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Abstract
Aerosol concentrations over Asia play a key role in modulating the Indian summer monsoon (ISM)
rainfall. Lockdown measures imposed to prevent the spread of the COVID-19 pandemic led to
substantial reductions in observed Asian aerosol loadings. Here, we use bottom-up estimates of
anthropogenic emissions based on national mobility data from Google and Apple, along with
simulations from the ECHAM6-HAMMOZ state-of-the-art aerosol-chemistry-climate model to
investigate the impact of the reduced aerosol and gases pollution loadings on the ISM. We show
that the decrease in anthropogenic emissions led to a 4 W m−2 increase in surface solar radiation
over parts of South Asia, which resulted in a strengthening of the ISM. Simultaneously, while
natural emission parameterizations are kept the same in all our simulations, the anthropogenic
emission reduction led to changes in the atmospheric circulation, causing accumulation of dust
over the Tibetan plateau (TP) during the pre-monsoon and monsoon seasons. This accumulated
dust has intensified the warm core over the TP that reinforced the intensification of the Hadley
circulation. The associated cross-equatorial moisture influx over the Indian landmass led to an
enhanced amount of rainfall by 4% (0.2 mm d−1) over the Indian landmass and 5%–15%
(0.8–3 mm d−1) over central India. These estimates may vary under the influence of large-scale
coupled atmosphere–ocean oscillations (e.g. El Nino Southern Oscillation, Indian Ocean Dipole).
Our study indicates that the reduced anthropogenic emissions caused by the unprecedented
COVID-19 restrictions had a favourable effect on the hydrological cycle over South Asia, which has
been facing water scarcity during the past decades. This emphasizes the need for stringent
measures to limit future anthropogenic emissions in South Asia for protecting one of the world’s
most densely populated regions.

1. Introduction

The widespread restrictions imposed to control the
rate of transmission of the Corona-Virus Disease
2019 (COVID-19) caused a drastic reduction in indi-
vidual, public and freight transportation, industrial
production and energy use. This resulted in substan-
tial emission reductions of several atmospheric pol-
lutants (Le Quéré et al 2020) with important regional
and global impacts on air quality and climate (Forster
et al 2020, Kanniah et al 2020, Le Quéré et al 2020).

Here, we investigate the effect of the reductions in
regional atmospheric concentrations of several gases
and aerosol particles on the Indian summermonsoon
rainfall (ISMR) via associated changes in the atmo-
spheric energy balance and dynamics through radiat-
ive effects (Forster et al 2007, Rap et al 2013, Fadnavis
et al 2019a).

While COVID-19 outbreaks in the city ofWuhan,
China in December 2019, it quickly spread to South
Korea, Japan, Europe, and the United States dur-
ing January and February 2020 (Forster et al 2020,
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Le Quéré et al 2020). The first lockdown was declared
in Wuhan on 23 January 2020, followed the day
after by other large cities throughout the Chinese
province of Hubei. Other Asian countries introduced
lockdown measures during the following months:
e.g. Saudi Arabia, Iran, Iraq, Kuwait, Afghanistan
(www.worldbank.org/en/region/mena/brief/coping-
with-a-dual-shock-coronavirus-covid-19-and-oil-p-
rices), while South Asian countries introduced such
measures by the end ofMarch (e.g. 25March in India)
(www.mygov.in/covid-19/). Lockdown restrictions
were slowly eased after approximately two months,
however with many governments still maintaining
various levels of restrictions on mass gatherings,
travel, and economic activities. A significant reduc-
tion (30%–40%) in aerosol loading over the Indian
region during April-May 2020 compared to 2019
has been observed over the Indo-Gangetic plains by
the Moderate Resolution Imaging Spectroradiometer
(MODIS) during the lockdown period (Ranjan et al
2020). This reduction in aerosol loading has implica-
tions for the hydrological cycle.

The rapid growth of anthropogenic aerosol emis-
sions over Asia during the last few decades played
a major role in the decline of the regional hydrolo-
gical cycle (Ramanathan et al 2005, Meehl et al 2008,
Salzmann et al 2014). The aerosol loading induces an
energy imbalance between the hemispheres through
the aerosol direct effect, reducing the solar radiation
at the surface and the land-ocean thermal contrast,
which decreases the moisture inflow over the South
Asian landmass. The overall effect of this increase
in anthropogenic aerosol emissions on the regional
hydrological cycle is a reduction in summermonsoon
rainfall (Ramanathan et al 2005, Bollasina et al 2011,
Ganguly et al 2012, Krishnan et al 2016, Fadnavis et al
2019b).

