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Abstract: Every year, forest fires and harvest harnessing produce atmospheric pollution in October
and November over the Indo-Gangetic Plain (IGP). The fire count data (MODIS) shows a decreas-
ing/increasing trend of fire counts in all confidence ranges in October/November over Northern
India. There is a widespread increase in fires with a confidence level above 60 to 80% over the whole
Northern Indian region. The Aerosol Optical Index (AOD) also shows an increase with values > 0.7
over the northwestern and IGP regions. There have been some startling results over the lower IGP
belt, where there has been increasing trend in AOD during October ~56% and during November, the
increase was by a whopping ~116%. However, in November, a slight turning of the winds towards
central India might be transporting the AOD towards the central Indian region. Hence, during
November, it is inferred that due to the low wind speed over the lower IGP belt and increased fires,
the AODs in the polluted air tend to hover for a long time. During recent years from 2010, the winds
have become stronger, indicating more transport of AOD is occurring over the lower IGP belt as
compared to previous years till 2009, especially in October.

Keywords: IGP; fire counts; AOD; pollution

1. Introduction

The Indo-Gangetic Plain (IGP) region is a prominent part of northern India and also
an aggressive domain for pollution increase over a tropical belt. The IGP region remains a
region of interest due to its uniqueness in rainfall variability, aerosol variations, and basin
of nine rivers, and also due to the menacing problem of enhanced pollution caused by
crop residue burning. In recent times, the IGP region has also become the most polluted
region in India [1] and is counted as one, among the top worldwide. The variations over
the IGP region have had counterproductive negative effects on the snow-clad mountains
that form the northern part of India [2]. The IGP region has a double blanket (two layers)
of black carbon, causing significant implications in the heating rates and the melting of
snow over the Tibetan plateau [3]. In fact, the IGP region covers almost 300,000 km square
of fertile area, which makes it an important region that needs extensive research work to be
carried out.

Biomass burning, which is reflected as fire counts, is a major source of carbonaceous
aerosols that play a crucial role in the radiation budget, air quality, ecosystems, human
health, and climate [4–6]. Further, it is affecting the atmospheric radiative phenomenon
at various scales, from local emissions to long-range transport mechanisms [7,8]. Biomass
burning is a major global source of fine carbonaceous aerosols [9]. Several factors, such as
man-made fires, agricultural burning, deforestation, and biofuel combustion, contribute to
biomass burning aerosols spewing into the atmosphere. These aerosols emitted through
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biomass burning affect the Earth’s climate system via both direct and indirect effects [10].
Moreover, these aerosols warm the atmosphere and cool the Earth’s surface and often
modify cloud microphysical properties by acting as ice nuclei [11–17]. Some studies indicate
that biomass-burning aerosols have been known to cause severe environmental pollution
over the regions they hover and more seriously damage the health of the otherwise normal
healthy human population [17]. The severity of such contaminated air in overpopulated
areas was revealed in a recent study over six IGP regions in terms of severe aerosol
loading (AOD500 > 1.0), high values of Ångström exponent (>1.2), and high particulate
matter (PM2.5) concentrations (>100–150 µgm3) [8]. The smoke aerosols are known to be
transported to distances as far as 600 km away from their sources of origin. They have
also been found to exist as elevated aerosol layers of up to 3–5 km [18,19]. The key global
source regions of biomass burning aerosols have been identified as sub-Saharan Africa,
South America, Southeast Asia, Northern Australia, and the boreal forest in the northern
hemisphere [20,21]. NASA A-train satellite sensors detected post-harvest agricultural fire
activity (net ~60%), leading to a nearly 43% increase in aerosol loading over the populated
IGP in northern India [22]. In India, maximum forest fire counts occur during the pre-
monsoon season (March to May), while residual burning occurs in the dual-phase season,
pre-monsoon season (April to May), and post-monsoon season (October to November).
Biomass-burning smoke plumes damage the on-air quality more during winter as the
plumes are trapped in the lower troposphere. The favorable low temperatures, result in
dense fog conditions over the entire IGP region, and often, in many cases, these smoke
plumes reach central India and the Bay of Bengal [23,24]. Crop residue burning over
northwestern India is recognized to pose a serious health concern on a disastrous scale,
affecting the health of millions of people in this densely populated region of the world.
Major cities in the IGP region have registered a consistent ranking for the poorest air quality
from the World Meteorological Organization (WMO), especially related to particulate
matter concentrations.

