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Abstract
The load of aerosols in the atmosphere has been increasing gradually due to industrialization and urbanization. This increase 
has contributed to change in the Earth’s radiation budget through the absorption or scattering of radiation. The aerosol direct 
radiative forcing (ADRF) is a measurement utilized to comprehend the impact of cooling or warming up of the atmosphere 
directly by aerosols. Our study examined the impact of aerosols during the COVID-19 pandemic by comparing them to 
the average from the preceding 5-year period (2015–2019) in peninsular India. The measure of aerosols deployed in this 
study is the Aerosol Optical Depth (AOD), and the study was carried out on three distinct time frames: prior to lockdown, 
during lockdown, and post lockdown. The study revealed that the ADRF increased during all the three time frames of 2020 
compared to the average of 2015–2019, and the other time scales experienced an increase in ADRF as well. The most nota-
ble rise in ADRF and decrease in temperature occurred in the tropical savanna and warm semi-arid climate regions during 
the pre-lockdown period. During lockdown, the increase in ADRF was seen throughout the study area, and a decrease in 
temperature was observed only in the tropical monsoon region. In the post-lockdown period, the decline in ADRF was 
accompanied by a fall in temperature in the tropical savanna region. This study provides insights into the effect of aerosols 
on ADRF in peninsular India and highlights the importance of monitoring and regulating aerosol emissions to mitigate the 
changes in temperature.

Keywords  Aerosol optical depth · Aerosol direct radiative forcing · COVID-19 lockdown period · India · Remote sensing · 
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Introduction

Solar radiation is a fundamental source of energy on Earth 
which is crucial for supporting the life and it drives many 
of the Earth’s natural systems, including weather pat-
terns, ocean currents, and the water cycle. However, the 
human activities, such as the emission of aerosols into the 
atmosphere, have affected the quantity of solar radiation 
that reaches the surface. The scattering of solar radiation 
by aerosols can cause a reduction in the amount of direct 
sunlight that reaches the surface, while the absorption of 

radiation by aerosols can increase the amount of thermal 
energy in the atmosphere. This is one of the reasons why 
understanding the effect of aerosols on the Earth's climate 
is important. Human activities have the potential to alter 
the natural systems that sustain life on Earth by reducing 
the amount of solar radiation that reaches the surface (Liu 
et al., 2019, https://​ceres.​larc.​nasa.​gov/). In recent years, the 
number of anthropogenic aerosols in the atmosphere has 
increased significantly due to economic growth (Sarangi 
et al., 2016). These aerosols absorb and scatter the incoming 
solar radiation, which can alter the Earth's radiation budget 
(Mao & Wan, 2022). The impact of anthropogenic aerosols 
on solar radiation is of great importance because it affects 
the energy balance and hydrological cycle (Yang et al., 2018, 
Kumar et al., 2018; Sridhar et al., 2018; Valayamkunnath 
et al., 2018). Aerosols can influence the radiative flux at 
the Top Of the Atmosphere (TOA) and even more signifi-
cantly at the surface through precipitation, which can impact 
biological processes (Sridhar & Anderson, 2017; Sehgal & 
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Sridhar, 2019; Setti et al., 2020a, b). While aerosols are 
found globally, their forcing effects are typically regional 
due to changes in climate, transport mechanism, deep con-
vection etc. compared to the global forcing effects caused 
by greenhouse gases (GHGs) (Niyogi et al., 2007, Bellouin 
et al., 2020, Kumar et al., 2023).

The Aerosol Optical Depth (AOD) acts as a measure of 
extinction to solar radiation due to the absorption and scat-
tering of the aerosols. In recent times, space-borne earth 
observation satellites have been used to understand aero-
sol properties on a global scale such as Scanning Imaging 
Absorption Spectrometer for Atmospheric Cartography 
(SCIAMACHY), Ozone Monitoring Instrument (OMI), 
Along Track Scanning Radiometer (ATSR), Multiangle 
Imaging Spectroradiometer (MISR), Total Ozone Mapping 
Spectrometer (TOMS), Advanced Very High Resolution 
Radiometer (AVHRR), Moderate Resolution Imaging Spec-
tro-radiometer (MODIS), UVN (UV–VISNIR) Spectrometer 
and Visible Infrared Imaging Radiometer Suite (VIIRS). The 
studies conducted on AOD obtained from most of the men-
tioned satellites have resulted in a reduction of AOD during 
the lockdown of 2020 in India (Rani et al., 2022).

The ADRF is a measurement utilized to comprehend the 
impact of cooling or warming up of the atmosphere directly 
by aerosols. The global radiative forcing due to aerosols has 
been negative over the past few decades. The presence of 
scattering aerosols leads to a reduction in the temperature 
of the planet by reflecting incoming solar radiation back 
into space while the absorbing aerosols tend to increase the 
temperature by absorbing the solar radiation. This is dif-
ferent from greenhouse gases, which traps the heat in the 
atmosphere and leads to an increase in temperature. The 
magnitude of the radiative forcing due to aerosols is still 
uncertain and under investigation (Shonk et  al., 2020). 
The most widely used method for estimating ADRF is to 
incorporate parameters from Moderate Resolution Imaging 
Spectrometer (MODIS), Clouds and Earth’s Radiant Energy 
System (CERES) in Santa Barbara DISORT Atmospheric 
Radiative Transfer (SBDART) model. The estimates of the 
net radiative forcing due to aerosols are uncertain because 
of various factors that influence how aerosols interact with 
incoming solar radiation (Pandey et al., 2020, Mao & Wan, 
2022). The heterogeneity of aerosol distribution can lead 
to spatio-temporal variations in radiative effects across dif-
ferent locations. The distribution of aerosols with altitude 
can also affect how much solar radiation they intercept and 
reflect. Additionally, different aerosol species have differ-
ent optical properties, and their relative contributions to the 
ADRF affects the overall net radiative forcing. These fac-
tors can all lead to uncertainties in the estimates of the net 
radiative forcing due to aerosols (Subba et al., 2020). To 
improve the reliability of ADRF estimates, researchers have 
combined model studies in-situ measurements and remote 