In contrast, atmospheric black carbon (BC) and
dust aerosol loadings over North India (NI) and the
Tibetan Plateau (TP) region during the pre-monsoon
season (March to May) are known to play an import-
ant role in enhancing the ISMR (Lau and Kim 2006,
Fadnavis et al 2017a). The dust aerosol loadings over
the NI-TP region are often driven by seasonal dust
transport from west Asia (Lau and Kim 2006). The
desert dust loading along with local (NI) emissions
of BC causes a coherent modulation of the ISMR
during the monsoon season (June to September) on
short time scales (i.e. weeks) (Lau 2014, Vinoj et al
2014, Das et al 2015, Dave et al 2017). A twofold
enhancement of BC emission over India may lead to
an increase in the ISMRof 1–4mmd−1 (Fadnavis et al
2017b).

Here, we use aerosol-chemistry climate simula-
tions with the ECHAM6.3-HAM2.3-MOZ1.0 model
(Schultz et al 2018, Tegen et al 2019) to investig-
ate the regional radiative and dynamic effects of the
reduced anthropogenic pollution levels during the
COVID-19 lockdown and associated implications on

the ISMR. The reductions in anthropogenic emis-
sion due to the COVID-19 restrictions are described
based on the activity decline in mobility data fol-
lowing Forster et al (2020) (see table 1 for details).
Spatially varying natural emission (e.g. dust) para-
meterizations are kept the same in all simulations.
The impact of the COVID-19 measures is eventu-
ally derived by comparing the results of the pandemic
scenario (hereafter referred to as COVID-19) and the
control simulation with unchanged anthropogenic
emissions (referred to as CTL). We note that while
particular general circulation patterns (e.g. El Niño
Southern Oscillation, Atlantic Multi-decadal Oscilla-
tion, Indian Ocean Dipole) also exert a strong influ-
ence on the ISM, our methodology is designed to
isolate the effect of the Asian pollution reduction
during March–September caused by the COVID-19
restrictions. Indeed, 2019/2020 was characterized by
a record positive phase of IndianOceanDipole (IOD)
(Wang and Cai 2020), which would have made it dif-
ficult to clearly disentangle the COVID-19 effects.
For better representability and a more independent
assessment, our simulations exclusively use the met-
eorology of the year 2016, which was a neutral ENSO
and IOD year (see supplementary section S1 available
online at stacks.iop.org/ERL/16/074054/mmedia).

2. Evaluation of model simulation

The aerosol optical depth (AOD) distribution from
the control simulation (CTL) is evaluated against
MODIS, and Ozone Monitoring Instrument (OMI)
satellite retrievals, and Aerosol Robotic Network
(AERONET) ground measurements (details in
section S1). The distribution of monthly mean AOD
from the model simulation and MODIS is shown in
figures 1(a)–(f). Despite spatio-temporal differences,
they both show a series of key common features, such
as high AOD values over North India, eastern East
Asia, Arabian Peninsula and Iran. During March–
May, the model underestimates AOD over North
India by ∼0.21 while it overestimates AOD over East
Asia by ∼0.28–0.37. Over Saudi Arabia and Egypt, it
overestimates AOD inMarch (∼0.2–0.41). These dif-
ferences are likely due to uncertainties in the model
emission inventory and transport processes (Fadnavis
et al 2013, 2014). In addition, MODIS AOD retrievals
are also known to include errors for coastal regions
(Anderson et al 2013).

The comparison of simulated AOD (CTL) with
the AERONETmeasurements at Kanpur and Gandhi
College, in North India shows that the model under-
estimates AOD by 0.07–0.4 during the pre-monsoon
season (figure 1(g)). However, note that the AER-
ONET AOD anomalies of the year 2020 compared
to the climatology are larger by 1.5–7.4% than
the COVID-19-related anomalies in simulated AOD
(COVID-19 minus CTL) at Kanpur and Gandhi Col-
lege during the pre-monsoon season (figure 1(h)).
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Table 1. National percentage changes in emissions of various species during March-May 2020 used in the COVID-19 simulation for
selected Asian countries.

