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l variability of aerosols in radiative
forcing and Indian summer monsoon rainfall over
south Asia during ENSO events

Sakshi Sharma and Arun Chakraborty *

The analysis of seventeen years (2001–2017) of satellite and MERRA-2 model data products demonstrates

the influence of seasonal variability of aerosols on Indian summer monsoon rainfall and Aerosol Direct

Radiative Forcing (ADRF) at the Top of the Atmosphere (TOA) as well as at the Surface (SFC) during El-

Niño/Southern Oscillation (ENSO) events over South Asia. In order to understand the ENSO influence,

deviations were quantified from normal years to El-Niño (Edev) and La-Niña (Ldev) years. This study

investigated greater spatial variability of net ADRF at the TOA (−3 to +3 W m−2) and at the SFC (−5 to +6

W m−2) during the JJAS season during El-Niño years over northwest India, Himalayan region and central

India compared to La-Niña years. It is interesting to note that the magnitude of ADRF is highly variable

during the post-monsoon season at both the SFC and TOA. The radiative forcing at the SFC varies

significantly, more than (±) 10 times the mean during pre-monsoon season. An important observation is

the negligible deviation of radiative forcing (Ldev)at the TOA particularly in the post-monsoon season.

Moreover, this study also demonstrates and compares the seasonal variability of aerosols with radiative

forcing and their effect on summer monsoon rainfall quantification by using a statistical multiple

regression model.
Environmental signicance

This study investigated the inuence of seasonal variability of aerosols on Indian summer monsoon rainfall and Aerosol Direct Radiative Forcing (ADRF) at the
Top of the Atmosphere (TOA) and at the Surface (SFC) during El-Niño/Southern Oscillation (ENSO) events over South Asia. Based on our analysis, negligible
deviation of radiative forcing was observed at the TOA during the post-monsoon season. This study also focuses on the spatial variability of net ADRF at the TOA
(−3 to +3 W m−2) and at the SFC (−5 to +6 W m−2) during the JJAS season during El-Niño years over northwest India, Himalayan region and central India
compared to La-Niña years, which impacts monsoon rainfall.
1 Introduction

Recent studies have shown that the world's climate is changing
because of ozone-depleting gases, atmospheric aerosols,
changes in insolation and land surface properties.1 Aerosols
could directly inuence the Earth–atmospheric system's energy
balance through scattering and absorption of solar radiation2–4

and can indirectly implement changes in climatic conditions by
interacting with microphysical properties of clouds.5–11 In
addition, several studies have focused on long-term seasonal
and monthly aerosol variability in India and other parts of the
world.12–15 Fluctuations in temperature and radiative forcing
have been studied in relation to atmospheric aerosols.16–18

Periodic oscillations of natural and anthropogenic aerosols and
their modulations due to changes in meteorological parameters
such as winds, rainfall and relative humidity, and long-range
nd Sciences (CORAL), Indian Institute of

India. E-mail: arunc@coral.iitkgp.ac.in

34–1847
transport have been studied over 35 locations in India.19 The
effect of aerosols on the Earth's radiation budget has been
examined in many studies by calculating the radiative forcing at
top/bottom of the atmosphere and in the atmosphere.20–24

Several experimental studies have been carried out to under-
stand the sources of aerosols over the Indian sub-continent and
adjoining areas; the potential role of long-range transport; and
the impact of natural as well as anthropogenic aerosols such as
a mineral dust, black carbon, nitrates, sulfate and organic
aerosols on the Earth's radiative budget and forcing.25–29 Dumka
et al.30 analysed the latitudinal variation of aerosol optical
properties from the Indo-Gangetic Plains (IGP) to the central
Himalayas during the pre-monsoon season of 2008 and 2009
and observed signicant changes in columnar aerosol radiative
forcing and the columnar heating rate using a radiative transfer
model that incorporated vertical proles of aerosols; they also
noted large heterogeneity in aerosol radiative forcing and
heating rate at altitudes of about 2 to 4 km over the IGP and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Study region (5°N–45°N, 60°E−100°E).
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View Article Online
central Himalayan region which is an important indicator of the
regional climate change and Indian monsoon.

Aerosols are important indicators of changes in weather and
climate, which can directly or indirectly affect precipitation. In
view of this, Ruchith and Sivakumar31 clearly explained, with
supporting references, that aerosols inuence the balance
between insolation and terrestrial radiation through their direct
absorption and scattering, called “direct effect’’ or “direct
radiative forcing”.32 Several studies have been carried out to
characterise the properties and seasonal variability of aerosols
as well as their effects such as the aerosol radiative effect or
direct radiative forcing and efficiency over many parts of the
world. The role of local absorbing aerosols in modulating
Indian Summer Monsoon Rainfall (ISMR) has been studied
recently. Asutosh and Vinoj33 showed that mean summer
monsoon rainfall is observed over central India and IGP.
Strengthening of cyclonic circulation and an increase in
convective activity were noted over the Bay of Bengal under
a reduced dust scenario.34 Middey and Panjikkaran35 showed
a negative correlation between sulphate aerosol column mass
density and ISMR over central India using long term remote
sensing data. The effect of anthropogenic aerosols on the
evolution of ISMR has also been studied recently.36 Investiga-
tions on aerosol-El-Niño/Southern Oscillation (ENSO) interac-
tions by Kim et al.37 using the datasets of satellite aerosol
measurements and Modern-Era Retrospective Analysis for
Research and Applications (MERRA) reanalysis for the period
1979–2011 found a signicant relationship between ENSO and
aerosol concentration inducing variability in Indian summer
monsoon rainfall on seasonal-to-interannual scales. The vari-
ability in aerosol properties during ENSO phases was also
observed over the tropical Pacic region by using MODIS data
for the period 2000–2011.38 However, studies on aerosol–
© 2025 The Author(s). Published by the Royal Society of Chemistry
precipitation interactions during ENSO phases over South Asia
are limited. Moreover, the relationship between different aero-
sols and seasonal precipitation during ENSO phases over India
has not yet been studied. Investigation of variability in aerosol–
precipitation interactions during ENSO events is of profound
importance to understand the regional precipitation changes
over South Asia. Therefore, an attempt is made in this present
analysis to examine the seasonal variability of aerosols and their
possible inuence on aerosol direct radiative forcing (ADRF)
and precipitation during ENSO events over the South Asian (5°
N–40°N; 60°E−100°E) region (Fig. 1).
2 Data and methodology