sensing observations (Paulot et al., 2018; Putaud et al., 2014; 
Zhang et al., 2005). ADRF has been found to increase by 
0.7–1 W/m2 in Western Europe and 0.9–1.4 W/m2 in Eastern 
America. However, a decrease of 1–1.6 W/m2 in ADRF has 
been observed in India over the period of 2001–2015 (Paulot 
et al., 2018).

Modeling research has shown that the temperature tends 
to decrease when there are aerosols in the atmosphere (Wang 
et al., 2017). However, the type of aerosol can change the 
cooling and warming pattern of an area. The emissions of 
black carbon leads to the absorption of radiation and a rise 
in the temperature which in turn results in the annihilation 
of clouds. The scattering of radiation results in the radiative 
cooling of the atmosphere. The impact of aerosols on the 
Earth's climate can be particularly pronounced in regions 
with high emissions of sea-salt aerosols. Accurate evaluation 
of the radiative forcing resulting from aerosols and its influ-
ence on Earth's climate is crucial (Jaksa et al., 2013; Lopez 
et al., 2021, Rosenfield et al., 2008, Sridhar & Wedin, 2009, 
Yu et al., 2006).

Corona Virus Disease (COVID-19) is an infectious dis-
ease caused by the Severe Acute Respiratory Syndrome 
Corona Virus 2 (SARS-CoV-2) (Gauda et al., 2022). The 
disease's global spread in late 2019, originating in China, 
has resulted in a catastrophic loss of human life. The World 
Health Organization (WHO) declared COVID-19 a pan-
demic on March 12, 2020, leading many countries to impose 
restrictions on industrial activities and human movement. 
The Indian government implemented a nationwide shutdown 
on March 24, 2020, resulting in a lockdown from March to 
May 2020. Moreover, the lockdown has resulted in pris-
tine sky conditions in many parts of the world, providing 
researchers with an opportunity to study air quality and its 
impact on climate variables (Thomas et al., 2021; Thomas 
et al., 2022).

Researchers worldwide have investigated the impact of 
the lockdown on various atmospheric parameters across 
regions, including South Asia (Li & Tartarini, 2020; Navinya 
et al., 2020, Sahu et al., 2022), Europe (Tobias et al., 2020), 
North and South America (Zalakeviciute et al., 2020). Stud-
ies have shown that the air quality has improved significantly 
due to industrial and vehicular restrictions. The presence and 
quantity of aerosols in the atmosphere play a crucial role in 
understanding air quality.

Previous studies were performed to know the effect of 
aerosols on the radiative budget has been studied under clear 
sky conditions (Subba et al., 2020, Thomas et al., 2021). The 
objective of this study is to evaluate the impact of aerosols 
on radiation at the top of the atmosphere, the surface, and in 
the atmosphere, under all sky conditions. Furthermore, as 
noted by Rani and Kumar (2022) and Gauda et al. (2022), 
there has been a dearth of research examining the impact on 
air temperature resulting from alterations in aerosol levels 
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during the lockdown period in India. The longwave fluxes 
without aerosols are not available from MERRA-2 data. 
They are estimated by the factored method as coined by the 
authors. The uniqueness of this paper lies in the computa-
tion of ADRF in all-sky conditions by utilizing the acces-
sible and estimated fluxes. The trend in ADRF in the atmos-
phere is studied using the non-parametric Mann–Kendall 
test for the time period of 2015–2019. The Aerosol Optical 
Depth, ADRF, and mean temperature are evaluated from 
2015–2020. The spatial distribution of these parameters in 
2020 is compared to the average of 2015–2019 for three 
analysis periods in order to understand the direct effect of 
the COVID-19 lockdown on the spread of aerosols and the 
indirect impact on temperature through changes in ADRF.

Study Area

The current study focuses on the Peninsular Indian region, 
which consists of nine states: Maharashtra, Orissa, Chhat-
tisgarh, Goa, Andhra Pradesh, Telangana, Karnataka, 
Tamil Nadu, and Kerala. Recent research indicates that 
the concentration of aerosols in the atmosphere has 

grown, delaying the start of the south-west monsoon sea-
son, which is a significant source of rainfall in the area 
(Sarangi et al., 2016, Niyogi et al., 2007). Agriculture is 
the primary economic source in this region, while income 
from small and medium scale industries is the second-
ary source of livelihood for many people. The terrestrial 
region of Peninsular India considered for the study has 
an area of 1239 lakh ha. Nearly, 40% of India’s popu-
lation lives in the chosen study area. The area is bound 
by the Indian Ocean to the South, the Bay of Bengal to 
the East,  the Arabian Sea to the West, Vindhya and Sat-
pura region to the North. The geography of the study area 
comprises the Deccan Plateau, Western and Eastern Ghats.