Aerosols/gases March (%) April (%) May (%)

China
BC −13.7 −9.0 −7.6
OC −11.3 −9.3 −7.8
CH4 −1.5 −0.2 −0.17
CO −17.1 −13.1 −11.1
NH3 −0.51 −0.39 −0.33
NOx −17.7 −12.3 −10.4
NMVOCs −8.8 −6.15 −5.2
SO2 −17.6 −12.9 −10.9
India, Bangladesh, Pakistan
BC +4.8, 2.9,−2.7 −22, 8.18,−7.29 −16.8, 6.3,−4.0
OC +4.8,+4.1,+4.2 +1.73,+13.3,+9.8 +1.8,+10.3,+7.8
CH4 +0.5,−0.7,−0.5 −2.8,−1.7,−1.9 −1.9,−1.1,−1.2
CO +3.8,+1.8,−3.9 −20.4,+3.1,−15.4 −15,+2.6.0,−11.6
NH3 +3.8,+0.76,+0.53 +1.7,+ 2.76,+ 1.2 +1.40,+2.1,+1.0
NOx +3.8,−7.9,−10.5 −40.9,−33.8,−35.3 −29.64,−24.2,−25.7
NMVOCs +3.8,+1.3,−2.1 −13.2,+3.3,−8.7 −9.6,+2.7,−6.3
SO2 +4.8,−7.3,−7.4 −33.4,−31.9,−25.6 −23.5,−21.9, -16.8
Southern countries in South Asia (average: Malesia, Indonesia, Thailand)
BC −10.8 −21.6 −14.4
OC −6.28 −8.1 −6.2
CH4 −3.7 −7.1 −4.0
CO −20.7 −29.8 −20.0
NH3 −1.7 −2.6 −1.4
NOx −21.0 −30.7 −20.2
NMVOCs −19.8 −20.0 −12.6
SO2 −31.1 −19.48 −13.7
West Asia (average: Saudi Arabia, Iran, Iraq, Oman, United Arab Emirates)
BC −29.35 −35 −24.1
OC −21.6 −29.14 −23.62
CH4 −10.9 −15.7 −10.17
CO −29.9 −39.9 −31.2
NH3 −3.7 −6.8 −5.8
NOx −22.5 −30.0 −21.0
NMVOCs −33.4 −26.5 −19.4
SO2 −12.9 −16.7 −12.0
Japan, South Korea, Vietnam
BC −9.4,−12.5, 0.74 −34,7,−8.9,−7.8 −31.3,−6.7,−1.9
OC −9.7,−4.6,+2.0 −26.4,−3.3,+1.7 −25.4,−2.8,+1.4
CH4 −0.29,−2.0,−1.0 −2.0,−1.8, 0,−3.1 −1.6,−1.5,−0.97
CO −10.8,−11.7,−6.7 −29.6,−9.2,−17.3 −30.2,−7.3,−6.0
NH3 −1.2,−1.0,+0.63 −3.6,−0.7,+0.77 −3.4,−0.53,+0.55
NOx −9.1,−16.3,−5.9 −28.8,−12.8,−23.5 −26.7,−9.11, 8.2
NMVOCs −4.8,−8.1,−3.8 −14.53,−6.2,−11.7 −14.3,−4.8,−3.7
SO2 −5.7,−11.1,−2.4 −23.1, 10.9,−16.7 −21.8,−9.8,−5.4
Turkey
BC −2.87 −9.71 −7.6
OC +1.4 +4.8 +3.7
CH4 −0.67 −1.2 −0.52
CO −1.8 −7.0 −5.5
NH3 −1.2 −3.6 −2.9
NOx −11.8 −34.7 −24.5
NMVOCs −1.5 −4.6 −3.10
SO2 −6.9 −17.8 −9.3

Some of these differences between simulated and
observed (MODIS and AERONET) AOD are also
likely caused by weather patterns which are not fully
accounted for in the model.

We compare the distribution of precipitation
from the CTL simulation with Global Precipitation

Climatology Project (GPCP), India Meteorology
Department (IMD), and Tropical Rainfall Measur-
ing Mission (TRMM) data (figures 1(i)–(l)) which
shows a spatial variation among the different data
sets. The ECHAM6-HAMMOZ model overestimates
rainfall over the southern slope of the Himalayas

3
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Figure 1. (a)–(c) Distribution of AOD fromMODIS for March–May 2016, (d)–(f) same as (a)–(c) but from CTL simulation,
(g) AERONET AOD at stations in North India for March–May 2016 [(Kanpur: 26.513◦ N, 80.232◦ E; and (Gandhi College:
25.871◦ N, 84.128◦ E;)], (h) anomalies in AOD (%) from AERONET in March, April, and May 2020 (Kanpur climatology
2001–2019; Gandhi College climatology 2006–2019), (i) distribution of precipitation (mm d−1) from CTL simulation averaged
for June to September, Observed for the year 2016 from (i) IMD rain gauge measurements (j), TRMM (k) and GPCP (l). A box in
black colour in figure (a) indicates central India (78◦–95◦ E, 18◦–28◦ N) .