This study pinpoints an increasing trend in the fire counts from the analysis of data
studied for approximately two decades (2002–2019). We further investigate the cause of the
spread of deteriorating unhealthy air over the IGP region. Though the earlier study pointed
out that an increase in the fire counts is related to the greater availability of crop residue
to burn and is proportional to the waste generated and the crop production amounts [22].
This study, for the first time, probes and proves that the wind patterns have played and
will be playing an all-important role in the spread of toxic air throughout the IGP region.

2. Materials and Methods
2.1. Study Area

This study covered the northern Indian subcontinent region, which is quite large
(60–90◦ E; 20–40◦ N). However, AOD climatology, fire counts, and winds show a prominent
impact on IGP, hence, in this study, the focus is exclusively over the IGP region.

2.2. Analysis of Satellite Datasets

In this present study, data has been considered from MODIS onboard the AQUA
satellite orbiting in a near-polar orbit. The Moderate Resolution Imaging Spectroradiometer
(MODIS) measures radiances at 36 wavelengths from 0.41 to 14 µm and provides near-
global coverage every day. The MODIS AOD data [25,26] is taken from the monthly mean
level 3 products (MYD08-6.1) with a 1 × 1-degree resolution for the period 2002–2019
(https://giovanni.gsfc.nasa.gov/giovanni/) (accessed on 14 September 2022). For the time
series analysis plot, we have area-averaged the aerosol optical depth data for the study
region. The fire confidence data from MODIS was considered to understand the spatial
distribution of fires. We have used the fire data above a 50-confidence level in different
groups to understand the spatial fire variability in a particular group. Time series analysis
of the fire confidence data in different groups is also done for different regions considered
in this study. The vertical velocity and wind vector data at 850 hPa are considered from the
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NCEP reanalysis for the period of 2002–2019, while rainfall and moisture datasets are from
2002 to 2021.

3. Results and Discussions

The post-monsoon season contributes heavily to biomass burning [27], and hence these
time scales have been selected for a clear perspective. We present, in Figure 1, the AOD
climatology from 2002–2019 (18 years) obtained from the MODIS-AQUA satellite during the
post-monsoon months of October (Figure 1a) and November (Figure 1b). During this time,
it is seen that the northern belt over India is starkly infused with high values of AODs as
high as 1, beginning with values of 0.4 during the months of October and November over
IGP. Some of the pockets of the IGP, especially the Northern Punjab region, show very high
values of AOD during October, as this is the time for harvesting and burning of residuals.
The uncertainties in this research might be increased due to the comparison of datasets
from diverse resolutions. The fire count does not provide a clue about the size of the fire.
Biomass burning emissions are reflected as the fire counts are predominantly dominated by
the crop residue burning activities, which are totally dependent on the harvesting cycles, crop
types, and importantly, land clearing (through the burning of the crop remains). Though
observational data is available, it is sparse and spatially constrained, hence satellite data is
often used to study over long periods of time and space. In particular, satellite data has proved
pivotal in studying, detecting, and analyzing biomass-burning scenarios [28–30].

Atmosphere 2022, 13, x FOR PEER REVIEW 4 of 13 
 

 

 

Figure 1. AOD climatology 2002–2019 from MODIS-Aqua (a) October, Boxes here: Northwestern 

region (70° E–76° E, 29° N–32° N), Delhi region (76° E–78° E, 27° N–31° N), Lucknow region (78° 

E–81.5° E, 26° N–28° N), and Patna region (82° E–85° E, 25° N–27° N). The dashed line in black 

marks the boundary of the IGP region. (b) November months over the Indian region (60° E–90° E, 

20° N–40° N).  