Previous research has largely focused on the Himalayan 
region and central India when studying Aerosol-Radia-
tion Interactions (ARI). This study aims to understand the 
phenomenon in a different, terrestrial region with varying 
climates, and to assess the effect of ARI on the region. 
The climatic zones according to Koppen's Classification 
for the study area are Tropical Savanna climate (Aw), 
Monsoon climate (Am), Warm Semi-arid climate (BSh), 
Humid Subtropical climate (Cwa) and Subtropical Oceanic 
Highland climate (Cwb) (Fig. 1).

Fig. 1   Location map of study area with Koppen’s climate zones
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Data

The data used in this study was a combination of satellite, 
model re-analysis Aerosol Optical Depth (AOD) data and 
Indian Meteorological Department (IMD) gridded temper-
ature data. AOD data is collected daily by MODIS (Mod-
erate Resolution Imaging Spectroradiometer) onboard with 
Terra and Aqua satellites which is monitored by NASA. 
The Terra satellite collects data at 10:30 local hours, 
and the Aqua satellite collects data at 13:30 local hours. 
(https://​modis.​gsfc.​nasa.​gov). The MODIS data uses the 
Dark Target algorithm and the Look Up Table procedure 
to estimate the spectral information of aerosols over land 
surfaces in the visible wavelength region at a spatial reso-
lution of 10 km. The calculation of Aerosol Optical Depth 
(AOD) from satellite radiances involves using the Ang-
strom exponential law, which is a mathematical relation-
ship between the AOD and the scattering properties of 
aerosols. The AOD at 550 nm is determined by using the 
sensor's input of the radiation flux recorded at 470 and 
670 nm wavelengths from MODIS. The uncertainty in the 
retrieval of MODIS AOD over the land is ± 0.05 ± 0.15 τ 
(Remer et al., 2005) where τ is AOD at 550 nm. The high 
spatial resolution allows for a detailed assessment of the 
distribution of aerosols over the Earth's surface (Kotrike 
et al., 2021), which is essential for understanding the aero-
sol radiative forcing and its impact on the Earth's climate.

The Modern-Era Retrospective analysis for Research 
and Applications (MERRA-2) is a NASA’s atmospheric 
reanalysis that provides a long-term, consistent, and 
high-resolution dataset of various atmospheric variables, 
including radiation fluxes. The MERRA-2 reanalysis has 
been upgraded using the Goddard Earth Observing Sys-
tem Model, (GEOS-5) Version 5 data assimilation system. 
This improved the accuracy and resolution of the dataset 
(Rienecker et al., 2011). The MERRA-2 dataset is widely 
used in a variety of research fields, including climate stud-
ies, weather forecasting, and air quality assessments. The 
radiation fluxes obtained from the MERRA-2 reanalysis 
provide a comprehensive view of the energy balanced in 
the atmosphere and the surface and can be used to better 
understand the impacts of human activities and climate 
change on atmospheric temperature and radiation fluxes. 
The use of the MERRA-2 dataset in this study provides 
a valuable source of information for understanding the 
relationship between the aerosol optical depth and radia-
tion fluxes. The net shortwave and longwave fluxes can be 
found in the M2T1NXRAD_5.12.4 data set of MERRA-
2, and are available at a resolution of 0.5° × 0.625°. The 
uncertainty in the flux estimates of MERRA-2 is in the 
range of 4–6% (Buchard et al., 2017).

Indian Meteorological Department (IMD) Gridded 
Temperature Data

High-resolution temperature datasets allow for the analy-
sis of extreme climate conditions from the past. One such 
dataset is provided by the Indian Meteorological Depart-
ment (IMD) located in Pune, India. The IMD operates 550 
observatories where daily maximum and minimum surface 
air observations are recorded. These observations are then 
processed using Shepard's angular distance weighing algo-
rithm and converted into 1° × 1° gridded locations. The IMD 
currently offers data from 1969 to 2020 (Srivatsava et al., 
2009).

Methodology

The methodology adopted in this study is illustrated in 
Fig. 2. The initial step is to calculate the ADRF at the Top 
of the Atmosphere (ADRFTOA), at the Surface (ADRFSUR), 
and in the atmosphere (ADRFATM) using MERRA-2 radia-
tion flux data under all-sky conditions. The second step is 
to analyze the trend in ADRF over the period of 2015–2019 
using the Mann–Kendall analysis method. The third step is 
to compare the averaged observations against the COVID 
impacted year i.e. 2020. Three analysis periods are con-
sidered for the study namely Period 1 (January 1 to March 
23) which is pre-lockdown in 2020, Period 2 (March 24 to 
May 31) which is lockdown in 2020 and Period 3 (June 1 
to August 31) which is post-lockdown in 2020. The average 
of observations (AOD, ADRF, Temperature) for the dura-
tion of 2015–2019 over the abovementioned three analysis 
periods is calculated. The comparison of averaged observa-
tions for the three analysis periods with the corresponding 
three analysis periods of 2020 is performed to understand 
the influence of AOD on radiation budget. The final step is to 
assess the effect of AOD on temperature for each Koppen's 
climatic zone in the study area for the three analysis periods.

