only 0.59 ha/household) and less mechanized compared to the western IGP
(3.55 ha/household) [65]. The IGP is considered to be one of the most densely populated
regions of the world, with a population of more than 800 M [59] and a clear gradient
(ascending) of population density from west to east [62]. Census data from 2011 indicate
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a total population of eastern IGP of more than 360 million with an average population
density of 991 people per square kilometre.

Increasing urbanization and high population density, industrialization and the domi-
nance of biomass in domestic energy use has resulted in high levels of atmospheric aerosol
loading in the IGP [1]. The persistence of an exceptionally high AOD (greater than 0.8) in
eastern Uttar Pradesh, north and central Bihar is an important feature of aerosols in the
eastern IGP, which are mainly due to emissions from households and industries, as well as
local topography and meteorology acting to concentrate aerosols [5].

Rice is the most important crop of the eastern IGP, and the major seasonal cropping
patterns of this region are rice–rice, rice–maize, and rice–wheat. Wheat is an important
winter crop in Bihar, covering 2.1 M ha (47% of the net cropped area), whereas only
0.32 M ha (only 6% of the cropped area) is cultivated in West Bengal [66]. Similarly, wheat
is also an important winter crop of the Terai area of Nepal, cultivated in 0.43 M ha (about
33% of the cropped area) [67]. In Bangladesh, rice covers more than 75% of the major
cropping area cultivated in all three seasons—Kharif 1 (Aus rice), Kharif (Aman rice)
and Rabi (Boro rice). Wheat and maize are the important Rabi crops after Boro rice in
Bangladesh. In Bangladesh, wheat-cultivated area significantly declined after 1998/1999
as farmers preferred to cultivate maize due to the increased economic return of maize,
higher productivity of hybrid maize (5.3 t/ha) compared to wheat (1.6 t/ha) and increasing
demand for maize from the expanding poultry industry [68].

The Sustainable and Resilient Farming Systems Intensification (SRFSI) project is an
Australian Centre for International Agricultural Research (ACIAR) and Australian Depart-
ment of Foreign Affairs and Trade (DFAT) funded regional project implemented from 2014
to 2018 in the eastern IGP aims to reduce poverty by improving the productivity, profitabil-
ity and sustainability of small farmers while safeguarding the environment [69]. The SRFSI
Project focusses on the eastern IGP of Bangladesh, India, and Nepal and has established
40 nodes/villages across eight districts (Figure 1) to implement project activities. One
project activity conducted at these 40 nodes was on-farm trials to compare conservation
agriculture technologies with conventional tillage practice. After checking data quality,
on-farm trials at two nodes at each district of Rajshahi, Rangpur, Purnea, and Sunsari were
selected for SRFSI on-farm calibration and evaluation of the APSIM crop simulation model.
The details of those nodes are presented in Table 1. In all nodes, APSIM was set up to
simulate the rice-wheat cropping system, but, in this study, only the winter wheat crop
was analysed.

Table 1. Details of nodes in which the SRFSI on-farm APSIM calibration and validation was conducted
based on on-farm experimental trials [70].

Country District Nodes Latitude Longitude Cropping
System Simulated

Nepal Sunsari
Simariaya 26.570 87.239 Rice-wheat

Bhaluwa 26.547 87.249 Rice-wheat

India Purnea
Dogachi 25.516 87.334 Rice-wheat

Tikapatti 25.312 87.124 Rice-wheat

Bangladesh

Rajshahi Baduria 24.337 88.717 Rice-wheat-mung bean

Premtoli 24.406 88.434 Rice-wheat

Rangpur Kolkondo 25.875 89.199 Rice-wheat-jute

Mohonpur 25.375 88.875 Rice-wheat-jute

The monthly mean maximum and minimum temperature and the precipitation of
the study districts from 2014 to 2016 are shown in Figures 2 and 3, respectively. The
monthly maximum and minimum temperature indicate that the study district Rajshahi is
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comparatively warmer and Sunsari is comparatively cooler. All four study districts show a
similar precipitation pattern, with precipitation mainly being concentrated in the monsoon
period and only nominal winter precipitation during the wheat-growing period.
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2.2. Methods
2.2.1. Atmospheric Aerosols in the Eastern IGP

Atmospheric aerosols in the eastern IGP were studied using AOD at 500 nm and
Angstrom exponent data from 2003 to 2017 at four AErosol RObotic NETwork (AERONET)
stations (Lumbini, Gandhi college, Dhaka, and Bhola) located in the eastern IGP. The
average monthly AOD and Angstrom exponent was calculated at each station to study
the overall seasonal status of aerosols at those stations. To obtain historical AOD data at
the SRFSI nodes listed in Table 1, area average daily MODIS Aqua AOD at 550 nm was
extracted for pixels lying within ±0.1◦ co-ordinates of each node from 2003 to 2017. The
trend analysis of AOD at the SRFSI nodes was performed using a Mann–Kendall test [71].
A positive aspect of this method is that missing values are allowed, and data do need not to
belong to any specific distribution. In addition, this method is robust to single data errors
and outliers [72]. In this method, the trend is assumed to be monotonic and the equation
for AOD as a function of time (years) is given by

f (t) = Qt + B (1)

where Q is the slope and B is a constant.

2.2.2. Estimation of Radiative Forcing Due to Aerosols at SRFSI Nodes in Eastern IGP

There are direct and indirect effects of atmospheric aerosols on the energy balance of
the earth–atmosphere system. The direct effects are derived through the scattering and
absorption of solar radiation by aerosols in the atmosphere and the indirect effects are
caused by aerosols acting as cloud condensation nuclei and modifying cloud properties
(viz. albedo, lifetime, precipitation efficiency, etc.) [73]. The effect of the aerosols is mea-
sured in terms of radiative forcing, which is defined as the net radiative flux either at the
bottom (surface of the earth) or top of the atmosphere with and without aerosols in the
atmosphere [74]. Here, we are interested in the direct effect of atmospheric aerosols on
incoming solar radiation at the surface of the earth. The direct radiative forcing at the
surface (ADRFclr) under clear sky conditions is expressed as Equation (2).

ADRFclr = Fa↙
clr − Fo↙

clr (2)

where

Fa↙
clr = Net downward flux with aerosol under clear-sky conditions;

Fo↙
clr = Net downward flux without aerosol under clear-sky conditions.

Clouds in the atmosphere also affect the energy balance of the earth–atmosphere
system. Cloud radiative forcing is used to measure the impact of clouds on radiation and
is defined as the difference between the clear-sky and all-sky radiation [75]. Liu et al. [76]
derived a simple relationship for cloud radiative forcing with cloud albedo (α) and cloud
fraction (f ). Using this relationship, the incoming solar radiation at the bottom of the
atmosphere without atmospheric aerosol (Fo↙

all ) can be expressed in terms of incoming
radiation under clear-sky conditions using Equation (3).

Fo↙
all = (1 − α f )F0↙

clr (3)

where

Fo↙
all = Net downward flux without aerosol under the all-sky condition.