It is also observed from Figure 1 that the entire IGP belt (Punjab region and Delhi 

region) shows values of AOD of about 0.6. When we analyze Figure 1b for November, 

the climatological mean AOD values are marked by yellow patches, with AODs as high 

as 1. High AOD patches are scattered over IGP-created hotspots in the Punjab, Delhi, 

and Lucknow–Patna regions. Eventually, higher values of AOD are shifted southeast-

wards. In order to establish and analyze if there was an increasing trend in the AODs 

and, if so, were there any drastic changes?, we plotted the time series (during the last 15 

years) of AOD, as shown in Figure 2a–c, over three different regions: the Northern Indi-

an region (60E–90E, 20N–40N), the Punjab region (74E–77E, 29N–32N), and the Luck-

now–Patna region (80E–86E, 25N–27N), respectively. 

Figure 1. AOD climatology 2002–2019 from MODIS-Aqua (a) October, Boxes here: Northwestern
region (70◦ E–76◦ E, 29◦ N–32◦ N), Delhi region (76◦ E–78◦ E, 27◦ N–31◦ N), Lucknow region
(78◦ E–81.5◦ E, 26◦ N–28◦ N), and Patna region (82◦ E–85◦ E, 25◦ N–27◦ N). The dashed line in black
marks the boundary of the IGP region. (b) November months over the Indian region (60◦ E–90◦ E,
20◦ N–40◦ N).
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It is also observed from Figure 1 that the entire IGP belt (Punjab region and Delhi
region) shows values of AOD of about 0.6. When we analyze Figure 1b for November,
the climatological mean AOD values are marked by yellow patches, with AODs as high
as 1. High AOD patches are scattered over IGP-created hotspots in the Punjab, Delhi, and
Lucknow–Patna regions. Eventually, higher values of AOD are shifted southeastwards. In
order to establish and analyze if there was an increasing trend in the AODs and, if so, were
there any drastic changes?, we plotted the time series (during the last 15 years) of AOD, as
shown in Figure 2a–c, over three different regions: the Northern Indian region (60◦ E–90◦ E,
20◦ N–40◦ N), the Punjab region (74◦ E–77◦ E, 29◦ N–32◦ N), and the Lucknow–Patna
region (80◦ E–86◦ E, 25◦ N–27◦ N), respectively.

Atmosphere 2022, 13, x FOR PEER REVIEW 5 of 13 
 

 

 

Figure 2. Time series of AOD over (a) Indian region 60° E–90° E, 20° N–40° N), (b) Northwestern 

region (70° E–76° E, 29° N–32° N), (c) Delhi region (76° E–78° E, 27° N–31° N), (d) Lucknow region 

(78° E–81.5° E, 26° N–28° N), and (e) Patna region (82° E–85° E, 25° N–27° N). 

Figure 2 reveals quite interesting results. Over the Northern Indian region, the 

AOD from 2002–2019 during November showed that there was an 83% increase in AOD 

loading, while during October, the increase was ~30%. Figure 2b shows that over the 

Punjab region, a year-to-year cyclic behavior is observed. In some years, AOD is high 

(2004, 2008, 2010, 2011, 2013, etc.), while in consecutive years it is low. This may be relat-

ed to the changing crop pattern or available land area for residual burning [31]. We also 

observe an increase in November AOD by ~26 %, but the AODs during October do not 

show a significant increasing trend. There is an intriguing result as an opposite trend in 

AOD loading is observed during October and November. The year which shows an in-

crease in AOD during October shows a decrease in AOD during November over the 

Delhi and Lucknow regions. Figure 2c shows some startling results, over the Lucknow 

and Patna regions, the increasing trend in AOD during October was ~56%, and during 