Calculation of Aerosol Direct Radiative Forcing 
(ADRF)

The ADRF (Aerosol Direct Radiative Forcing) calcula-
tion requires several parameters, including the Surface 
Net Downward Shortwave Flux (SWGNT), the Surface 
Net Downward Shortwave Flux assuming no aerosol 
(SWGNTCLN), the Surface Net Downward Longwave 
Flux (LWGNT), the Surface Net Downward Longwave 
Flux assuming no aerosol (LWGNTCLN), the TOA Net 
Downward Shortwave Flux (SWTNT), the TOA Net 
Downward Shortwave Flux assuming no aerosol (SWTNT-
CLN), the Upwelling Longwave Flux at TOA (LWTUP), 
and the Upwelling Longwave Flux at TOA assuming no 

https://modis.gsfc.nasa.gov
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aerosol (LWTUPCLN). While six of these parameters can 
be directly obtained from MERRA-2, the LWGNTCLN 
and LWTUPCLN need to be calculated. The following 
equations are generally used to calculate the ADRF at 
the surface (Eq. 1) and at TOA (Eq. 2).

The atmospheric ADRF (ADRFATM) is calculated by 
subtracting the ADRF at the surface from the ADRF at 
the top of the atmosphere (TOA). According to stand-
ard conventions, a positive ADRFATM warms the atmos-
phere while a negative ADRFATM cools it. The current 
study aims to determine the missing parameters using two 
methods: the factored method and the difference method. 
The factored method involves dividing SWGNTCLN by 
SWGNT to obtain a factor, which is then used to calculate 
LWGNTCLN using Eq. (3). The difference method, on the 
other hand, uses the difference between SWGNTCLN and 
SWGNT to calculate LWGNTCLN using Eq. (4).

Five grid points, one in each climate zone of the study 
area are considered. The grid points chosen are Goa falls 
in Am, Nanded falls in Aw, Hyderabad falls in BSh, Raipur 
falls in Cwa, and Coimbatore falls in Cwb climate zones. 
The time series of long wave flux data of 2019, calcu-
lated using both the factored and difference methods was 
plotted.

(1)
ADRFSUR = (SWGNT + LWGNT) − (SWGNTCLN + LWGNTCLN)

(2)
ADRFTOA = (SWTNT + LWTUP) − (SWTNTCLN + LWTUPCLN)

(3)LWGNTCLN_f =
SWGNTCLN

SWGNT
∗ LWGNT

(4)LWGNTCLN_d = SWGNTCLN − SWGNT + LWGNT

Trend in ADRF

The non-parametric Mann–Kendall test is a widely used sta-
tistical method for analyzing trends in time series data. The 
test is used to determine if there is a monotonic trend in the 
data, without making any assumptions about the underlying 
distribution of the data. The test first calculates the S statistic 
shown in Eq. 5 (Mann, 1945, Kendall, 1975), which repre-
sents the sum of the differences between the data points, and 
then uses this value to calculate the p-value, which repre-
sents the significance of the trend.

In this equation, xb represents the observed value at time 
b, while xa represents the observed value at time a. It is 
important to note that a should be less than b, and n repre-
sents the total amount of data points in the set. The sign of 
the value is determined according to Eq. 6, as proposed by 
Mann (1945) and Kendall (1975).

The test's multiple trials showed that the S statistic fol-
lows a normal distribution with a mean equal to Eq. 7 and 
a variance equal to Eq. 8 when the number of samples are 
greater than 8. (Mann, 1945, Kendall, 1975).

(5)S =

n−1∑
a=1

n∑
b=a+1

sgn(xb − xa)

(6)sgn
�
xb − xa

�
=

⎧
⎪⎨⎪⎩

1if
�
xb − xa

�
> 0

0if
�
xb − xa

�
= 0

−1if
�
xb − xa

�
< 0

(7)E(S) = 0

Fig. 2   Methodology for assess-
ing the effect of AOD on radia-
tion budget and temperature
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where i indicates the number of measurements, r indicates 
the number of groups of data points with the same value in 
the time series data and the value of t represents the number 
of data points with the same value in the pth group. The Z 
score is used to check the statistical significance of S. The 
Z statistic follows a normal distribution with zero mean and 
unit variance as shown in Eq. (9) (Chakraborty et al., 2011).

The Mann–Kendall method is used to test whether there 
is a trend in a set of data. The hypothesis that there is no 
trend is denoted as null hypothesis H0 whereas the hypoth-
esis that there is presence of trend is considered as alterna-
tive hypothesis Hi. The null hypothesis is rejected based on 
the two-tailed test. The Z test statistic value is used to test 
H0. If Z is negative, it indicates a decreasing trend, and if 
it is positive, it indicates an increasing trend. In this study, 
the hypothesis is tested at a confidence level of 95%. The 
slope of the trend in dataset is calculated by linear regres-
sion method. The magnitude of the change in the ADRF 
data is also determined using Sen's method, which offers 
insight into the data's rate of change over time. Since the 
Mann–Kendall method does not assume any underlying dis-
tribution for the data, it can be applied to the assessment of a 
broad variety of time series data. In this study, the magnitude 
of the trend in time series data is estimated using Eq. 10.

The present study incorporates the Mann–Kendall test to 
test the trend of Qi, which is the slope between data points 
xb and xa. The test was performed using the spatialEco and 
raster packages in R software (Evans et al., 2019).