MERRA-2 model data, Extended Reconstructed Sea Surface
Temperature (ERSST) and Satellite datasets are used in this
study. SST anomaly values of the Niño 3.4 region (5°S–5°N, 170°
W–120°W) were used for identication of ENSO years,39 based
on the criteria of the National Oceanic and Atmospheric
Administration (NOAA). The identied El-Niño years (2002,
2009, and 2015), La-Niña years (2007, 2010, and 2011), and
normal years (2001, 2003, 2012, and 2013) are considered in our
study (Fig. 2). We have used four seasons in this study;
December, January and February (DJF) for winter, March April
and May (MAM) for pre-monsoon, June, July and August (JJAS)
for monsoon, and October and November (ON) for post-
monsoon.
2.1 Data

Aerosol column mass density, rainfall and radiative ux data-
sets were taken from the monthly MERRA-2 Model and the
Clouds & the Earth's Radiant Energy System (CERES) products
Environ. Sci.: Adv., 2025, 4, 1834–1847 | 1835
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Fig. 2 Three month running mean of Sea Surface Temperature (SST) anomaly values for the Niño 3.4 region (5°S–5°N, 170°W–120°W) for the
winter season (DJF). The SST anomaly was calculated by using the Extended Reconstructed Sea Surface Temperature (ERSST)-v4 dataset.40

ENSO years were identified based on NOAA's criteria. The figure shows that if five constructive overlapping three month mean values are greater
than one, then the year is said to be an El-Niño (positive ENSO) year and if less than one, it is considered as a La-Niña (negative ENSO) year.39
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View Article Online
for the period 2001 to 2017. Further details of the data sets are
provided in Table 1.
2.2 Methodology

2.2.1 Aerosol direct radiative forcing (ADRF). The meth-
odology to calculate radiative forcing due to aerosols is
described below. Aerosol Direct Radiative Forcing (ADRF) also
called Direct Radiative Forcing (DRF) was estimated. Seasonal
variability of ADRF was estimated at the top of the atmosphere
Table 1 Name of the parameters with product summary and source of

Sl. No. Name of the parameters Da

1 Aerosols column mass density: (black carbon (BC),
organic carbon (OC), sulphate (SO4), dust particles
(PM2.5) and sea salt aerosols (SS)) (kg m−2)

Mo
spa

2 Rainfall (mm per month)
3 Aerosol optical depth (AOD) 550 nm (dark target) MO

spa
4 Radiative ux (W m−2) Sat

(ter
rad
wit
Reg
dat

Variables
TOA
� SW and LW all-sky total ux
� SW and LW all-sky ux with no aerosols
SFC
� SW and LW all-sky (up/down) total ux
� SW and LW all-sky (up/down) ux with no
aerosols

5 Extended reconstructed Sea surface temperature
(ERSST)-v4

Spa
2°

a SW: shortwave, LW: longwave, with no aerosol: Na, TOA: top of the atm

1836 | Environ. Sci.: Adv., 2025, 4, 1834–1847
(TOA) and at the surface (SFC) by using the radiative compo-
nents of ux (F) data provided for SFC and TOA obtained from
the Clouds and the Earth's radiant energy system for the period
2001–2017.

The Shortwave Direct Radiative Forcing (SWADRF), Long-
wave Direct Radiative Forcing (LWADRF), and Net Direct Radi-
ative Forcing (NET-ADRF) at the TOA are represented in eqn
(1)–(3).

SWADRF(TOA) = (F(SW), Na − F(SW), (all-sky))(TOA) (1)
the datasetsa

ta product summary Source

nthly MERRA-2 model data
tial resolution: 0.5° × 0.625°

https://giovanni.gSFC.nasa.gov/
giovanni/

DIS-Terra monthly data with
tial resolution of 1° × 1°

https://giovanni.gSFC.nasa.gov/
giovanni/

ellite product
ra + aqua edition 4.1). All-sky
iative ux at TOA and surface
h and without aerosols.
ional 1° × 1° global grid
a.41

Clouds and Earth's radiant energy
system (CERES) from https://
ceres.larc.nasa.gov/products.php?
product=SYN1deg

tial resolution https://calco.org/about-calco/
el-ni%C3%B1o-and-la-ni%C3%
B1a.html

× 2°global grid.42

osphere, and SFC: surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LWADRF(TOA) = (F(LW), Na − F(LW), (all-sky))(TOA) (2)

NET-ADRF(TOA) = SWRF(TOA) + LWADRF(TOA) (3)

where, Na = top of the atmosphere SW/LW ux for the “without
aerosol” condition; and all-sky = top of the atmosphere SW/LW
ux for the “all sky” condition which includes the presence of
aerosols in the atmosphere. The arrow indicates up: [, down: Y.