November, the increase was by a whopping ~116%. In other words, during November, 

the AOD loading has almost doubled in the last 15 years in this region. AODs shoot up 

predominantly during biomass burning scenarios and especially during the post-

monsoon season. To further investigate the phenomenal rise in the AODs during these 

time scales, we plotted the spatial variability of fire counts over these regions (Figure 3a–

j). Figure 3 shows the spatial distribution of fire confidence (during October and No-

vember) for different confidence ranges (60 to 90) of fires over the Northern Indian re-

gion. We clearly observe that during the month of October, the fire counts are centered 

mostly around the Punjab region, specifically the fire counts with higher confidence >90 

and ≤100 are centered over the well-known burning regions over Punjab. For the month 

of November, the fires seem to be widespread over the northern IGP belt. 

The yellow patches with high AODs (Figure 1a,b) corroborate with the patches with 

higher fire counts (Figure 3a–j). We also observe that the maximum fires belong to the 

lower confidence range below 70. In November, for all the confidence, there is a NW to 

SE stretch parallel to IGP and another stretch is along the Indus River in Pakistan from 

Lahore to Karachi. These stretches of fire are along the rivers. Figure 4a,b, up to j show 

the number of fire counts during October and November for the Northern Indian Re-

gion, the Punjab region, and the Lucknow and Patna regions), respectively. 

Figure 2. Time series of AOD over (a) Indian region 60◦ E–90◦ E, 20◦ N–40◦ N), (b) Northwestern
region (70◦ E–76◦ E, 29◦ N–32◦ N), (c) Delhi region (76◦ E–78◦ E, 27◦ N–31◦ N), (d) Lucknow region
(78◦ E–81.5◦ E, 26◦ N–28◦ N), and (e) Patna region (82◦ E–85◦ E, 25◦ N–27◦ N).

Figure 2 reveals quite interesting results. Over the Northern Indian region, the AOD
from 2002–2019 during November showed that there was an 83% increase in AOD loading,
while during October, the increase was ~30%. Figure 2b shows that over the Punjab region,
a year-to-year cyclic behavior is observed. In some years, AOD is high (2004, 2008, 2010,
2011, 2013, etc.), while in consecutive years it is low. This may be related to the changing
crop pattern or available land area for residual burning [31]. We also observe an increase
in November AOD by ~26 %, but the AODs during October do not show a significant
increasing trend. There is an intriguing result as an opposite trend in AOD loading is
observed during October and November. The year which shows an increase in AOD
during October shows a decrease in AOD during November over the Delhi and Lucknow
regions. Figure 2c shows some startling results, over the Lucknow and Patna regions, the
increasing trend in AOD during October was ~56%, and during November, the increase
was by a whopping ~116%. In other words, during November, the AOD loading has almost
doubled in the last 15 years in this region. AODs shoot up predominantly during biomass
burning scenarios and especially during the post-monsoon season. To further investigate
the phenomenal rise in the AODs during these time scales, we plotted the spatial variability
of fire counts over these regions (Figure 3a–j). Figure 3 shows the spatial distribution of
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fire confidence (during October and November) for different confidence ranges (60 to 90)
of fires over the Northern Indian region. We clearly observe that during the month of
October, the fire counts are centered mostly around the Punjab region, specifically the fire
counts with higher confidence >90 and ≤100 are centered over the well-known burning
regions over Punjab. For the month of November, the fires seem to be widespread over the
northern IGP belt.
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Figure 3. Spatial distribution of Fire confidence from 2002 to 2019 for October and November
(a,b) ≥50 and ≤60, (c,d) ≥60 and ≤70, (e,f) ≥70 and ≤80, (g,h) ≥80 and ≤90, (i,j) ≥90 and ≤100.