Effect of Aerosols on Temperature

To understand the impact of aerosols on the Earth's radiation 
budget, the changes in temperature due to the presence of 
aerosols is analysed for each climate zone in the study area. 
The annual mean temperature and the annual average daily 
radiation flux for the year 2020 and the average of the years 
2015–2019 are calculated for the study area. The comparison 
is then made between the year 2020, which was impacted 
by the COVID-19 pandemic, and the average of the years 
2015–2019 over three analysis periods.

(8)Var(S) ==
n(n − 1)(2n + 5) −

∑r

i=1
tp
�
tp − 1

�
(2tp + 5)

18

(9)Z =

⎧
⎪⎨⎪⎩

s−1√
var(s)

;S > 0

0;S = 0
s+1√
var(s)

;S < 0

(10)Qi =
xb − xa

(b − a)

The methodology discussed in Sect. "Methodology" was 
applied to the study area chosen for the research. The results 
obtained are discussed as follows.

Results and Discussions

Calculation of ADRF

The estimated ADRF time series plot for all five grid 
points is depicted in Fig. 3. The flux is higher in most of 
the monsoon and post-monsoon seasons for all the five 
chosen grid points in the study area. This might be due 
to the accumulation of aerosols under favourable condi-
tions of atmosphere during these seasons (Mohanty et al., 
2002). The overall flux in the year 2019 ranged from − 200 
W/m2 to 100 W/m2. It can be seen that the LWGNTCLN 
calculated using the factored method follows a similar pat-
tern to that of the LWGNT. The location of peaks and dips 
in LWGNTCLN exactly matches that of LWGNT in all 
the grid points. However, while the peaks and dips of the 
LWGNTCLN calculated using the difference method align 
with those of the LWGNT, the disparity in the amount 
of flux appears to be significant (Fawole et al., 2019). 
The data for the grid points from the five different cli-
mate zones show a resemblance in their time series plots. 
The LWGNT for Goa (Fig. 3a) is in the range of − 180 to 
− 9.5 W/m2. The LWGNTCLN by factored and difference 
method for Goa is in the range of − 135 to − 21 W/m2 and 
− 188 to 115 W/m2, respectively. The minimum value of 
LWGNTCLN_d is close to LWGNT, whereas the maxi-
mum value is higher than that of LWGNT. The LWGNT, 
LWGNTCLN_f, and LWGNTCLN_d for Nanded (Fig. 3b) 
are between − 153 to − 25, − 254 to − 10, and − 175 to 
101 W/m2, respectively. From Fig. 3b, it is evident that 
the occurrence of the dip matches for LWGNTCLN_f, but 
the values at those particular locations are lower than that 
of LWGNT. On the other hand, the values at peaks are 
near to that of LWGNT. The LWGNT, LWGNTCLN_f, 
and LWGNTCLN_d for Hyderabad (Fig. 3c) are between 
− 138 to − 24, − 282 to − 9, and − 178 to 94 W/m2, respec-
tively. Although the pattern of LWGNTCLN_d matches 
that of the LWGNT, the flux values appear to be higher, 
and the distribution is vague when compared to that of 
the LWGNT. The values at dips are on a higher note for 
LWGNTCLN_f, but they are on par at peaks with respect 
to the LWGNT. The LWGNT, LWGNTCLN_f, and 
LWGNTCLN_d for Raipur (Fig. 3d) are between − 150 to 
− 20, − 196 to − 7, and − 173 to 102 W/m2, respectively. 
The pattern and distribution are the same as those of the 
other three locations. The LWGNT, LWGNTCLN_f, and 
LWGNTCLN_d for Coimbatore (Fig. 3e) are between 
− 127 to − 25, − 165 to − 14, and − 164 to 95 W/m2, 
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Fig. 3   Time series plot of 
LWGNT, LWGNTCLN_f, 
LWGNTCLN_d for a Goa, b 
Nanded, c Hyderabad, d Raipur, 
e Coimbatore for the year 2019
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respectively. The values at dip locations are lower for 
LWGNTCLN_f and LWGNTCLN_d, but the values of 
LWGNTCLN_f at peak locations are on par with LWGNT 
and that of LWGNTCLN_d are higher. On the whole, it 
can be said that LWGNTCLN obtained by the factored 
method appears to be in consonance with LWGNT.

Trend in ADRF

Over the period of 2015–2019, the trend in ADRF in 
the atmosphere was calculated using the non-parametric 
Mann–Kendall test as described in Sect. 3.2. The IPCC 
2013 report concentrates on the reduction in anthropo-
genic emissions (Woodward et al., 2014). Most of the 
countries have deployed the suggested measures to reduce 
the emissions. The reduction in emissions generally leads 
to a reduction in the absorption and scattering of radiation 
which in turn is related to ADRF. Therefore, the trend in 
ADRF is calculated for 2015–2019 after the implementa-
tion of measures to reduce the anthropogenic emissions. 
The magnitude of the trend at a 5% significance level was 
then determined using the Sen's slope formula, which 
divides the magnitude into four classes: very low positive 
change, low positive change, moderate change, and high 
change. Most of the study area exhibited a low positive 
change in ADRF as shown in Table 1 for the different 
climatic zones. The areas experiencing very low positive 
change and high change were roughly equal in the tropi-
cal monsoon (Am) climate zone. This may be due to the 
sea-salt emissions from coastal region in different seasons 
of a year. The trend in ADRF during 2015–2019 in the 
tropical savanna (Aw) climate region showed a very low 
positive change, followed by moderate and high changes. 
The area with high change is more in Aw. This might be 
due to the industrial emissions in that time period. The 
humid subtropical climate (Cwa) exhibited low and mod-
erate positive changes significantly. The subtropical oce-
anic highland climate (cwb) region showed only a very 

low positive change in the trend. The trend in ADRF is 
depicted in Fig. 4.