If we assume no interaction between the clouds and aerosols in the atmosphere, the
incoming solar radiation at the bottom of the atmosphere with atmospheric aerosols (Fa↙

all )
can also be expressed as analogous to the [76] relationship, as in Equation (4).

Fa↙
all = (1 − α f )Fa↙

clr (4)
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The radiative forcing at the surface (ARFall) in the all-sky condition is the difference
between the net downward radiative flux all-sky condition with aerosols in the atmosphere
(Fa↙

all ) and that without aerosols (Fo↙
all ) From Equations (2)–(4), the relationship between the

all-sky radiative forcing (ARFall) and clear-sky radiative forcing ADRFclr can be expressed
as in Equation (5).

ARFall = (1 − α f )ADRFclr (5)

In this study, the clear-sky daily radiative forcing at the surface of the SRFSI nodes in
the eastern IGP is estimated from a regression model (Equation (6)) developed by Shrestha
et al. [77]. The input parameters of this model are the daily average atmospheric aerosol
optical depth at wavelength 550 nm (AOD550) and daily mean atmospheric water vapor
(AWV). Daily merged dark target (DT) and deep blue (DB) AOD products and daily mean
atmospheric water vapor from MODIS Aqua were extracted for pixels lying within ±0.1◦

of the SRFSI nodes listed in Table 1 for the years from 2014 to 2017.

ADRFclr = −32.464 − 119.446 ∗ AOD550 + 4.471 ∗ AWV (6)

The area-averaged cloud albedos at pixels within ±0.1◦ of the SRFSI nodes listed
in Table 1 were extracted from the Modern-Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2) for the same duration. Similarly, the area-averaged
mean daily cloud fraction at pixels within ±0.1◦ of the SRFSI nodes were obtained from
MODIS Aqua for the years from 2014 to 2017. The daily direct radiative forcing at the
surface under all-sky conditions (ARFall) for the SRFSI nodes listed in Table 1 during 2014
and 2017 was computed using Equation (5).

The radiative forcing estimated from Equation (5) provides the radiative forcing at the
surface by aerosols from both natural and anthropogenic sources. Here, we are interested in
the radiative forcing due to anthropogenic aerosols. In the IGP region, anthropogenic and
natural aerosols exhibit distinct seasonal characteristics and mixing [5,7,22,78,79]. Dey and
Tripathi [80] studied radiative forcing due to atmospheric aerosols and the anthropogenic
contribution on a monthly basis at Kanpur in the IGP and found that anthropogenic
aerosols contributed 90.5% in winter, 83.7% in the post monsoon season and 47.6% in
summer. Similarly, Srivastava et al. [81] chemically analysed aerosols over Delhi in the IGP
to identify their source, estimated the contribution of anthropogenic aerosols using the
SBDART model in the year 2007, and found that the radiative forcing due to anthropogenic
aerosols in winter was 90.7%, followed by post-monsoon season (84.3%) and summer
(53.6%). Hence, based upon study results on seasonal variations in the contribution of
anthropogenic aerosols in the IGP, the radiative forcing due to anthropogenic aerosols in
winter, post-monsoon and summer (pre-monsoon and monsoon) is approximately 90%,
80% and 50%, respectively, that of radiative forcing due to aerosols under all-sky conditions
(ARFall) at the surface of the IGP. Therefore, seasonal radiative forcing due to anthropogenic
aerosols under all-sky conditions (AARFall) is given by

AARFall = ARFall · µ (7)

where

µ = seasonal coefficient (value of µ for winter 0.9, post-monsoon 0.8, summer 0.5)

2.2.3. Crop Modelling

The crop model and the methodology adopted to simulate the effect of atmospheric
aerosols on wheat production at the nodes of the study districts listed in Table 1 is described
in the following subsections.

• Crop Model

In this study, the calibrated and validated APSIM model for SRFSI sites [70] is used to
quantify the effect of atmospheric aerosols on crop production in the eastern IGP.
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• Crop Simulation by APSIM

To quantify the effect of atmospheric aerosols on crop production, we used the already
calibrated and validated APSIM rice-wheat cropping system [70]. This model was calibrated
and validated using the SRFSI field trials data at the nodes listed in Table 1 from 2014
to 2017 in the eastern IGP [70]. Even though this calibrated and validated model is set
up to evaluate conservation agriculture (CA) technologies across a range of cropping
systems and locations in the eastern IGP, here, we used only one treatment of the model for
the rice–wheat system with conventionally tilled puddled transplanted rice followed by
conventionally tilled wheat, which is practiced by the majority of farmers in the eastern IGP.

In this study, we studied the impact of anthropogenic atmospheric aerosols on winter
wheat in the eastern IGP. The amount of reduced radiation due to anthropogenic aerosols
from 2014 to 2017 at the SRFSI nodes listed in Table 1 was estimated using Equation (7).
The solar radiation without anthropogenic aerosols was estimated by adding this reduced
solar radiation to the solar radiation observed for each day.

The alterations in energy balance due to anthropogenic aerosols also affects the ambient
temperature globally [82]. Global models are used to study the implication of changes
in temperature due to atmospheric aerosols; in this context, Freychet et al. [31] used the
UK HadGEM Unified Model to study the local aerosol emission effect in North America,
Europe, India and China from 1982 to 2016 and found that, in northeast India (i.e., eastern
IGP), the maximum temperature was reduced by 0.5 ◦C during winter (December, January,
and February). Here, it is assumed that the anthropogenic aerosols uniformly reduced the
maximum temperature by 0.5 ◦C throughout the winter. Hence, the maximum temperature
during winter months without anthropogenic aerosols is estimated by modifying the
measured maximum temperature by adding 0.5 ◦C to each day. To study the impact of
anthropogenic aerosols, simulation runs of the calibrated APSIM model at the SRFSI nodes
were performed under three conditions: (1) with anthropogenic aerosol condition (no
change in solar radiation and temperature); (2) without anthropogenic aerosol condition
with only radiation effect; and (3) without anthropogenic aerosol condition with radiation
and temperature effect. To minimize the effect of irrigation, automated irrigation is switched
to ‘on’ mode with irrigation when available soil water fraction is below 0.5 in all simulations
across all nodes. The APSIM simulation outputs at the SRFSI nodes are compared in terms
of grain yield, biomass yield, and crop evapotranspiration.

2.2.4. Economic Loss and Gain Due to Anthropogenic Aerosols on Wheat Production

Data on the wheat-crop-cultivated area and production from the last five years in
the Nepal, India and Bangladesh components of the eastern IGP were obtained from the
corresponding national statistics. Based on the simulation results on the average gain
or loss in wheat yield due to anthropogenic aerosols in the corresponding nodes in the
eastern IGP, the gain or loss of wheat in each country component of the eastern IGP was
obtained. By using the average wholesale price of wheat at Patna, a market at eastern IGP
over the last 5 years (from April 2014 to April 2019), the total economic loss/gain due to
anthropogenic aerosols on wheat production was assessed. Here, the economic losses and
gains caused by the effect on biomass yield of wheat are not included in the analysis.