The direct radiative forcing at the surface can be calculated
using the following formulae (eqn (4)–(6)):

SWADRF(SFC) = (F (SWY − SW[)(all-sky)
– F (SWY − SW[)Na)(SFC) (4)

LWADRF(SFC) = (F (LWY − LW[)(all-sky)
– F (LWY − LW[)Na) (SFC) (5)

NET-ADRF(SFC) = SWRF(SFC) + LWADRF(SFC) (6)

2.2.2 Multiple linear regression method. The present
analysis also used a statistical multiple linear regression model
to examine the relationship between dependent variables (Y)
and independent variables (Xi).

Y = b0 + b1X1 + b2X2 + b3X3 + ..+ bnXn (7)

where, Y = dependent variable, Xi = independent variable, and
bi = regression coefficients.
Fig. 3 Deviation of JJAS seasonal precipitation from normal years for (a

© 2025 The Author(s). Published by the Royal Society of Chemistry
We also performed other statistical analyses such as regres-
sion coefficients (bi) with standard error (Std. Error), t-values, P-
values, partial correlation coefficients (rpartial), and report Vari-
ance Ination Factor (VIF) to understand the robustness of the
results. The P-value simply indicates the potential inuence of
independent parameters on dependent parameters and was
used to assess statistical signicance, and the P-values are cat-
egorised as follows: extremely signicant (#): P < 0.0001; highly
signicant ($): 0.0001 # P > 0.001; very signicant (+): 0.001 # P
> 0.01; signicant (*): 0.01 # P > 0.05; not signicant (ns); P $

0.05. VIF values indicate the variance ination factor, with high
values representing multicollinearity of the independent vari-
ables. Multicollinearity usually arises in a multiple regression
model when two or more independent variables are highly
linearly related.
3 Results and discussion

Fig. 3 shows the deviation of rainfall variability for the summer
monsoon season of June to September (JJAS) during ENSO
events with respect to normal years. Fig. 3a and b represent
deviations for El-Niño (Edev) and La-Niña (Ldev) years JJAS rain-
fall from Normal years. Fig. 3a indicates a reduction in summer
monsoon rainfall during El-Niño years compared to normal
years whereas during La-Niña years (Fig. 3b) India experiences
more rainfall in the west coastal regions associated with the
orographic effect and in north-eastern parts of India. During La-
Niña episodes, when the cross-equatorial ow crosses the
) El-Niño, and (b) La-Niña event years.

Environ. Sci.: Adv., 2025, 4, 1834–1847 | 1837
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equator and enters the Indian landmass, winds are generally
stronger over the Somalia coast and Arabian Sea and supply
a huge amount of moisture to the Indian continent (moisture
from the Indian Ocean and Arabian Sea) particularly in the
Southwest monsoon season, which is reduced during El-Niño
years due to a weaker pressure gradient between the Mascarene
high and the monsoon trough over northeast India. The
intensication of the Mascarene High strengthens the cross-
equatorial ow in the form of the East African low-level jet.43

Nevertheless, El-Niño episodes bring rainfall decits because of
cooling and downdra air over the eastern pole of the Indian
Ocean dipole caused by subsequent warm kelvin waves driven
by anomalous westerlies, which gradually enhance the growth
of El-Niño.44 Numerous empirical studies have also reported
reductions in Indian summer monsoon rainfall (ISMR) due to
the developing phase of ENSO.45–55 ENSO can bring changes in
precipitation by creating contrasts in Sea level Pressure (SLP),
which leads to changes in dynamical processes of large-scale
circulation patterns and surface specic humidity.31 The inu-
ence and importance of dynamical features in modulating the
ISMR during ENSO events has been reported.56 During El-Niño
episodes, the monthly mean strength of the Somali Jet is
generally (0.4 m s−1) weaker compared with La-Niña episodes.
Excess rainfall occurs along the Indian west coast when the
monthly mean strength of the Somali Jet is above normal, but
decit rainfall is observed over the west coast of India when the
intensity of Somali Jet is below normal. Moreover, precipitation
Fig. 4 Seasonal ((a) DJF, (b) MAM, (c) JJAS and, (d) ON) deviations (norma
the atmosphere.

1838 | Environ. Sci.: Adv., 2025, 4, 1834–1847
during ENSO events is inuenced not only by atmospheric
dynamics but also by suspended non-dynamical solid and
liquid particles in the atmosphere. So, an attempt is made in
this present study to understand the role of non-dynamical
parameters (aerosols) in modulating radiative forcing and
precipitation during ENSO events.