Variations in AOD, ADRF, and Temperature During 
Pre‑Lockdown, Lockdown, and Post‑Lockdown 
Periods

The variations in AOD, ADRF, and temperature for the 
period of 2015–2020 over the three analysis periods are 
shown in Fig. 5. The error bar in the figure represents the 
standard error in the parameter considered during that 
particular period of each year. The AOD in all three anal-
ysis periods was found to be maximum in the year 2018 
(0.425, 0.449, and 0.526) (Fig. 5a). This might be due to 
an increase in the emissions that are entrapped in the column 
of the atmosphere. The average AOD during 2015–2019 in 
Period 1 was ~ 0.7, while it was ~ 0.6 in the year 2020. The 
AOD in the Period 2 of the year 2020 also decreased by ~ 0.1 
compared to the average of the past five years (2015–2019). 
On the contrary, a significant increase of about ~ 0.8 was 
seen in the Period 3 of the year 2020 when compared to the 
mean of the period 2015–2019. Similar observations were 
recorded by Pandey et al. (2020).

Figure 5b corresponds to the variation of ADRF over the 
period 2015–2020. The ADRF in the months of January 

Table 1   Area of significant change in ADRF for each climate zone 
(in lakh hectares)

Climate zone Change in ADRF

Very low 
positive 
change

Low 
positive 
change

Moderate 
change

High change

Am 13.42 41.30 19.07 13.90
Aw 104.28 328.26 97.67 33.73
BSh 64.50 166.00 38.72 –
Cwa 9.78 74.66 49.16 0.67
Cwb 39.78 2.20

Fig. 4   Spatial distribution of trend in ADRF
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to March of the years 2016, 2017, and 2020 was almost 
the same and had low values. The period March–May of 
2017 (which is the lockdown period in 2020) has seen a 
lower ADRF of − 2.49 W/m2, while the highest was in 
the year 2020 with a value of − 1.09 W/m2. This may be 
due to the higher amount of radiation reaching the Earth’s 
surface, which results in higher radiative forcing in the 
atmosphere. The Period 3 of the year 2020 witnessed a 
higher ADRF of 2.34 W/m2, which is close to that seen in 
the year 2018 (2.39 W/m2). The Period 3 has seen a posi-
tive ADRF which is in accordance to the increase in AOD 
over the same time scale (Subba et al., 2020).

Figure 5c shows the variation of temperature over the 
period 2015–2020. The temperature (25.96  °C) in the 
period of January 1 to March 23 of 2016 (which is the 
pre-lockdown period of 2020) was found to be the highest. 
In the year 2019, the temperature in the periods March 24 
to May 31 (lockdown period in the year 2020) and June 
1 to August 31 (post-lockdown period in the year 2020) 
was 31.85 °C and 28.49 °C, respectively. These were the 
highest values over a period of 2015–2020. The tempera-
ture was minimum in all three analysis periods of 2020 
when compared to the past five-year data. This is in good 
agreement with the annual report of 2020 provided by the 

Fig. 5   Variation of parameters 
over the duration of 2015–2020 
in three analysis periods a 
AOD, b ADRF, c Temperature 
(Error bar represents standard 
error in the parameter consid-
ered during analysis period of 
each year)
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Indian Meteorological Department (https://​mausam.​imd.​
gov.​in).

COVID‑19 Lockdown: Pristine Situation

The COVID-19 pandemic that began at the end of 2019 has 
led to a complete shutdown of industrial and human activi-
ties in India from March 24, 2020 to May 31, 2020. During 
this time, there was a notable decrease in the accumulation 
of aerosols in the atmosphere worldwide (Muhammad, et al., 
2020; Singh & Chauhan, 2020). This decrease was also seen 
in satellite data from MODIS. To understand the impact of 
aerosols on temperature in a normal situation, the average 
of all variables for each of the three analysis periods during 
2015–2019 were also analyzed.

Spatial Distribution of AOD in the Atmosphere

The spatial distribution of aerosol optical depth (AOD) in 
the study area is shown in Fig. 6. According to research 
conducted by Thomas et al. (2021), the aerosol loading has 
decreased during the lockdown period in the study area. In 
fact, about 56% of the study area saw a decrease in AOD 
during the pre-lockdown period of 2020 compared to the 
average from 2015–2019. This decrease in AOD was upto 
0.43, while the increase fluctuated from 0 to 0.48 which is in 
accordance with the results exhibited by Rani et al. (2022). 
The majority of the decrease was observed in the tropical 
monsoon (Am) region covering Goa and the humid subtropi-
cal region (Cwa) covering cities like Chennai and Bengal-
uru. On the other hand, the increase was predominantly seen 
in and around cities such as Pune and Mumbai belonging to 

Fig. 6   Spatial distribution of AOD for a Period 1, b Period 2, c Period 3 (Left: average of 2015–2019, Middle: 2020, Right: Change)

https://mausam.imd.gov.in
https://mausam.imd.gov.in
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the tropical savanna region (Aw) and Hyderabad belonging 
to the warm semi-arid region (BSh).