3. Results and Discussion
3.1. Atmospheric Aerosols in the Eastern IGP

The atmospheric aerosols in the eastern IGP were studied using historical AERONET
data and field-measured particulate matter PM2.5 data at eastern IGP stations. The av-
erage monthly distribution of AOD at 500 nm and the Angstrom Exponent measured at
AERONET stations (Lumbini, Gandhi college, Dhaka and Bhola) in the eastern IGP are
presented in Figures 4 and 5, respectively. It is evident from Figure 4 that, at all stations, the
AOD is comparatively lower during monsoon season (June–September), which may be due
to the wet scavenging of aerosols due to monsoon precipitation. However, AOD increases
during the post-monsoon season at all stations and reaches its peak during winter months
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(December–February), which is similar to the findings of Kumar et al. [5]. The increasing
AOD during the post-monsoon season and the peak during the winter season are due
to a combination of burning of agricultural residue along with other regular aerosols in
those seasons and a shallow boundary layer during winter [4,8]. The Angstrom exponent
at all stations, except Bhola, during the post-monsoon and winter season, is between 1.1
and 1.4, which indicates that the aerosol particle size is of mixed type (neither fine nor
coarse), which is also in line with the findings of Kumar et al. [5]. The AOD pattern in the
pre-monsoon season at two stations, Lumbini and Gandhi college, located in the western
part of the eastern IGP, is distinctly different from the stations located in Bangladesh (Dhaka
and Bhola), with an increasing AOD from March to June, which may be due to mineral
dust transported from southwest Asia [83] being deposited before reaching the eastern area
of the eastern IGP. This is supported by the comparatively low Angstrom exponent during
pre-monsoon months at Gandhi college station in Figure 5. Similarly, a comparatively
low Angstrom Exponent during monsoon months at Bhola (located adjacent to the Bay of
Bengal) may be due to sea salts brought by the monsoon. From the distribution of AOD in
the eastern IGP stations, it can be concluded that, except during monsoon season, in all
months, the AOD is high, with a peak during winter in the eastern IGP, which may have
strong implications for incoming solar radiation and winter crops due to the scattering and
absorption of radiation in the atmosphere.

Atmosphere 2022, 13, 1896 11 of 27 
 

 

increasing AOD during the post-monsoon season and the peak during the winter season 

are due to a combination of burning of agricultural residue along with other regular aer-

osols in those seasons and a shallow boundary layer during winter [4,8]. The Angstrom 

exponent at all stations, except Bhola, during the post-monsoon and winter season, is be-

tween 1.1 and 1.4, which indicates that the aerosol particle size is of mixed type (neither 

fine nor coarse), which is also in line with the findings of Kumar et al. [5]. The AOD pattern 

in the pre-monsoon season at two stations, Lumbini and Gandhi college, located in the 

western part of the eastern IGP, is distinctly different from the stations located in Bangla-

desh (Dhaka and Bhola), with an increasing AOD from March to June, which may be due 

to mineral dust transported from southwest Asia [83] being deposited before reaching the 

eastern area of the eastern IGP. This is supported by the comparatively low Angstrom 

exponent during pre-monsoon months at Gandhi college station in Figure 5. Similarly, a 

comparatively low Angstrom Exponent during monsoon months at Bhola (located adja-

cent to the Bay of Bengal) may be due to sea salts brought by the monsoon. From the 

distribution of AOD in the eastern IGP stations, it can be concluded that, except during 

monsoon season, in all months, the AOD is high, with a peak during winter in the eastern 

IGP, which may have strong implications for incoming solar radiation and winter crops 

due to the scattering and absorption of radiation in the atmosphere. 

 

Figure 4. Average monthly distribution of AOD 500 nm based on AERONET data at eastern IGP. 

 

Figure 5. Average monthly distribution of Angstrom exponent (AE) based on AERONET data at 

eastern IGP. 

0

0.2

0.4

0.6

0.8

1

1.2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A
O

D
 

Months

Lumbini

Gandhi college

Dhaka

Bhola

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A
n

gs
tr

o
m

 E
xp

o
n

en
t 

Months

Lumbini

Gandhi college

Dhaka

Bhola

Figure 4. Average monthly distribution of AOD 500 nm based on AERONET data at eastern IGP.

The average monthly particulate matter (PM2.5) measured [84] in several eastern IGP
stations during 2018 is presented in Figure 6. The annual average PM2.5 concentration of
those stations is from 7 to 11 times higher than the World Health Organization (WHO)
guideline of 10 µg m−3 [85]. The monthly distribution of particulate matter also shows
a similar pattern to AOD, with a minimum during monsoon season and increase during
the post-monsoon season, reaching a peak in the winter season and declining during pre-
monsoon season. High particulate matter concentration during winter may be due to the
increased use of biomass-based fuel for space heating. Moreover, in rural areas of northern
India, cow dung cake is used as a residential fuel for cooking [86]. From biomass samples
from IGP states of India, Singh et al. [87] found that dung cake produced comparatively
more particulate matter than fuelwood and crop residue. Furthermore, Fosu et al. [88]
found a strong relationship between particulate matter and atmospheric stability in the
lower troposphere and increased aerosol loading during winter in the IGP, which was
caused by the enhanced atmospheric stabilization during winter. Stations located in the
western area of eastern IGP (viz. Gaya, Varanasi and Patna) show a hump in the month of
June, which may be due to mineral dust transported from the western arid/desert regions
of the Arabian Peninsula and the Thar Desert in India into the IGP [89]. The monthly
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distribution of particulate matter in the eastern IGP shows critical air-quality conditions.
The poor air quality is directly linked with negative implications for human health viz.
increased risk of premature mortality, respiratory and cardiovascular diseases [90,91].
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Figure 5. Average monthly distribution of Angstrom exponent (AE) based on AERONET data at
eastern IGP.
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Figure 6. Monthly mean particulate matter distribution in eastern IGP during 2018.

3.2. Radiative Forcing Due to Atmospheric Aerosols in the Eastern IGP

The average seasonal radiative forcing during 2003–2017 due to anthropogenic aerosols,
estimated by the method outlined in Section 2.2.2 at the SRFSI districts, is presented in
Table 2. The table clearly indicates that compared to other seasons winter season radiative
forcing is significantly higher in all the studied districts. High radiative forcing during
winter is due to high anthropogenic aerosols in the eastern IGP. During monsoon season,
the anthropogenic radiative forcing is minimal, which is due to the lower emissions of
anthropogenic aerosols during monsoon season and wet scavenging of aerosols due to
monsoon precipitation. In all the studied districts, the radiative forcing in the post-monsoon
season is higher than that in pre-monsoon season due to a higher contribution of anthro-
pogenic aerosols. Among the studied districts, the highest average radiative forcing is at
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Rangpur, followed by Rajshahi and Purnea/Sunsari. The radiative forcing estimated at
the SRFSI districts is comparable to the radiative forcing estimated by SBDART model at a
station in eastern IGP, Gandhi college as −55.48 Wm−2 by using SBDART model [22].