3.1 Aerosol direct radiative forcing (ADRF) during ENSO
events

Dissimilarities in precipitation may be indirectly associated
with aerosol radiative forcing. In this present study, the radia-
tion budget measured by aerosol forcing at the surface (SFC)
and at the top of the atmosphere (TOA) was calculated by
usingeqn (1)–(6). This study analyses the spatial variability of
aerosol direct radiative forcing (ADRF) at the TOA and SFC for
the four seasons mentioned above over South Asia during ENSO
events for the period 2001 to 2017. CERES TOA/SFC shortwave/
longwave radiative components of monthly mean all-sky uxes
with and without aerosols were used to calculate ADRF at the
TOA and at the SFC. To understand the ENSO inuence, devi-
ations were quantied from normal years i.e. normal to El-Niño
(Edev) and normal to La-Niña years (Ldev). Fig. 4a–d and 5a–
d depict the seasonal (DJF, MAM, JJAS and ON) spatial vari-
ability of NET-ADRF (TOA) (Edev) and NET-ADRF(TOA) (Ldev).
Fig. 4a and 5a illustrate that during the DJF season, a positive
radiative forcing is observed spatially along the Indo-Gangetic
Plain (IGP) and slightly over central India in both Edev and Ldev.
l minus El-Niño years) of net aerosol direct radiative forcing at the top of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Seasonal ((a) DJF, (b) MAM, (c) JJAS and, (d) ON) deviations (normal minus La-Niña years) of net aerosol direct radiative forcing at the top
of the atmosphere.
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But the magnitude of positive radiative forcing is higher in Edev

ranging from ∼0.5 to 1.5 W m−2 than in Ldev, where it is less
than 0.5 W m−2. During the MAM season, Edev shows positive
radiative forcing only over south-eastern Arabian Sea (AS) and
central North-west India, while negative radiative forcing is
observed over the Bay of Bengal (BOB), south-east Arabian Sea
below southern Peninsular India, Pakistan, along the Hima-
layan region and north-east India and the forcing rate varies
between −0.5 and −1.8 W m−2, which represents greater cool-
ing due to outgoing long wave radiation exceeding incoming
shortwave radiation. This clearly indicates that cooling induced
by aerosols was stronger during the pre-monsoon season of Edev

than in Ldev (Fig. 4b and 5b). However, in the pre-monsoon
season, positive radiative forcing at TOA was observed in Ldev
over northern Tibetan plateau, central India, central Peninsular
India and AS, but among all these regions the highest positive
values were observed over Siberian high (Fig. 5b), indicating
increased warming over that region due to incoming shortwave
radiation exceeding outgoing long wave radiation also called
the warming effect, hence strengthening the summer monsoon
rainfall owing to establishment of a strong thermal contrast
which further promotes strong moisture laden winds. The
thermal contrast is induced directly through positive/negative
or warming/cooling over the South Asian land mass and
adjoining oceans. Warming/cooling during winter and pre-
monsoon seasons likely implies the potential strength of
summer monsoon rainfall during ENSO events. However, less
warming and a low contrast in positive/negative Edev during the
© 2025 The Author(s). Published by the Royal Society of Chemistry
winter and pre-monsoon seasons clearly correspond to decit
summer monsoon rainfall during El-Niño years. Fig. 4c and 5c
show contradictory spatial variability in the ascertained radia-
tive forcing during the JJAS season for both Edev and Ldev.

Enhanced warming was identied only over South Asia,
specically encompassing north-west India (Thar Desert), the
Himalayan region, northeast of central India and along the East
coast of India; this warming is perhaps due to positive forcing or
absorption of insolation by non-rainy polluted clouds while
cooling was observed over central and southern BOB and
warming rate at TOA for Edev ranged from ∼1.5 to 3 W m−2

(Fig. 4c). In contrast, warming was absent over the same
regions, but cooling was found over central BOB and over
central-eastern Arabian Sea (along West coast India) during Ldev
(Fig. 5c). Whereas, in the ON season, ADRF at TOA for Edev

shows cooling extending from central BOB to South-central AS
as well as over central India and along the west coast of India,
but slight warming is observed along the eastern coast of India
and in Pakistan regions (Fig. 4d). Ldev also shows similar spatial
variability as Edev, at the TOA, but the intensity of warming is
slightly higher over the eastern coast of India, absent over
Pakistan and cooling over the AS is slightly higher than that over
BOB (Fig. 5d). Although the seasonal spatial variability of NET-
ADRF at the SFC for Edev and Ldev appears to be similar to that at
the TOA, the degree of warming/cooling or positive/negative
radiative forcing is almost double at the SFC when compared
with forcing at TOA (Fig. 6a–d and 7a–d) respectively. Fig. 4c and
6c show greater spatial variability in Net-ADRF for Edev at the
Environ. Sci.: Adv., 2025, 4, 1834–1847 | 1839
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Fig. 6 Seasonal ((a) DJF, (b) MAM, (c) JJAS and, (d) ON) deviations (normal minus El-Niño years) of net aerosol direct radiative forcing at the
surface.