During the Period 2, the spatial distribution of AOD 
shows that 15% of the area had an increase in AOD was 
upto 0.43, primarily in the subtropical oceanic highland cli-
mate region (Cwb) which is in accordance with the results 
given by Gaouda et al. (2022). The decrease in AOD was 
distributed in the tropical savanna (Aw) regions, which 
includes metropolitan cities like Chennai, Mumbai, and 
Bengaluru and warm semi-arid climate region (BSh) which 
is predominant in city like Hyderabad. In the Period 3, there 
was a decrease in AOD that stretched from 0 to 0.72, while 
the increase ranged from 0 to 1.35. The distribution indi-
cates that the decrease was observed in parts of the tropical 
savanna (Aw) region with metropolitan cities like Chennai, 
Bengaluru and Mumbai, while the increase was seen in parts 
of the humid subtropical climate region (Cwb).

Spatial Distribution of ADRF in the Atmosphere

The reduction in aerosol loading has resulted in a down-
fall in ADRF in the atmosphere (Thomas et  al. 2021, 
Subba et al., 2020). The ADRF in the atmosphere for the 
year 2015 was − 1.5 ± 0.006 W/m2, and in 2019, it was 
− 1.42 ± 0.005 W/m2. Over a period of five years, there has 
been an atmospheric warming of 0.08 ± 0.001 W/m2, which 
is in accordance with Rutan et al. (2015). The ADRF in 
Period 1 for the year 2015 was − 3.64 ± 0.007 W/m2, and 
in 2019, it was − 4.10 ± 0.008 W/m2. However, the aver-
age ADRF (2015–2019) for pre-lockdown lies closer to that 
of 2019 with a value of − 4.06 ± 0.009 W/m2. The ADRF 
was lower in most of the Aw region and high in the BSh 
region (Fig. 6). The ADRF in the atmosphere during the 
Period 2 for the year 2015 was − 1.74 ± 0.009 W/m2, and 
in 2019, it was − 2.09 ± 0.006 W/m2. The ADRF was low 
in the northern parts of warm semi-arid (BSh) and high in 
the southern parts of the warm semi-arid (BSh) region in 
the study area. Atmospheric warming is observed in the 
Period 3 with 1.74 ± 0.004 W/m2 (2015) and 1.97 ± 0.003 
W/m2 (2019). The average ADRF in Period 3 is found to be 
1.98 ± 0.007 W/m2. The spatial distribution shows that the 
lower values are towards the tropical monsoon (Am) and 
sub-tropical oceanic highland (Cwb) regions, while higher 
values are in the warm semi-arid (BSh) and tropical savanna 
(Aw) climate regions. The distribution might be attributed to 
the occurrence of monsoon precipitation and the trapping up 
of heat due to the dispersion of clouds without precipitation 
(Das et al., 2015, Cheng et al., 2017). The ADRF during the 
three analysis periods of 2020 is found to be − 4.41 ± 0.06, 
− 1.09 ± 0.04, and 2.34 ± 0.02 W/m2, respectively. It is 
observed to have an atmospheric warming of approximately 
0.4 W/m2 in the Period 3 of 2020 compared to the average 
of 2015–2019 which is in accordance with Srivastava et al. 

(2021) and Thomas et al. (2022). This may be due to the 
dilution of aerosols in the atmosphere or the excess forma-
tion of cloud condensation nuclei.

According to Fig. 7, nearly 74% of the study area expe-
rienced a decrease in ADRF during the Period 1 of 2020 
compared to the average of 2015–2019. The decrease in 
ADRF ranged from 0 to 1.7 W/m2, while the increase in the 
remaining 26% of the study area ranged from 0 to 0.83 W/
m2. The decrease was more prominent in tropical savanna 
(Aw) and in warm semi-arid (BSh) regions. In contrast, the 
increase was seen in humid regions and a part of the tropical 
monsoon region. However, the situation changed drastically 
during the Period 2. Almost 98% of the study area showed an 
increase in ADRF during the lockdown of 2020 compared 
to the average of 2015–2019. The rise in ADRF fluctuated 
between 0 and 2.32 W/m2, while the fall fluctuated between 
0 and 0.23 W/m2. The spatial distribution of ADRF shows 
that the increase was distributed across all five climate zones 
of the study area, but the decrease was concentrated only 
in the coastal part of the tropical savanna region. A part 
of the fall was also distributed to the humid subtropical 
region. During the Period 3, nearly 93% of the study area 
experienced an increase in ADRF ranging from 0 to 1.21 
W/m2, while the remaining part saw a decrease in ADRF 
ranging from 0 to 0.21 W/m2. The reduction in ADRF was 
seen in most of the western and eastern ghats, while the 
increase was seen in the landlocked part of the study area. 
The decrease in the coastal parts of the tropical monsoon 
and savanna regions might be attributed to the onset of the 
south-west monsoon season.