Table 2. Radiative forcing due to anthropogenic aerosols (Wm−2) in the SRFSI districts of eastern IGP.

SN SRFSI Nodes
in Eastern IGP Pre-Monsoon Monsoon Post-Monsoon Winter Annual

1 Rangpur −51.50 −33.26 −60.47 −107.35 −63.15
2 Rajshahi −51.50 −30.57 −52.17 −88.68 −55.73
3 Purnea/Sunsari −44.02 −18.23 −52.65 −84.42 −49.83

To obtain the seasonal and annual trends of anthropogenic radiative forcing in the
studied districts in eastern IGP during 2003–2017, Mann–Kendall (MK) trend analysis is
performed, and the results are presented in Table 3. From the MK trend analysis results,
a significant declining trend in annual radiative forcing is found at all the studied dis-
tricts, at least at the 0.01 level of statistical significance, during 2003–2017. The declining
trend of radiative forcing in the SRFSI districts in the eastern IGP is due to the increasing
levels of pollution and AOD during the study period. The rate of decline varied from
1.01 Wm−2 year−1 at Rajshahi to−1.5 Wm−2 year−1 at Rangpur during 2003–2017. Among
the seasonal trends in radiative forcing, there is a significant decline in pre-monsoon sea-
son at all districts and in the winter season at Sunsari and Purnea district, at least at the
statistically significant level of 0.05.

Table 3. Trends in seasonal and annual average radiative forcing due to atmospheric aerosols
estimated during 2003–2017 at eastern IGP study sites.

SRFSI Districts at
Eastern IGP Seasonal/Annual Test Z Significance Q B

Rangpur

Pre-monsoon −2.672 ** −1.279 −97.291

Monsoon −1.683 + −0.908 −58.767

Post Monsoon −1.287 −1.379 −66.424

Winter −1.782 + −1.644 −108.673

Annual −2.870 ** −1.508 −81.855

Rajshahi

Pre-monsoon −2.573 * −1.421 −96.719

Monsoon −1.881 + −0.939 −55.164

Post Monsoon −0.891 −1.026 −55.422

Winter −1.386 −1.478 −85.368

Annual −2.969 ** −1.013 −76.012

Purnea/Sunsari

Pre-monsoon −2.672 ** −1.485 −77.761

Monsoon −1.584 −0.929 −30.471

Post Monsoon −1.881 + −1.050 −59.648

Winter −2.078 * −2.106 −80.881

Annual −3.563 *** −1.209 −59.346

+ significant at 0.1, * significant at 0.05, ** significant at 0.01, *** significant at 0.001.

3.3. Solar Radiation Trend at the SRFSI Districts in Eastern IGP

Historical sunshine hour data of SRFSI district Sunsari in Nepal and Rajshahi in
Bangladesh are used for a trend analysis of solar radiation. To obtain a monthly and
annual trend of sunshine hours at Biratnagar, Sunsari, Nepal, from 1990 to 2016, the
Mann—Kendall (MK) trend analysis was performed and the results are presented in Table 4.
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The results indicate that the annual daily average sunshine hours are decreasing at the
rate of 0.036 h (0.52%) per annum at a statistically significant level of 0.05 during those
26 years. This result agrees with the findings of Niroula et al. [92], who indicated surface
dimming at a rate of −0.56% per annum in the Terai. Similarly, this is also in line with the
findings of Kumari et al. [93], who found a 5% decline in solar radiation over the Indian
region during 1980–2000. The increasing level of atmospheric aerosols contributed to the
reduction in solar radiation in the Indian subcontinent, with pronounced effects in the IGP
region [21,94–96]. The monthly trend results indicate that there is also a declining trend in
sunshine hour at Biratnagar in all months, but the trend is only statistically significant in
January, March, May, and December at the statistically significant level of 0.05. The rate
of decline in December and January (winter months) is almost double that in the months
of March and May (pre-monsoon months), which may be due to the increased level of
aerosols and occurrence of fog events during winter months (December and January) in
the Terai area of Nepal [97]. The sunshine hour trends at Biratnagar clearly indicate that
significant surface dimming occurs at Biratnagar during winter months, which may affect
the production of winter wheat [98].

Table 4. Trend of monthly and annual average daily sunshine hour from 1990 to 2016 at Biratnagar,
Sunsari, Nepal.

Months Test Z Slope of a Trend
Line, Q (h/year)

Intercept of a
Trend Line, B (h)

Average Daily
Sunshine Hour (h)

Interannual Trend
of the Average

Daily Sunshine
Hour (%)

Jan −3.045 −0.090 ** 7.221 5.67 −1.59
Feb −1.842 −0.041 + 7.999 7.17 −0.57
Mar −2.538 −0.043 * 8.914 8.29 −0.52
Apr −1.067 −0.025 8.888 8.33 −0.30
May −2.030 −0.040 * 8.579 8.13 −0.49
Jun −0.695 −0.031 6.510 6.27 −0.49
Jul −0.630 −0.008 5.598 5.20 −0.16

Aug −1.329 −0.054 6.476 5.65 −0.96
Sep −0.755 −0.023 6.076 5.97 −0.38
Oct −1.590 −0.036 8.214 7.50 −0.49
Nov −1.072 −0.028 8.482 7.86 −0.36
Dec −2.265 −0.082 * 7.689 6.49 −1.26

Annual −2.360 −0.036 * 7.266 6.94 −0.52

+ significant at 0.1, * significant at 0.05, ** significant at 0.01.

Table 5 presents monthly and annual trend analysis results of sunshine hours at
Rajshahi, Bangladesh during 1982–2017. The table clearly shows that sunshine hours
are declining overall annually, as well as in the months of January, March, April, and
December, at the statistically significant level of at least at 0.05 in Rajshahi, Bangladesh. The
annual declining trend of daily sunshine hours at Rajshahi is 0.028 h per annum. Among
the monthly trends, December and January have the largest declining trends, with 0.1
and 0.71 h/annum, respectively, compared to that of March and April, with declining
trends of 0.24 and 0.026 h/annum, respectively. The high declining trend during winter
months (December and January) compared to other months may be due to the increasing
level of atmospheric aerosols [5,61] and fog events during winter [99] in the region. The
trend analysis results indicate that surface dimming occurs at Rajshahi Bangladesh at a
reduction rate in sunshine hours of 0.42% annually, with a very high reduction in winter
months January and December of 1.09 and 1.46%, respectively. Similar to Biratnagar,
Nepal, in Rajshahi, Bangladesh, winter crop production may also be affected by declining
sunshine hours.
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Table 5. Trends in the monthly and annual average daily sunshine hour from 1982 to 2017 at Rajshahi,
Bangladesh.