The yellow patches with high AODs (Figure 1a,b) corroborate with the patches with
higher fire counts (Figure 3a–j). We also observe that the maximum fires belong to the
lower confidence range below 70. In November, for all the confidence, there is a NW to SE
stretch parallel to IGP and another stretch is along the Indus River in Pakistan from Lahore
to Karachi. These stretches of fire are along the rivers. Figure 4a,b, up to j show the number
of fire counts during October and November for the Northern Indian Region, the Punjab
region, and the Lucknow and Patna regions), respectively.
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Figure 4. Time series of the number of fire counts in the different fire confidence range in the month of
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(78◦ E–81.5◦ E, 26◦ N–28N) and (i,j) Patna region (82◦ E–85◦ E, 25◦ N–27◦ N) respectively.

Table 1 shows the average number of fires for the range of the significance levels based
on Figure 3. The confidence level shows tremendous differences over the selected regions
of the IGP. The northwestern region of India, which is the region of the origin of the fire
and its pollution, shows a great number of fires as compared to other regions in November
and October. November is the month when the fire started to bud over the Lucknow and
Patna regions, the eastern part of the IGP. Further, wind anomalies in these months played
a chief role in spreading the ashes and smoke from the fire over the IGP region.

The annual variation of the fire count is shown in Figure 4. Over the Northern Indian
region, a decreasing trend in fire counts is depicted in all confidence levels during the
month of October (Figure 4a). While in November, we observe an increasing trend in fire
count confidence levels up to 90 and a slightly increasing trend above the confidence level
of 90. Hence, the fire count confidence levels indicate that the increase in overall AOD over
the Northern Indian region is attributed to the increase in fire counts. Figure 4b illustrates
the fire counts over Punjab. During October, we see a decreasing fire count trend (as when
compared with the fire counts in the Northern Indian region), while for November, the
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fire count shows an increasing trend. Analyzing Figure 4a,b, it can be deduced that the
Punjab region seems to control the increase in fire events over the Northern Indian region.
Figure 4c displays the fire counts over the Lucknow and Patna regions; during November,
the confidence level from 50 to 80 shows an increase, while during October, the trend is a
mix of an increase and a decrease in the confidence levels. The results clearly show that the
increase in AOD over the Lucknow and Patna regions is related to increasing fire events,
though the corroboration is much stronger over the other two regions (Northern India and
Punjab). In the scattering and spread of pollution, dust, and smoke, the direction and speed
of the regional wind with season play a vital role. It will be interesting to investigate the
variability of wind over the IGP region and its surroundings.

Table 1. Total number of fire counts averaged over selected regions of IGP for significant ranges for
October and November.