Fig. 7 Seasonal ((a) DJF, (b) MAM, (c) JJAS and, (d) ON) deviations (normal minus La-Niña years) of net aerosol direct radiative forcing at the
surface.
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TOA and at SFC during the JJAS season over northwest India, the
Himalayan region, northeast and central India and the east
coast of India compared with other seasons: Edev (−3 to +3 W
m−2) and Ldev (−5 to +6 W m−2), respectively. It is interesting to
note that the magnitude of the NET-ADRF at SFC (−18 to +30 W
m−2) is higher during ON seasons for both Edev and Ldev
(Fig. 7d). Moreover, positive NET-ADRF at the surface and at the
top of the atmosphere (Fig. 4c and 6c) owing to a reduction in
the summer monsoon rainfall of ∼90 mm month−1 during El-
Niña when compared with normal years (Fig. 3a), which is due
to warming caused by absorbing aerosols at the SFC and TOA
during El-Niño episodes. In addition, more positive NET-ADRF
at SFC was observed for Ldev over the central & eastern Arabian
Sea, the west coast of India, and the Siberian High during pre-
monsoon, and over the central & eastern parts of India during
monsoon, but over the AS during pre-monsoon seasons.
Conversely, cooling or negative radiative forcing is observed
over Pakistan, northwest India, central & east coast of India and
the BOB during the post-monsoon season, and over the BOB
Fig. 8 Seasonal variability of aerosol column mass density of (a) black ca
sulfate (SO4), (e) sea salt aerosol (SS), (f) aerosol optical depth (AOD) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
and west coast of India during the JJAS season. Most regions
during Ldev exhibit slight warming and cooling, however, these
regions also experienced higher rainfall, ∼130 mm month−1

greater during La-Niña years than received in normal years
(Fig. 3b).

Seasonal variability of ADRF can be inuenced by different
types of aerosols such as black carbon (BC), organic carbon
(OC), sulphate (SO4), dust particles (PM2.5) and sea salt aerosols
(SS) whose physical properties include mass density, scattering,
and absorption. Although ENSO does not cause signicant
changes in seasonal properties of all aerosols, its consequent
effects on precipitation are remarkable. The present study also
explains the seasonal variability of aerosols and their charac-
teristics during ENSO events over South Asia. This study
investigated the seasonal variability of BC, revealing that the
column mass density is higher during La-Niña years for all
seasons except JJAS, whereas higher values are observed during
El-Niño years for JJAS (Fig. 8a). There is no signicant difference
in ENSO event contributions, but the seasonal variability shows
rbon (BC), (b) organic carbon (OC), (c) particulate matter 2.5 (PM2.5), (d)
(g) rainfall.
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notable contrasts. The highest column mass density of BC
particles was observed during the winter season, perhaps due to
injection of massive anthropogenic aerosols in to the atmo-
sphere through supplementation of anthropogenic sources.
Comparatively, very low BC concentrations were observed
during the monsoon season than in the pre-monsoon and post-
monsoon seasons (Fig. 8a).

A number of studies also revealed that the release of
anthropogenic aerosols is higher during early winter (October–
November) over the most polluted cities of India due to India's
known rework festivals (Diwali, Dusshera, etc.), leading to
profound degradation of air quality particularly over urban
areas such as Delhi,57 Kolkata,58 Ahmadabad,59 and Pune.60 Nair
et al.61 observed the signicant role of anthropogenic aerosol
sources during winter and the dominance of natural sources
during the spring season and they also observed that the
difference in aerosol optical depth between these two seasons is
small. One of the recent studies by Rana et al.62 provided
a detailed explanation of how anthropogenic and natural
sources inuence seasonal black carbon variability in India by
examining the following events namely truck strikes and
general strikes, rework events during festivals, intense fog/
haze events, forest, grassland and agricultural crop residue
burning events and uncontrolled small-scale industrial emis-
sions (brick kilns).

Similarly, the seasonal variability of organic carbon (OC) is
comparable to that of black carbon. OC originates primarily
from anthropogenic and biogenic sources and is directly
released into the atmosphere, which can produce more warm-
ing owing to mostly wind-blown mineral dust and other
particulates from the earth's crust generally are light absorbing
particles. Also OC alters the Earth's radiation budget oen
through both absorption and scattering. The present study
found that the highest column mass density of OC occurs
during the pre-monsoon season of both El-Niño and La-Niña
episodes. Notably OC concentrations during La-Niña are
comparatively higher than during El-Niño. But the opposite is
true for the monsoon season (Fig. 8b), which is mainly due to
the formation of more ‘pre-monsoon bright spots’ across many
parts of South Asia during Aril-May-June months particularly
during El-Niño episodes. In general El-Niño episodes are
accompanied by clear skies and low soil moisture, which
promote higher temperatures and further lead to severe heat
waves and the formation of dry lands during El-Niño years. Dry
seasons, such as winter and pre-monsoon seasons, would pile
up OC concentrations and transports in to the atmosphere
when less moisture and strong winds are present. Clear sky
conditions are observed over northwest India, some parts of
central–eastern India and southern peninsular India during the
winter (Fig. 4a and b) and pre-monsoon (Fig. 6a and b) seasons
particularly in El-Niño years. These regions are more frequently
affected by heat waves and the formation of drylands over India,
which may lead to enhanced OC concentrations during the pre-
monsoon season. Few recent studies have reported that the El-
Niño episodes are more favourable for the formation of heat
waves and drylands under clear sky conditions. Rohini et al.63