Month Test Z Slope of a Trend
Line, Q (h/year)

Intercept of Trend
Line, B (h)

Average Daily
Sunshine Hour (h)

Interannual Trend
of the Average

Daily Sunshine
Hour (%)

Jan −5.013 −0.071 *** 7.643 6.52 −1.09

Feb −1.866 −0.030 + 8.665 7.95 −0.38

Mar −2.465 −0.024 * 8.744 8.23 −0.29

Apr −2.683 −0.026 ** 8.503 8.05 −0.33

May −1.131 −0.023 7.646 7.18 −0.31

Jun −0.994 −0.015 5.312 5.26 −0.29

Jul 0.284 0.003 4.142 4.30 0.07

Aug −0.852 −0.017 5.397 4.98 −0.35

Sep 0.852 0.019 5.267 5.52 0.34

Oct −0.966 −0.016 7.687 7.20 −0.22

Nov −1.562 −0.023 8.165 7.86 −0.29

Dec −4.573 −0.100 *** 8.478 6.80 −1.46

Annual −3.636 −0.028 *** 7.115 6.66 −0.42

+ significant at 0.1, * significant at 0.05, ** significant at 0.01, *** significant at 0.001.

3.4. Effect of Anthropogenic Atmospheric Aerosols on Wheat Production

The simulation results of APSIM on wheat production with and without anthropogenic
aerosols at the SRFSI nodes in Nepal, India and Bangladesh are presented in this section.
The effect of anthropogenic aerosols on wheat production is discussed in terms of wheat
grain yield, wheat biomass yield, and total crop evapotranspiration.

3.4.1. Effect of Anthropogenic Atmospheric Aerosols on Wheat Production by Considering
Only Solar Radiation Effect

The simulation results on wheat production with and without anthropogenic aerosols
at the eastern IGP study nodes (listed in Table 1) when considering only the solar radiation
effect are covered in this subsection.

• Effect on wheat yield

The APSIM simulation results for wheat grain yield with and without anthropogenic
atmospheric aerosols during 2015–2017 at all the eastern IGP nodes are presented in
Supplement Table S1. The simulation results indicate that anthropogenic aerosols reduce
wheat grain yield in all the study nodes. The loss of wheat grain yield due to anthropogenic
aerosols at the nodes ranges from 5.5% at Tikapatti to 22.2% at Bhaluwa. The reduction in
wheat yield due to anthropogenic aerosols is in line with the findings of Liu et al. [53]. In
addition, the decline in wheat yield under increased anthropogenic aerosols also agrees
with the findings of Gupta et al. [45] and Burney and Ramanathan [44], based on statistical
models in India. Countrywise, different wheat varieties were cultivated at the nodes in
the eastern IGP. The variation in loss of wheat grain yield across the nodes of the eastern
IGP could be due to the sensitivity of the cultivated wheat variety to the radiation changes
along with the variations in soil type and meteorological parameters. The summarized
countrywise effect on the wheat grain yield due to anthropogenic aerosols at the nodes of
the eastern IGP is presented in Table 6. The table shows that, in all the country components
of the eastern IGP, the average wheat grain yield is significantly reduced, ranging from
6.7% in India to 16.1% in Nepal. The average grain yield across the nodes in the eastern
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IGP with and without anthropogenic aerosols is 3945.8 and 4560.8 kg/ha, showing a loss of
615 kg/ha (13.5%) on wheat yield during 2015–2017.

Table 6. Effect of anthropogenic aerosols (radiation only) on wheat grain yield in the eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Grain Yield (kg/ha)
Gain/Loss of Grain

Yield Due to
Aerosols (+/−)

With
Aerosols

Without
Aerosols (kg/ha) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 3987.6 4751.4 −763.8 −16.1

India Purnea Tikapatti
and Dogachhi 2015–2017 3832.2 4106.6 −274.4 −6.7

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur and

Kolkondo
2015–2017 3981.7 4692.6 −710.9 −15.1

Average of nodes in eastern IGP 3945.8 4560.8 −615.0 −13.5

The APSIM simulation results for wheat biomass yield with and without anthro-
pogenic atmospheric aerosols during 2015–2017 at all the eastern IGP nodes are presented
in Supplement Table S2. The results indicate that anthropogenic aerosols reduce wheat
biomass yield at all the study nodes. Since APSIM calculates daily biomass production
based on light interception and radiation use efficiency [98], the biomass yield in the IGP
nodes declined with the anthropogenic aerosols due to a reduction in solar radiation. The
loss of wheat biomass yield due to anthropogenic aerosols at the eastern IGP nodes ranges
from 10.5% at Simariya and Dogachhi to 39.6% at Mohonpur. The variation in wheat
biomass yield loss across the nodes of the eastern IGP could be due to the sensitiveness of
cultivated wheat variety to the change in radiation, along with variations in soil type and
meteorological parameters. It is observed that the comparatively higher biomass loss due to
anthropogenic aerosols is observed at nodes in Bangladesh. The summarized countrywise
effect on wheat biomass yield due to anthropogenic aerosols at the eastern IGP nodes is pre-
sented in Table 7. The table clearly shows that, in all the country components of the eastern
IGP, the wheat biomass yield is significantly reduced, ranging from 11.5% at the nodes in
Nepal and India to 31.4% in Bangladesh. The average biomass yield across the nodes in the
eastern IGP with and without anthropogenic aerosols is 8280.5 and 10,610.3 kg/ha, which
is a loss of 22% of wheat biomass yield during 2015–2017 due to the reduction in solar
radiation. Since wheat straw is used as basal feed for dairy livestock in the IGP [100], the
reduction in wheat biomass by anthropogenic aerosols might have affected its availability
in the eastern IGP.

• Effect on wheat crop evapotranspiration

The simulation results on the effect of anthropogenic aerosols (by considering only
the radiation effect) on wheat crop evapotranspiration at all the eastern IGP nodes during
2015–2017 are shown in Supplement Table S3. All nodes in the eastern IGP showed less crop
evapotranspiration under anthropogenic aerosols due to the reduction in solar radiation.
The decline in wheat crop evapotranspiration due to anthropogenic aerosols agrees with the
findings of Yang et al. [98] and Yao [101]. The reduction in crop evapotranspiration varied
from 5 percent at Bhaluwa, Nepal to 27.3 percent at Baduria, Bangladesh. The fluctuation
in crop evapotranspiration reduction could be due to variations in wheat variety, soil, and
meteorological parameters. Comparatively higher losses in crop evapotranspiration due
to anthropogenic aerosols are observed in Bangladesh nodes in a similar manner as that
of biomass yield loss in those nodes. The summarized country wise effect at the eastern
IGP nodes on wheat crop evapotranspiration due to anthropogenic aerosols is presented
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in Table 8. The table clearly shows that wheat crop evapotranspiration is significantly
reduced in all the country component nodes of the eastern IGP, with reductions ranging
from 5% at the nodes in Nepal to 20.3% at the nodes in Bangladesh. The average crop
evapotranspiration across the nodes in the eastern IGP with and without anthropogenic
aerosols are 269.6 and 311.6 mm, showing a loss of 13.5% in crop evapotranspiration
during 2015–2017. The results show that the increased anthropogenic aerosols reduced the
irrigation water demand of wheat in the eastern IGP.