October 50–60 60–70 70–80 80–90 90–100

Indian region 40,033 61,202 43,155 15,152 3537

Northwestern region 26,866 39,944 29,115 10,419 1998

Delhi region 8676 14,743 10,156 3225 438

Lucknow region 160 127 64 20 7

Patna region 25 17 9 63 40

November 50–60 60–70 70–80 80–90 90–100

Indian region 35,962 49,281 35,372 14,742 3527

Northwestern region 21,588 30,448 24,146 1074 2240

Delhi region 4216 7071 5330 1923 310

Lucknow region 628 451 145 26 5

Patna region 625 409 91 6 0

In order to understand the increase in the fire counts over the three principal regions,
we also looked into the possible role of the spread of forest fires through the means of wind
transportation or long transport due to winds. To do so, we plotted the wind anomalies
for the entire period of study (2002–2019), but separated them in order to decipher and
delineate them in a more detailed way. On the basis of recent research [32], we split the
analysis of the wind anomalies into two different time periods 2002–2009 and 2011–2018,
during October, as shown in Figure 5, and during November, as shown in Figure 6. From
Figure 5, it is observed that during October, the increase in AOD at the lower IGP belt
is due to transport from the northwestern regions (Punjab and Haryana region). One of
the significant results we observed from Figure 5 is that during recent years, from 2010
onwards, the winds have become stronger, which indicates that more AOD is getting
transported to the lower IGP belt as compared to previous years until 2009. On analyzing
Figure 6, we observe that during November, we do not see the transport coming towards
the lower IGP region, but in fact, we see a slight turning of these winds towards the central
Indian region, which may be taking the AOD into the northwestern region, towards the
central Indian region. Hence, during November, it can be deciphered that because of the
low wind speeds over the lower IGP belt and the increase in fires, the AODs in the polluted
air tend to hover for a longer time than usual.
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Though earlier studies have pointed out that an increase in the fire counts is related to
the greater availability of crop residue to burn and proportional to the waste generated,
which is also proportional to the crop production amounts [22]. In this study, we investi-
gated the causes of the spread of deteriorating unhealthy air over the IGP region. Further,
in this first-ever study, we probe and prove the role of wind patterns in the spreading of
toxic air throughout the IGP region. Many previous studies pointed out various theories to
support that the global wind pattern has been stilling over the past few decades, and many
of these studies focused on the drag force of wind speed linked to increased terrestrial
roughness caused by urbanization and/or vegetation changes [5,15]. This study found that
after 2010, an increasing rate of global wind speeds, i.e., three times the decreasing rate
before 2010, countered the previous theories of global wind speed stilling [32]. An inter-
esting fact is that, though terrestrial roughness did not suddenly change in or after 2010,
global wind speeds have been showing an increase [33]. Hence, it becomes predominate
that the variation in wind speed is determined mainly by driving forces associated with
decadal variability of large-scale ocean-atmospheric circulations and not only dependent
on terrestrial roughness alone, as was previously thought to be the case.
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Figure 6. November (a) Vertical velocity (Omega at 900 mb) (b) Winds for two periods and difference
in the magnitude of 2002–2009 to 2011–2018.

4. Discussions

An increase in dryness in the lower troposphere causes a decrease in rainfall, dry
skin, eye irritation, and health-related ailments (asthma and other respiratory problems).
The rainfall and moisture anomalies over the IGP and Indian regions have increased in
recent decades (Figure 7a,b), especially during the post-monsoon season. Our study, for
the first time, establishes the fact of an increase in wind speed over the IGP region since
around 2011 during October–November. Our study also reports the consequences of
such increased wind speeds on the spread of harmful pollutants to a wider geographical
area. In other words, we propose that increased wind speeds essentially acted as fuel in
enhancing the wider spread of harmful pollutants to a wider area than they were during
the past few decades. WMO reports indicate a risk of dry conditions over various parts
of the Earth due to elevated pollution, increased surface temperature, and decreased
humidity. In such conditions of incongruity, we point out that apart from the ground-based
infusion of aerosols due to anthropogenic activities, the factors of the atmosphere, i.e., the
enhanced wind speeds, become important to be considered while reaching the decision
that determines the fate of regional climate variability in a region like IGP.
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5. Conclusions

The spread of aerosol from fires was studied using monthly data from MODIS over
the Indo-Gangetic Plain (IGP). Every year, rice is harvested during October and November.
In addition, to keep spirits high for crop production, the community has many festival
celebrations during this time. Along with the festival’s celebration, forest fires and stubble
burning have become common practices among farmers and local communities. The fire
counts have increased drastically in all confidence ranges (50–100%) in November and a
widespread increase in the fires with a confidence level above 60 to 80 % over the whole
Northern Indian region is observed. AOD also shows an increase with values > 0.7 over
the northwestern and IGP regions. There have been some startling results over the lower
IGP belt, where there has been an increasing trend in AOD during October, to the alarming
rate of ~56%, and during November, the increase was by a whopping ~116 %. Transporting
factors from winds have become stronger, which indicates more AOD has been transported
to the lower IGP belt since 2009 October. However, in November, we did not find the
transport coming towards the lower IGP region, but, in fact, we saw a slight turning
of these winds towards the central Indian region, which may be taking the AOD in the
northwestern region towards the central Indian region. Hence, during November, it is
inferred that due to the low wind speed over the lower IGP belt and the increase in fires
(i.e., AODs), the polluted air tends to linger for a long time.
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