analysed gridded temperature data for the period 1961–2013
1842 | Environ. Sci.: Adv., 2025, 4, 1834–1847
and reported that the frequency of total duration andmaximum
duration of heat waves are increasing over central and north-
western parts of the India due to the development of anomalous
constant high-pressure regions, dominance of anti-cyclonic
ow, supplemented with clear skies and depletion of soil
moisture. These conditions are likely conducive to the forma-
tion of drylands which are responsible for translation of OC
components from upper layers of soil to atmosphere or vice
versa. Laban et al.64 reported that most of the drylands are
formed in tropical–temperate areas where the average rainfall is
less than the potential moisture loss through evaporation and
transpiration. The dryland regions are also considered as key
areas for the production, storage and management of carbon
stocks. Some renowned organisations have identied high
potential drylands as carbon sequestration ‘bright spots’. OC
concentrations were also found to be higher in the post-
monsoon season compared to the summer season perhaps due
to relatively dry conditions post-monsoon. This study estimated
the sources and sinks of OC based on their production in
respective seasons. We found that the winter, pre-monsoon and
post-monsoon seasons act like supplementary sources to the
atmosphere while most of the organic carbon sinks may occur
in wet summers during La-Niña years over South Asia. While,
inverse seasonal variations were found between column mass
density of PM2.5 and SO4 over south Asia during ENSO events.

PM2.5 refers to atmospheric particulate matter (PM), one of
the most dangerous pollutants in the atmosphere and its
diameter is less than 2.5 micrometers. This can directly affect
human health. Rapid growth of population in Indian cities has
led to high concentrations of particulates, with both natural
and anthropogenic sources contributing signicantly. Natural
sources are forest and grassland res, volcanic activity, vegeta-
tion and sea salt, whereas, anthropogenic activities include
combustion of wood and fossil fuels, running power plants,
stubble burning, industrial processes, construction and demo-
lition activities, etc. Fig. 8c shows the seasonal variability of
PM2.5 during ENSO events on the seasonal scale. Relatively
higher concentration was observed in the pre-monsoon season
than in monsoon season, but a very low concentration was
found in both winter and post-monsoon seasons. The highest
exceedance of PM2.5 occurred during the pre-monsoon season
persuaded to organic carbon components from dry upper soil
organic matter and lower atmosphere in summer season
predominantly from stubble burning. High SO4 concentration
was observed during the winter and post-monsoon seasons, but
comparatively low values were observed during the monsoon
season than in pre-monsoon seasons. It is interesting to note
the strong seasonality of PM2.5 during El-Niño episodes across
all seasons but enhanced SO4 concentrations were found during
La-Niña episodes in all seasons (Fig. 8d). Yadav et al.65 reported
that the contribution of long-range transport of biomass
burning aerosol sources plays a signicant role during the pre-
monsoon and winter seasons. In the pre-monsoon season,
transport of polluted air occurs mainly from continental regions
of Africa and Middle east due to predominant westerlies. In the
post-monsoon season, most of the transport is from the highly
polluted Indo-Gangetic Plain (IGP) region, carried by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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northeasterly winds, and also, they reported that cleaner air
masses are transported from Arabian Sea by prevailing south-
westerly winds during the monsoon season.

Fig. 8e shows that the production rate of non-light-absorbing
sea salt aerosol particles is more during the JJAS season of El-
Niño years due to strong south-westerly wind activity which
leads to enormous transport from the main source regions of
Arabian Sea and South equatorial Indian Ocean to the Indian
sub-continent; however the hygroscopic activity of sea salt
aerosols is more effective during La-Niña years due to reduced
transport. These sea salt aerosols play an important role in
modulating the Aerosol Optical Depth (AOD) particularly in the
JJAS season. Fig. 8f shows the seasonal mean optical depth of
aerosols and higher AOD observed (0.43) observed during the
JJAS season of El-Niño compared to normal and La-Niña
episodes. AOD is a dimensionless number and certainly gives
information about thickness of atmospheric columnar aerosols
and how much insolation is prevented from reaching the
ground and an AOD value of 0.43 represents that extremely hazy
conditions were present during El-Niño episodes, which is
mainly due to increased column mass concentration of sea salt
aerosols (4.17 × 10−5 kg m−2). Moreover, this study also shows
the seasonal variability of rainfall during ENSO events (Fig. 8g).
3.2 Relationship of seasonal aerosols with summer
monsoon rainfall during ENSO events

The statistical multiple linear regression model (eqn (7)) had
been used to examine the possible effects of seasonal variability
of potential predictors such as BC, OC, dust (PM2.5), sea salt (SS)
aerosols and SO4 on ADRF and Indian summer monsoon rain-
fall during ENSO events. This method excludes non-signicant
parameters with a P value greater than 0.05 and includes
a parameter in the model only if its associated signicant level
is less than 0.05. This analysis showed that during El-Niño years
(Table S1), an strong inverse relationship (extremely signicant)
was observed between JJAS season rainfall and DJF season PM2.5