Table 7. Effect of anthropogenic aerosols (radiation only) on wheat biomass yield in the eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Biomass Yield (kg/ha)
Gain/Loss of Biomass

Yield Due to
Aerosols (+/−)

With
Aerosols

Without
Aerosols (kg/ha) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 9367.2 10,578.5 −1211.3 −11.5

India Purnea Tikapatti
and Dogachhi 2015–2017 8486.1 9589.1 −1103.0 −11.5

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur

and Kolkondo
2015–2017 7634.4 11,136.8 −3502.4 −31.4

Average of nodes in eastern IGP 8280.5 10,610.3 −2329.8 −22.0

Table 8. Effect of anthropogenic aerosols (radiation only) on wheat evapotranspiration in the
eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Crop Evapotranspiration
(mm)

Increase/Decrease on
Crop

Evapotranspiration
(+/−) Due to Aerosols

With
Aerosols

Without
Aerosols (mm) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 295.3 310.9 −15.6 −5.0

India Purnea Tikapatti
and Dogachhi 2015–2017 313.8 346.9 −33.1 −9.5

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur

and Kolkondo
2015–2017 234.6 294.3 −59.7 −20.3

Average of nodes in eastern IGP 269.6 311.6 −42.0 −13.5

3.4.2. Effect of Anthropogenic Atmospheric Aerosols on Wheat Production by Considering
the Change in Solar Radiation and Maximum Winter Temperature

The simulation results of wheat crop performance with and without anthropogenic
aerosols at the eastern IGP study nodes when considering the aerosol effects on daily
solar radiation and maximum temperature is covered in this subsection. The effect on
anthropogenic aerosols on wheat crop performance is discussed in terms of wheat grain
yield, wheat biomass yield and crop evapotranspiration in the following subsections.

• Effect on wheat yield

The APSIM simulation results for wheat grain yield with and without anthropogenic
atmospheric aerosols when considering the aerosol effects on daily solar radiation and
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maximum temperature during 2015–2017 at all eastern IGP nodes are presented in Supple-
ment Table S4. The simulation results indicate that anthropogenic aerosols reduce wheat
grain yield in all study nodes except Simariya. The model indicated comparatively higher
nitrogen stress of the wheat crop at Simariya, which could be due to comparatively poor
soil fertility. The loss of wheat grain yield due to anthropogenic aerosols at the eastern
IGP nodes ranges from −8.5% at Simariya to 22.3% at Bhaluwa. The variations in wheat
grain yield response across the nodes could be due to the sensitivity of the cultivated wheat
varieties to radiation and maximum temperature, along with variations in soil type, soil
fertility, and meteorological parameters. The simulation results indicated that compared to
the radiation only effect, the radiation and temperature (maximum) effect of anthropogenic
aerosols have less loss in average grain yield in the eastern IGP nodes, and this result
is supported by the findings of Rao et al. [102], who clearly indicated a negative correla-
tion between maximum temperature and wheat yield in wheat-growing areas in India,
including the IGP region. The summarized country wise effect on wheat grain yield due to
anthropogenic aerosols at the nodes is presented in Table 9. The table clearly shows that, in
all the country components of the eastern IGP, wheat grain yield is significantly reduced,
ranging from 7% in India to 14% in Bangladesh. The average grain yield across the nodes
in the eastern IGP with and without anthropogenic aerosols are 3945.8 and 4444.5 kg/ha,
showing a loss of 498.7 kg/ha (11.2%) in wheat yield during 2015–2017.

Table 9. Effect of anthropogenic aerosols (radiation and maximum temperature) on wheat grain yield
in the eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Grain Yield (kg/ha)
Gain/Loss of Grain

Yield Due to
Aerosols (+/−)

With
Aerosols

Without
Aerosols (kg/ha) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 3987.6 4400.1 −412.4 −9.4

India Purnea Tikapatti
and Dogachhi 2015–2017 3832.2 4122.4 −290.2 −7.0

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur

and Kolkondo
2015–2017 3981.7 4627.8 −646.1 −14.0

Average of nodes in eastern IGP 3945.8 4444.5 −498.7 −11.2

The simulation results for wheat biomass yield with and without anthropogenic atmo-
spheric aerosols during 2015–2017 at all eastern IGP nodes when considering aerosol effects
on daily solar radiation and maximum temperature are presented in Supplement Table S5.
The results clearly indicate that anthropogenic aerosols reduce wheat biomass yield in all
the study nodes. The loss of wheat biomass yield due to anthropogenic aerosols at the
nodes ranges from 3.5% at Simariya to 38.9% at Mohonpur. The variation in wheat biomass
yield loss across the nodes could be due to the sensitivity of the cultivated wheat varieties
to radiation and maximum temperature, along with variations in soil type, fertility, and
meteorological parameters. It is observed that a comparatively higher biomass is lost due
to anthropogenic aerosols at nodes in Bangladesh. Overall, the reduction in biomass yield
when considering the aerosol effects on radiation and temperature is slightly less than when
considering the radiation-only effect in the eastern IGP (Supplement Tables S2 and S5).
These results are in line with the findings of Asseng et al. [103] and Rao et al. [102], who
clearly indicated a negative association between maximum temperature and wheat grain
and biomass yield. The summarized countrywise effect on wheat biomass yield due to
anthropogenic aerosols at the eastern IGP nodes is presented in Table 10. The table clearly
shows that in all the country components of the eastern IGP the wheat biomass yield is
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reduced significantly, ranging from 9.7 at the nodes in Nepal to 30.9 in Bangladesh. The
average biomass yield across the nodes in the eastern IGP with and without anthropogenic
aerosols are 8280.5 and 10,511.1 kg/ha, which shows a loss of 21.2% in wheat biomass yield
during 2015–2017 due to the reduction in solar radiation and maximum temperature.