and underestimates over the Western Ghats. This
is primarily caused by the steep orography that is
not completely resolved by the model’s relatively
coarse resolution (Anandhi and Nanjundiah 2015).
Over central India (78◦–95◦ E, 18◦–28◦ N, rectangle
box in figure 1(a)) the model overestimates rainfall
compared to IMD and underestimates when com-
pared to TRMM or GPCP (ECHAM: 9.8 mm d−1,
IMD: 8.9 mm d−1, TRMM: 11.3 mm d−1, GPCP:
10.6 mm d−1). There are uncertainties in the model
due to transport processes, emission inventories, and
various parametrizations (Fadnavis et al 2013, 2014,
2019b). While our model evaluation indicates cer-
tain model limitations, the fair performance of the
model in simulating precipitation over India suggests
that the model has sufficient skill to capture the key

processes. Also, model bias will be less affecting the
results since we are looking at the differences between
the COVID-19 and CTL simulations for investigating
the impact of the anthropogenic pollution reduction
in ISM precipitation.

3. Results

3.1. Reduced pollution over Asia during
pre-monsoon
The evolution of the aerosol pollution during the
COVID-19 lockdown period March–May 2020 is
analysed in terms of AOD changes in MODIS
observations and the ECHAM-HAMMOZ model
results. Anomalies in MODIS AOD over the Asian

4
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Figure 2. Distribution of anomalies in aerosol optical depth (AOD) at 550 nm (%) fromMODIS Terra (climatology 2001–2019)
for (a) March, (b) April, (c) May 2020, (d)–(f) same as (a)–(c) but for ECHAM6-HAMMOZ (COVID-19—CTL) simulations
using year 2016 meteorology, (g)–(i) same as (a)–(c) but for OMI absorbing aerosol Index (AAI) (climatology 2005–2018) .

region (70◦–135◦ E, 0◦–45◦ N) obtained as the differ-
ence betweenMarch andMay 2020with respect to the
2001–2019 climatology are shown in figures 2(a)–(c).
The simulated AOD changes are obtained as the dif-
ference between the COVID-19 and control simula-
tion (COVID-19minusCTL) (figures 2(d)–(f)). Note
that this comparison is only qualitative because of the
differences in meteorology between 2016 used in the
model and the actual year 2020. Both the MODIS
and the simulated AOD indicate a ∼40% reduction
over East Asia during March-May and over India
during April-May. The ∼30% positive AOD anom-
alies over India in March are consistent with the rel-
atively late introduction of lockdown measures in
India on 25 March 2020 (at Wuhan on 23 January
2020). The AERONETmeasurements at Kanpur, and
Gandhi College show at first positive anomalies in
AOD in March 2020 (19%) but then also a reduction
of ∼6%–20.8% in April–May (figure 1(h)). There
are some spatial differences between the simulated
and the MODIS observed AOD, likely due to the
prevailing weather conditions. There was the unusu-
ally strong positive IOD together with the positive
ENSO during 2019 (Doi et al 2020, Lu and Ren 2020),

which among other things, have been shown to lead
to the severe 2019/2020 Australian bushfires (Harris
and Lucas 2019). In addition, the very strong polar
jet and the Siberian high in 2019/2020 caused the
extreme heat and fires in the Siberian Arctic (Ciav-
arella et al 2020). Unlike MODIS and AERONET, the
impact of such features on the AOD distribution is
not picked up by the OMI absorbing aerosol index
(AAI) observations which are mostly indicative of
absorbing aerosols (e.g. biomass burning and dust)
(figures 2(g)–(i)).

The distribution of simulated tropospheric
columns of sulphate, BC, andOC aerosol show∼30%
reductions over South Asia in April–May (figure S1),
while reductions in gaseous pollutants over South
Asia in April–May vary with species, e.g. CO ∼20%,
O3 ∼6%, NO2 ∼30% (figure S2). China’s national
network of air quality monitoring stations indicates
reductions of 12% in CO and 27% in NO2 during
the 23 January–31 March lockdown period (Wang
and Zhang 2020). This is in good agreement with
our COVID-19 simulations, which show a ∼10%
decrease in CO and ∼30% in NO2 over China in
March (figure S2).
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Figure 3. (a) Seasonal mean net radiative forcing (W m−2) at the TOA, (b) same as (b) but at the surface, (c) seasonal mean net
solar flux at the surface (W m−2). (d) Latitude-pressure section of anomalies (COVID-19—CTL) in seasonal mean shortwave
heating rates (K d−1) averaged over 70◦–90◦ E, (e) same as (d) but for longwave heating rates, (f) same as (d) but for net
(shortwave+ longwave) heating rates. The hatched lines in (a)–(c) indicate 99% significance level.