(−0.89) as well as SO4 (−0.76), while a moderately signicant
negative relationship was identied with JJAS sea salt aerosol
particles (−0.63). Again extremely signicant positive relation-
ships with JJAS rainfall were observed for MAM season OC (0.73)
and PM2.5 (0.65), as well as ON season PM2.5 (0.85), SO4 (0.81)
and SS (0.59). This model rejected the seasonal inuence of BC;
DJF, JJAS and ON season OC as well as the inuence of MAM
and JJAS season SO4 and SS during MAM season. It was also
observed that the model excluded aerosol parameters during
normal years similar to El-Niño years, although the variables
included were not statistically signicant. An interesting
observation during La-Niña years (Table S2) is that almost all
seasonal aerosols are included in the model and most of them
are signicant and a very few parameters excluded from model
namely the inuence of black carbon during DJF, MAM and ON
seasons, and the effect of the sea salt aerosols during the ON
season. The results clearly show that the seasonal contribution
of aerosols had a stronger inuence on summer monsoon
rainfall during La-Niña years compared with normal (Table S3)
and El-Niño (Table S1) years. The entire model includes aerosol
© 2025 The Author(s). Published by the Royal Society of Chemistry
parameters that are correspondingly shown in the active role of
summer monsoon rainfall, although some of them have
a signicant negative role. Certainly, this explains that both
seasonal reduction and enhanced magnitude of aerosols would
magnify the strength of summer monsoon rainfall. In the
present study we observed that the increase in the summer
monsoon rainfall during La-Niña years (Table S2) is perhaps
due to signicant positive effect of sea salt aerosol during DJF
(0.35+) & JJAS (0.44$), OC and PM2.5 during MAM (0.67#, 0.73#)
and ON (0.42+, 0.59#) as well as BC during JJAS (0.37+). More-
over, a signicant negative inuence of OC was observed during
DJF (−0.22 ns) & JJAS (−0.28*), PM2.5 during DJF (−0.51$) & JJAS
(−0.63#), SO4 during DJF (−0.37+), MAM (−0.25ns), and JJAS
(−0.42+), and sea salt aerosols during MAM (−0.23ns) (Table S2).
3.3 Effect of seasonal aerosols and rainfall on aerosol direct
radiative forcing (ADRF) at the TOA and SFC during ENSO
events

We also examined the effect of seasonal variability of aerosols
and rainfall on ADRF at the SFC as well as at the TOA in each
respective season of individual ENSO events by using multiple
linear regression models. This statistical model clearly
demonstrates the essential role of seasonal aerosols (BC, OC,
PM2.5, SO4, and SS) and precipitation in radiative forcing. In the
El-Niño years, a cooling effect was observed at the SFC and TOA
over many parts of South Asian region during DJF season due to
the scattering effect of OC, PM2.5, and SO4 (statistically signi-
cant) and by sea salt aerosols (statistically not signicant),
which is represented by a strong negative correlation between
these aerosols and NET-ADRF(SFC). But AOD showed a negative
inuence (statistically signicant) on NET-ADRF(TOA) (Table S4).
During the MAM season column mass density of almost all
aerosols is negatively correlated with NET-ADRF(SFC) except OC,
which showed a positive correlation with NET-ADRF(SFC) (Table
S4). Only one parameter (SO4) was excluded from the model
along with the precipitation effect. NET-ADRF(TOA) showed
signicant negative correlation with OC and SO4, while a posi-
tive correlation was observed with BC. This indicates that
enhanced warming at the top of the atmosphere over some
parts of the South Asia during the pre-monsoon season is
perhaps due to enhanced column mass density of BC. During
the JJAS season positive and negative NET-ADRF(SFC) are mainly
due to BC and PM2.5 respectively (Table S4). However, cooling is
observed in NET-ADRF(TOA) only due to increased concentra-
tions of the sea salt aerosols (Table S4); although none of the
aerosols is included in the model, sea salt aerosols showed
signicant negative correlation with NET-ADRF(TOA) (99%
condant level). NET-ADRF(SFC) showed a signicant positive
relationship with AOD and a negative relationship with both BC
and SS during the post-monsoon season (ON). But in the ON
season, almost all aerosols showed an active role in inuencing
NET-ADRF(TOA) except SS. Overall across the four seasons of the
El-Niño episodes (Table S4), it is clearly observed that the
cooling during the winter and post-monsoon seasons was
mainly contributed by strong scattering of smaller and brighter
aerosol particles such as PM2.5, SO4 and sea salt aerosols. In
Environ. Sci.: Adv., 2025, 4, 1834–1847 | 1843
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contrast a warming effect was observed in the winter and pre-
monsoon seasons during La-Niña years (Table S5) mainly due to
absorption from enhanced surface and atmospheric BC
concentrations. Positive ADRF (SFC) during the winter season is
due to BC and OC, while in the pre-monsoon season it is due to
AOD, SO4 and SS. This clearly indicates that the gradual
increase in surface heating owing to surface level BC and OC
during the winter season strengthened the thermal contrast
leading to enhanced moisture transport compared to El-Niño
years. Table S5 shows that increased SO4 (0.88

+) and SS (0.74ns)
concentrations during the pre-monsoon season in the surface
and lower atmosphere are associated with increased positive
radiative forcing. In addition, BC shows a signicant positive
effect at the top of the atmosphere during winter, while OC, SS
and precipitation show negative correlation with NET-
ADRF(TOA). It is also observed that NET-ADRF(TOA) is negatively
correlated with AOD, BC and precipitation, but positively
correlated with OC, SO4 and SS during the pre-monsoon season.
The inuence of SS and precipitation on NET-ADRF(TOA) is
observed to be statistically insignicant. During the JJAS season
of La-Niña episodes (Table S5), PM2.5 and SS show a negative
correlation with NET-ADRF(SFC) but at the top of the atmo-
sphere, only two aerosol parameters (BC and AOD) are excluded
from the model, while all other aerosols show signicant
negative relationships, except precipitation which shows
a positive relationship with NET-ADRF(TOA), depicting unpol-
luted brighter clouds with large droplet sizes. It is interesting to
note that,±10 fold greater deviation in NET-ADRF(SFC) and NET-
ADRF(TOA) is observed during the ON season during La-Niña
episodes because of the active role of all aerosols. The model
included all the parameters based on their effective inuence
on NET-ADRF(SFC) and NET-ADRF(TOA). A signicant positive
relationship of NET-ADRF is observed with AOD, BC, and
precipitation, while a negative relationship is observed with
SO4, SS and OC. The effect of SO4 is negligible on NET-ADRF

(TOA) and hence excluded from model (Table S5).