Table 10. Effect of anthropogenic aerosols (radiation and maximum temperature) on wheat biomass
yield in the eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Biomass Yield (kg/ha)
Gain/Loss of Biomass

Yield Due to
Aerosols (+/−)

With
Aerosols

Without
Aerosols (kg/ha) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 9367.2 10,375.0 −1007.8 −9.7

India Purnea Tikapatti
and Dogachhi 2015–2017 8486.1 9563.7 −1077.6 −11.3

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur

and Kolkondo
2015–2017 7634.4 11,052.8 −3418.4 −30.9

Average of nodes in eastern IGP 8280.5 10,511.1 −2230.6 −21.2

• Effect on wheat crop evapotranspiration

The APSIM simulation results of the effect of anthropogenic aerosols, when consider-
ing their effects on solar radiation and maximum temperature, on wheat crop evapotran-
spiration at the eastern IGP nodes during 2015–2017, are shown in Supplement Table S6.
All the nodes in the eastern IGP showed less crop evapotranspiration under anthropogenic
aerosols due to the reduction in solar radiation and maximum temperature. The reduction
in crop evapotranspiration varied from 8.4 percent at Simariya, Nepal to 27.7 percent at
Baduria, Bangladesh. The variations in crop evapotranspiration reduction could be due to
variations in the wheat variety, soil, and meteorological parameters. A comparatively higher
loss in crop evapotranspiration due to anthropogenic aerosols is observed at Bangladesh
nodes, in a similar manner as that of biomass yield loss in those nodes. These findings are
supported by those of Zhang et al. [104], who showed a linear relationship between wheat
biomass yield and evapotranspiration. The summarized countrywise effect at the eastern
IGP nodes of the reduction in wheat crop evapotranspiration due to anthropogenic aerosols
is presented in Table 11. The table clearly indicates that, in all the country components of
the eastern IGP, wheat crop evapotranspiration is significantly reduced, ranging from 8.5%
at the nodes in Nepal to 21.5% at the nodes in Bangladesh. The average crop evapotran-
spiration across the nodes in the eastern IGP with and without anthropogenic aerosols are
269.6 and 317.4 mm, which is a loss of 15.1% in crop evapotranspiration during 2015–2017.
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Table 11. Effect of anthropogenic aerosols (radiation and maximum temperature) on wheat evapo-
transpiration in the eastern IGP.

Country
Component of

Eastern IGP
District Nodes Year

Crop Evapotranspiration
(mm)

Increase/Decrease on
Crop

Evapotranspiration
(+/−) Due to Aerosols

With
Aerosols

Without
Aerosols (mm) (%)

Nepal Sunsari Bhaluwa
and Simariya 2015–2016 295.3 322.6 −27.3 −8.5

India Purnea Tikapatti
and Dogachhi 2015–2017 313.8 349.4 −35.5 −10.2

Bangladesh Rajshahi
and Rangpur

Baduria, Premtoli,
Mohanpur

and Kolkondo
2015–2017 234.6 298.9 −64.3 −21.5

Average of nodes in eastern IGP 269.6 317.4 −47.9 −15.1

3.5. Loss Due to the Reduction in Wheat Yield

In this subsection, we estimate the loss of wheat production due to anthropogenic
aerosols by considering the radiation only effect and the radiation and temperature effects
in the eastern IGP region. The estimated loss in wheat production due to anthropogenic
aerosols is presented in Table 12. The average area of wheat cultivated in the Nepal compo-
nent, India component and Bangladesh component of the eastern IGP from 2011 to 2015
were 440,140, 2,447,580 and 402,940 Ha, respectively [105–107]. Average wheat cultivated
area in the eastern IGP region is 3,290,660 ha. While considering only the radiation effect,
the average model estimated yield reductions due to anthropogenic aerosols at the nodes
in Nepal, India and Bangladesh are 0.764, 0.274, 0.711 t/ha, respectively (see Table 6).
Similarly, when considering the solar radiation and temperature effect of anthropogenic
aerosols, the average yield reduction estimated by the APSIM model at the nodes in Nepal,
India and Bangladesh are 0.412, 0.290, 0.646 t/ha, respectively (see Table 9). The estimated
wheat production reduction in the eastern IGP while considering only the radiation effect
is 1293.39 thousand metric tons. While considering both the temperature and radiation
effect, the reduction in wheat production by anthropogenic aerosols is estimated to be
1151.44 thousand metric tons. While considering the population of eastern IGP (361 mil-
lion), the wheat production loss due to anthropogenic aerosols is estimated to be more than
3.2 kg of wheat per capita per annum during the study period. Given that the average
wholesale price of wheat at Patna, a market in the eastern IGP from April 2014 to April
2019 is 262.50 USD/ton [108], then the total estimated loss in wheat production due to
anthropogenic aerosols by considering only radiation effect is USD 339.52 million, whereas,
when considering both radiation and temperature effect, the loss is USD 302.25 million.
In summary, it is estimated that anthropogenic aerosols reduce wheat production in the
eastern IGP by more than 1.1 million tons equivalent, which is worth more than USD
300 million. These values indicate that significant improvements in air quality could be
achieved in the eastern IGP, even when only considering wheat production.

Generally, the cost of air pollution is estimated based on its negative effect on people’s
health. For example, the world bank estimated the cost of air pollution (welfare loss from
air pollution) in several regions of the world, including South Asia, by considering the
negative health effect on increased premature death and foregone labour output [109]. The
report estimated welfare losses from ambient PM2.5 in South Asia in the year 2013 as USD
256 billion. While comparing the cost of wheat production loss in the eastern IGP with the
loss estimated by the World Bank group over the entire South Asia, it can be concluded
that the economic loss of air pollution on agricultural production is significant and needs
to be included when assessing the economic losses due to air pollution.
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Table 12. Estimated loss in wheat production due to anthropogenic aerosols in the eastern IGP.

Country
Component of

Eastern IGP

Average Area *
(‘000 Ha)

Reduction in Wheat Yield Due
to Atmospheric Aerosols

while Considering

Estimated Wheat Production
Reduced Due to Anthropogenic

Aerosols while Considering

Estimated Loss # in Wheat
Production Due to

Anthropogenic Aerosols
while Considering

Only
Radiation

Effect (T/ha)

Radiation and
Temperature
Effect (T/ha)

Only
Radiation

Effect
(‘000 T)

Radiation and
Temperature
Effect (‘000 T)

Only
Radiation

Effect
(Million USD)

Radiation and
Temperature

Effect
(Million USD)

Nepal 1 440.14 −0.764 −0.412 −336.27 −181.34 −88.27 −47.60

India 2 2447.58 −0.274 −0.290 −670.64 −709.80 −176.04 −186.32

Bangladesh 3 402.94 −0.711 −0.646 −286.49 −260.30 −75.20 −68.33

Eastern IGP 3290.66 −0.615 −0.499 −1293.39 −1151.44 −339.52 −302.25

* Based on 5 years (2011–2015) respective country statistics [105] 1, [106] 2 and [107] 3. # Based on the average
wholesale price of wheat (262.50 USD/ton) at Patna (eastern IGP) from April 2014 to April 2019.

4. Summary and Conclusions

In the context of persistently high levels of anthropogenic aerosols during winter in
the eastern IGP, the present study examines the effect of anthropogenic aerosols on one of
the important winter crops, wheat, using the process-based APSIM model. The APSIM
model was calibrated and validated using data from the SRFSI project on-farm trials of
rice-wheat cropping system at 8 nodes in the eastern IGP (4 in Bangladesh and 2 each in
Nepal and India). The calibrated APSIM model was run with the observed meteorological
data, which provides an estimate of wheat crop performance under anthropogenic aerosols
at the eastern IGP nodes. Wheat crop performance without anthropogenic aerosols was
obtained in two ways, first by running the model with adjusted observed solar radiation by
estimating changed radiative forcing (considering only the radiative effect of anthropogenic
aerosols), and second by running the model with adjusted solar radiation and maximum
temperature data (considering the radiation as well as temperature effect of anthropogenic
aerosols). The radiative effect of anthropogenic aerosols is estimated via the empirical
model of clear-sky radiative forcing developed by Shrestha et. al. [77] and MERRA cloud
fraction and cloud albedo over the SRFSI nodes and seasonal anthropogenic emission
coefficients. In addition to the radiative effect, the temperature effect of anthropogenic
aerosols in the eastern IGP was adapted in terms of a reduction of 0.5 ◦C on maximum
temperature as suggested by Freychet et al. [31]. The impact of anthropogenic aerosols
when considering only the radiative effect and the radiative and temperature effects was
analysed at all 8 SRFSI nodes during 2015–2017. In addition, the aerosol loading, its trend,
radiative forcing and the solar radiation trend at the study nodes were also analysed. The
major findings of this study are listed below.