3.2. Impact on radiative forcing and tropospheric
heating
Changes in aerosol and gases pollution levels are
known to produce changes in radiative fluxes and
atmospheric heating rates due to their absorption
and scattering of longwave and shortwave radiation
(Ramaswamy et al 2009). The ECHAM6-HAMMOZ
simulations (COVID-19 minus CTL) show that the
impact of reduced aerosol effective radiative effects
together with the radiative effects due to the changes
in the atmospheric concentrations of gases led to a
positive radiative forcing over central India (box in
figure 1(a)) of 0.61 W m−2 (min: −0.07 W m−2,
max: 1.42 W m−2) at TOA and 1.69 W m−2

(min: 0.54 W m−2, max: 3.56 W m−2) at the sur-
face (figures 3(a) and (b)) in the monsoon season.
This radiative forcing is larger than the estimated
0.37± 0.26 W m−2 produced by a doubling of Asian
anthropogenic carbonaceous aerosols over the TP
and Indo-Gangetic Plain during the monsoon season
(Fadnavis et al 2017b).

Our simulations indicate that a decrease in atmo-
spheric aerosol and gases pollution caused by the
lockdown in Asia during March–April 2020 has
increased the solar flux reaching the surface by 1.6–
4.9 W m−2 over the Indian landmass (8◦ N–30◦ N)
in the monsoon season. Central India shows an
enhancement of 1.65 W m−2 (min: 0.7, max:
3.1 W m−2) (figure 3(c)). In contrast, Fadnavis
et al (2019b) showed that during the monsoon 2015
the higher than normal aerosol loading (with an
increased aerosol extinction of 33 × 10−4 km−1),
together with co-occurring El Nino conditions,

resulted in a reduction of surface solar radiation over
North India by 5–10 Wm−2.

Figures 3(d)–(f) show anomalies in simulated
shortwave, longwave, and net heating rates caused by
the lockdownmeasures, indicating that the reduction
in atmospheric pollution in 2020 increased the short-
wave (1.5–4 × 10−2 K d−1) and decreased the long-
wave (0.1× 10−2–0.6× 10−2 K d−1) heating rates in
the lower troposphere over North India (20◦–30◦ N),
with a positive combined effect on net heating rates,
in the monsoon season.

3.3. Implications for Asian dust transport
Another important effect of the lockdown restric-
tions over Asia on the ISM, in addition to redu-
cing anthropogenic pollution, is accumulation of
dust over the TP region. During the pre-monsoon
(March–May) and monsoon (June–September) sea-
sons, dust is transported in the lower and upper
troposphere from western Asia to the TP region
(Lau and Kim 2006, Lau et al 2018). This further
impacts the monsoon circulation through elevated
heating over the region (Lau and Kim 2006). The
ECHAM6-HAMMOZ CTL experiment also shows
transport of dust from western Asia to the NI and TP
regions during the pre-monsoon season (figure 4(a)).
The enhanced dust loading in the TP region is
mostly due to the strengthening of transport from
the Taklamakan desert to the TP region (figures 4(b)
and S3(a)), where it accumulates during the pre-
monsoon season (figure 4(c)). The distribution of
zonal fluxes of dust confirms this transport from the
Taklamakan desert to the TP, while the dust transport
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Figure 4. Distribution of simulated dust aerosol and winds (CTL) at 500 hPa averaged for the pre-monsoon season, (b) same as
(a) but for anomalies of simulated tropospheric column zonal dust flux (COVID-19—CTL), (c) latitude-pressure section of
anomalies in dust aerosols (COVID-19—CTL) and averaged over North India-TP region (28–40◦N) and pre-monsoon season,
(d) anomalies of temperature (COVID-19—CTL) averaged over the TP region and the pre-monsoon season, (e) distribution of
OMI-AAI averaged for the monsoon 2016, (f) distribution of simulated seasonal mean dust (CTL) at 500 hPa averaged for the
monsoon season, (g) anomalies OMI-AAI averaged for the monsoon 2020 (climatology 2005–2018), (i) anomalies of simulated
tropospheric column zonal dust flux (COVID-19—CTL) averaged for the monsoon season. Green contours in figures 3(b) and
(h) indicate orography (m) of the TP.