4 Summary and conclusions

The potential inuence of ENSO introduced greater spatial
variability in Net ADRF during El-Niño (Edev) both at the TOA
and at the SFC during the JJAS season over the northwest,
Himalayan region, northeast-central India, and along the East
coast of India compared with all the other seasons. The overall
variability of Edev and Ldev ranges from−3 to +3Wm−2 and -5 to
+6 W m−2 respectively. Warming during the JJAS season (posi-
tive ADRF) at the SFC and TOA consequently led to a reduction
in Indian summer monsoon rainfall (90 mm month−1) during
El-Niño years when compared with normal years, which is due
to warming caused by absorbing aerosols at the SFC and TOA
during El-Niño episodes. And it is also observed that stronger
LW-ADRF occurred during the JJAS season of El-Niño years at
both the TOA (−0.065 W m−2) and SFC (−0.1164 W m−2)
perhaps due to increased concentrations of aerosol or enhanced
column mass density. Conversely, a strong negative ADRF for
Ldev over the northeast and west coast of India indicates cooling,
and hence these regions received high rainfall, ∼130 mm
1844 | Environ. Sci.: Adv., 2025, 4, 1834–1847
month−1 greater amount received during La-Niña years
compared to normal years. The inuence of ADRF on JJAS
precipitation is not only governed by JJAS ADRF but also by the
seasonal variability of ADRF during pre-monsoon and post-
monsoon. Interestingly, the magnitude of the post-monsoon
ADRF for Edev is highly variable at the SFC and TOA. During this
season, the spatial variability of maximum radiative forcing
reaches ±10 W m−2 (Fig. 7d), which is much greater than the
mean magnitude (Fig. 8d), while, very small deviations are
observed during Ldev. Such alterations in insolation and
seasonal radiative forcing are mainly due to seasonal variability
and different physical properties of various aerosol particles
over South Asia.

A reduction in rainfall during El-Niño episodes was accom-
panied by a high AOD (0.43) representing extremely hazy
conditions which was mainly due to the increased columnmass
concentration of sea salt aerosols; however hygroscopic activity
was effective during La-Niña episodes due to reduced transport
of sea salt aerosol from the main source regions, Arabian Sea
and South equatorial Indian Ocean, to the Indian sub-conti-
nent. The column mass density of other aerosols such as BC,
OC, dust PM2.5 and sulfates was also higher during the JJAS
season of El-Niño episodes. Multiple linear regression analysis
revealed that, during El-Niño years, a strong inverse relation-
ship was observed between JJAS season rainfall and DJF season
SO4 (−0.76#) and PM 2.5 (−0.89#), while a moderately signi-
cant negative relationship was identied with JJAS sea salt
aerosol particles (−0.63#), and signicant positive relationships
were observed with MAM season OC (0.72#) and PM 2.5 (0.65#),
as well as with ON season PM2.5 (0.85#), SO4 (0.81#), and SS
(0.59#) respectively.

During La-Niña years almost all the seasonal aerosols show
signicant correlations with JJAS rainfall; however, the inu-
ence of black carbon during DJF, MAM and ON seasons, and the
effect of sea salt aerosols in the ON season are insignicant. The
seasonal contribution of aerosols has a stronger inuence on
summer monsoon rainfall during La-Niña years compared with
normal and El-Niño years. All the aerosol parameters show an
active positive role in inuencing summer monsoon rainfall,
although some of them have a signicant negative role.
Certainly, this explains that both the seasonal reduction and the
enhanced magnitude of aerosols during La-Niña years are
favourable for strengthening the summer monsoon rainfall.
The cooling effect during the winter and post-monsoon seasons
clearly represents the weakening of the summer monsoon
rainfall owing to subsistence of a feeble land–sea thermal
contrast. The potential strength of summer monsoon rainfall is
mainly depends on the buildup of winter and pre-monsoon
seasonal humidity, which can be modulated through radiative
forcing and the temperature difference between the Indian land
mass and surrounding oceans. Moreover, the statistical model
also explained that, the warming effect observed in the winter
and pre-monsoon seasons of La-Niña years is mainly due to
absorption by enhanced surface and atmospheric BC concen-
trations. However, positive ADRF at the SFC during the winter is
due to BC and OC, while in the pre-monsoon season, it is
associated with AOD, SO4 and SS, respectively. This clearly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicates that the gradual increase in surface heating owing to
surface level BC and OC during winter strengthened the thermal
contrast and led to a considerable increase in moisture trans-
port during La-Niño years. Whereas, in El-Niño years, the
cooling effect observed during the winter and post-monsoon
seasons, indicates a weakening of the summer monsoon
rainfall.
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