The analysis of AERONET AOD in the eastern IGP stations during 2003–2017 indicate
that, in all months except during monsoon season, the average AOD of eastern IGP stations
are high (greater than 0.5), with a peak during winter months. Annual mean particulate
matter PM2.5 at eastern IGP stations was found to be more than from 7 to 11 times higher
than WHO guidelines. At all the stations in the eastern IGP, the monthly average particulate
matter is increasing in post-monsoon months and reaches a peak during winter, which
could be due to increased emissions from biomass burning, fossil fuel emissions, as well as
enhanced atmospheric stabilization during winter months.

The estimated average annual radiative forcing due to anthropogenic aerosols at the
SRFSI districts in the eastern IGP ranges from −49.83 to −63.15 Wm−2. Regarding the
seasonal distribution of radiative forcing, highest radiative forcing is observed during the
winter season and the lowest radiative forcing is observed during monsoon season. Re-
garding the annual trend, all the SRFSI districts showed a statistically significant declining
trend of radiative forcing during 2003–2017, at least at the statistical significance level of
0.01. The rate of decline varied from 1.01 Wm−2 year−1 at Rajshahi to 1.5 Wm−2 year−1

at Rangpur during 2003–2017. Regarding seasonal radiative forcing, pre-monsoon season
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radiative forcing shows a declining trend in all SRFSI districts, at least at the statistical
significance level of 0.05.

The historical trend of annual average sunshine hours at Sunsari and Rajshahi showed
a declining trend at the rate of 0.42 and 0.52% per annum at least at the statistical significance
level of 0.05. Regarding the monthly average trend in sunshine hours, both districts showed
a statistically significant declining trend in the winter months of December and January
at the rate of more than 1% per annum. The higher declining trend of sunshine hours
during winter months could be due to an increased level of anthropogenic aerosols. Due to
the high declining trend of sunshine hours during winter months, it is expected this will
significantly affect winter crops.

The APSIM simulation results when only considering the radiative effect of anthro-
pogenic aerosols indicate that the average grain yield loss in the eastern IGP is 615 kg/ha
(13.5%). When considering both the radiative and temperature effects the simulation results
showed the average loss of wheat grain yield at 498.7 kg/ha (11.2%) in the eastern IGP
nodes. From these results, it can be concluded that anthropogenic aerosols result in signifi-
cant grain yield loss at the range of 0.5 t/ha in the eastern IGP nodes. It is also revealed that
the reduction in per capita wheat production due to anthropogenic aerosols in the eastern
IGP is about 3.2 kg per annum. Hence, the substantial decline in wheat grain yield indicates
a threat to the food security of the eastern IGP by anthropogenic aerosols (air pollution).

The APSIM model results also showed that anthropogenic aerosols significantly re-
duced biomass yield at all eastern IGP nodes. When considering the radiative-only and the
radiative and temperature effects of anthropogenic aerosols, the average biomass yield in
the eastern IGP nodes reduced by 22% and 21.2%, respectively. The reduction in biomass
yield by the anthropogenic aerosols may also affect soil organic matter and animal fodder
in the eastern IGP.

The APSIM model simulations when considering only the anthropogenic aerosols
radiative effect reduced average wheat crop evapotranspiration by 42 mm (13.5%) at the
eastern IGP nodes. When considering both radiative and temperature effects of anthro-
pogenic aerosols, wheat crop evapotranspiration reduced by 47.9 mm (15.1%). Significant
reductions in crop evapotranspiration due to anthropogenic aerosols, if considered during
irrigation scheduling, may significantly save irrigation water.

By combining the average wheat yield loss from nodes in each country due to anthro-
pogenic aerosols, average wheat-cultivated area in each country component of the eastern
IGP, and the average wheat price for the study period, the estimated loss in wheat produc-
tion due to anthropogenic aerosols was estimated in the eastern IGP. When considering
only the radiative effect, wheat production loss caused by anthropogenic aerosols was
estimated at USD 339.52 million in the eastern IGP per annum during 2015–2017. When
considering both the radiative and temperature effects, wheat production loss caused by
anthropogenic aerosols was estimated at USD 302.25 million in the eastern IGP per annum
during 2015–2017. As the wheat production lost due to anthropogenic aerosols is found
to be a significant, similar studies also need to be conducted for the other major crops in
the eastern IGP to estimate the total economic loss from all crop production, which would
make a significant contribution to assessing the economic loss due to air pollution in the
eastern IGP.

5. Further Work Recommended

Crop simulation models, which are based on the concept of radiation-use efficiency
(such as APSIM), require an input of daily values of direct solar radiation to simulate daily
crop growth. The values for the radiation-use efficiency parameters used in these models
vary with crop stage and include an implicit ratio of diffuse-to-direct radiation in their
calibration. Although the models only use direct solar radiation as an input, the crops
respond to both direct and diffuse components of the radiation [50,110]. The presence of
aerosols is likely to increase the ratio due to increased light scattering [111–113] When
aerosols are removed, the diffuse-to-direct radiation ratio will change, and there is a
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possibility that the RUE values may be invalidated. A likely outcome would be the
overestimation of crop production. In addition to the removals of aerosols, the effect of
fog events and clouds during winter on direct and diffuse fraction (and, hence, on wheat
production) should be investigated, as the significant reduction in solar radiation and
subsequent reduction in daily maximum temperatures could also reduce the wheat yield in
the eastern IGP ([114] in Bangladesh; [97] in Terai area of Nepal). This is a current research
area and development in crop modelling, and we suggest that this analysis should be
re-visited once the uncertainties are better understood.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13111896/s1, Table S1: Effect of anthropogenic aerosols on
wheat grain yield in the eastern IGP; Table S2: Effect of anthropogenic aerosols on wheat biomass
yield in the eastern IGP; Table S3: Effect of anthropogenic aerosols on wheat crop evapotranspiration
in the eastern IGP; Table S4. Effect of anthropogenic aerosols on wheat grain yield in the eastern IGP;
Table S5: Effect of anthropogenic aerosols on wheat biomass yield in the eastern IGP; Table S6: Effect
of anthropogenic aerosols on wheat crop evapotranspiration in the eastern IGP.
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