Spatial Distribution of Temperature in the Atmosphere

Theoretically, temperature is supposed to follow the trend 
of ADRF. The average temperature in the Period 1 of 2019 
in the study area was 25.20 ± 0.005 °C, which is higher than 
that of 2015 (24.34 ± 0.006 °C). The increase in temperature 
during the Period 2 between 2015 and 2019 was ~ 1.3 °C, 
which is contrary to the context of ADRF. From the analysis, 
ADRF during the abovementioned two periods was found to 
result in the cooling of the atmosphere, but the temperature 
did not follow the pattern of ADRF (Irfan et al., 2022). This 
might be due to the formation of aerosol nuclei that support 
cloud formation and precipitation. There was a minimum 
uplift of temperature of the order of ~ 0.15 °C correspond-
ing to an increase in ADRF of ~ 0.35W/m2 in the Period 3 of 
2019 compared to 2015. The overall temperature was found 
to increase by 0.43 °C with respect to a change in ADRF 
by ~ 0.08W/m2 in 2019 against the dataset of 2015.

The decline in temperature by ~ 0.6 °C is in accordance 
with the decrease in ADRF in the Period 1 of 2020 com-
pared to the average of 2015–2019. The temperature in the 
Period 2 was 31.40 ± 0.009 °C and 30.77 ± 0.009 °C for 
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the average of 2015–2019 and 2020, respectively. It shows 
a decrease of 0.63 °C, which is contrary to the pattern of 
ADRF. The Period 3 of 2020 witnessed a mild decrease 
in temperature by ~ 0.50 °C compared against the average 
of 2015–2019. On the contrary, ADRF was found to esca-
late in the same period. The overall temperature in 2020 
was 26.64 ± 0.004 °C and in the average of 2015–2019 was 
27.02 ± 0.008 °C. There was a mild reduction in overall tem-
perature in 2020 which might be attributed to the lockdown 
restrictions due to the COVID-19 pandemic (Meraj et al., 
2021). However, the ADRF was found to uplift by ~ 1.3W/
m2 in 2020 compared against the average of 2015–2019. 
This might be due to the entrapment of aerosols in the upper 
layers of the atmosphere.

During the Period 1, about 56.7% of the study area expe-
rienced a decrease in temperature in 2020 compared to the 

average of 2015–2019 (Fig. 8). The decrease ranged from 
0 to 4.8 °C, while the increase in the rest of the study area 
ranged from 0 to 4.04 °C. The decrease was most prominent 
in Mumbai and Bengaluru that falls in the tropical savanna 
(Aw) region, as well as a part of the warm semi-arid (BSh) 
region covering Hyderabad and the humid subtropical 
(Cwa) region. Nearly, 73% of the study area experienced a 
decline in temperature during Period 2 in 2020 compared to 
the average of 2015–2019, with a range of 0–4.38 °C. The 
remaining part of the study area saw an increase in tem-
perature ranging from 0 to 3.64 °C. The increase was most 
prominent in the warm semi-arid region around Hyderabad 
and in Goa that falls in the tropical monsoon (Am) region. 
Meanwhile, the decrease was most prominent in the tropical 
savanna (Aw) region, as well as a part of the humid sub-
tropical (Cwa) region. During the Period 3, a decrease in 

Fig. 7   Spatial distribution of ADRF in the atmosphere for a Period 1, b Period 2, c Period 3 (Left: Average of 2015–2019, Middle: 2020, Right: 
Change)
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temperature was observed in 85% of the study area, mainly 
in the tropical savanna (Aw) and humid subtropical (Cwa) 
regions. The temperature decrease ranged from 0 to 2.51 °C, 
while the increase in the 15% of the study area ranged from 
0 to 3.26 °C. The increase was seen in parts of the tropical 
monsoon (Am) region, the tropical savanna (Aw) region, and 
the warm semi-arid (BSh) region.

Conclusions

This study explores the changes in mean temperature due 
to aerosols in peninsular India over three different analysis 
periods. The study calculates the ADRF using the proposed 
factored method and data from the MERRA-2 radiation 
diagnostics. The Mann–Kendall trend analysis was used to 
investigate the trend of ADRF over time, and it was found 

that ADRF increased from 2015 to 2019, with the highest 
increase observed in the tropical savanna and warm semi-
arid climate regions.

To examine the effect of AOD on temperature, the study 
analysed the variables for the three analysis periods in 2020 
and compared them to the average values from 2015 to 
2019. The findings showed that during the pre-lockdown 
phase, AOD, ADRF, and mean temperature reduced, with 
the tropical savanna region experiencing the biggest decline. 
This indicates that aerosols have a cooling effect on the 
atmosphere.

However, the Period 2 of 2020 has witnessed a decrease 
in AOD and mean temperature while ADRF increased 
in most of the study area. The increase in ADRF may be 
attributed to energy being trapped in the upper layers of the 
atmosphere. The same pattern was observed in the Period 3. 
These findings suggest that the relationship between AOD 

Fig. 8   Spatial distribution of mean temperature for a Period 1, b Period 2, c Period 3 (Left: Avg of 2015–2019, Middle: 2020, Right: Change)
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and other climate variables in peninsular India can impact 
weather processes and the onset of the south-west monsoon 
(Sarangi et al., 2016, Niyogi et al., 2007). This analysis can 
also be extended to examine the increase in thunderstorms 
and precipitation after the lifting of restrictions in the study 
area.

In conclusion, this study's findings provide valuable 
information on the effect of aerosols on temperature in 
peninsular India over different analysis periods. The study 
highlights the importance of understanding the relationship 
between aerosols and other climate variables, which can pro-
vide insights into the onset of the south-west monsoon and 
weather processes in the region. Further research in this area 
can help us to better understand and mitigate the impacts of 
climate change on the region.
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