from western Asia is relatively less in the COVID-
19 simulation (figure 4(b)). Negative anomalies of
OMI AAI over western Asia in March–April 2020
also indicate that the circulation response evolved
due to the lockdown restrictions lead to abating
the pre-monsoon dust transport from western Asia
(figures 2(g)–(i)). The OMI-AAI also shows posit-
ive anomalies over the TP in March–April 2020 com-
pared to the 2005–2018 climatology (figures 2(i)–
(g)), indicating accumulation of higher amounts of
absorbing aerosols (dust) over the TP in agreement
with model simulations. The accumulation of dust
over the TP (COVID-19 − CTL) (figure 4(c)), gen-
erates an anomalous warming (0.5 K–1.8 K) in the
NI-TP region (figure 4(d)). The tropospheric heat-
ing by dust accumulation over the TP during the
pre-monsoon season leads to enhancement in the
monsoon circulation according to the elevated pump
hypothesis (Lau and Kim 2006).

In addition to the dust loading during the pre-
monsoon season, dust accumulation during themon-
soon season also shows a positive correlation with
the ISMR (Lau 2014, Vinoj et al 2014). During the
monsoon season, dust accumulation and scavenging
occurs on weekly scales (Vinoj et al 2014). Distri-
butions of OMI-AAI for previous monsoon seasons
(e.g. 2014 and 2016) show higher AAI values in the
region extending from western Asia to the TP, which
may be due to transport of dust from west Asia

to the TP (figures 4(e) and S3(b)). The dust trans-
port from west Asia during the monsoon season in
the upper troposphere is also seen in the ECHAM6-
HAMMOZ experiments (figure 4(f)). The distribu-
tion of OMI-AAI for the monsoon 2020 shows posit-
ive anomalies over the TP region, indicating a higher
amount of dust accumulation over the TP in mon-
soon 2020 than in the climatology (figure 4(g)). The
distribution of anomalies of simulated tropospheric
column dust flux (COVID-19 minus CTL) shows
higher amounts by 30–100 gm−1 than normal over
the TP (figure 4(h)). Dust is further transported from
the TP to the western Pacific by the westerly winds.
Thus, the lockdown effect has caused an accumu-
lation of higher amounts of dust over the TP. The
simulated effects of the lockdown measures (a com-
bination of reduced anthropogenic aerosol and gases
emissions) have altered the transport pattern of dust.
Our simulations reveal that changes in dust patterns
are due to amplification of the European high and
a southward extension of high pressure anomalies
from the European region to the Arabian Peninsula
(figures 5(a)–(d)) (see section 3.4 for more details).
This high pressure zone blocks the eastward trans-
port of Saharan, Arabian and West Asian dust to the
NI and TP region during the pre-monsoon (April–
May) andmonsoon seasons. Therefore, as can be seen
in the model simulation, the seasonal mean anom-
alies of dust over westernAsia are negative (figure S4).
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Figure 5. Distribution of anomalies in geopotential height (m) and winds at (a) 900 hPa. (COVID-19—CTL) averaged for the
pre-monsoon (April–May) season, (b) same as (a) but for the monsoon season. (c), (d) same as (a), (b) sane but at 500 hPa.
Letter ‘H’ indicates European high in figures (a)–(d).

Further, the stronger north-south pressure gradient
due to the deepened low pressure belt over the Indian
region, strengthened the dust transport from the
Taklamakan desert to the TP and caused enhanced
accumulation of dust there (figures 4(b) and (h)).

3.4. Implications on Asian summermonsoon
The changes in anthropogenic pollutants described
above and the associated radiative effects also caused
significant changes in the atmospheric circulation.
The increase in incident solar radiation in the
COVID-19 run compared to the CTL simulation res-
ulted in a stronger surface heating and, thus, rising
air motion, which led to a deepening of the anom-
alous low-pressure zone over the Indian subcontin-
ent during the pre-monsoon (April–May) and mon-
soon seasons. On the other hand, for reasons of con-
tinuity, sinking air masses intensified the European
continental high, generating a high pressure zone
spanning from Eastern Europe to the Arabian Pen-
insula (figures 5(a)–(d) and S5(a), (b)), extending
from the surface to the upper troposphere. The south-
eastward extension of the European high to the East-
ern Mediterranean and Middle East is associated
with Rossby wave breaking (RWB) occurring in the
subtropical jet (Park et al 2014, De Vries 2021).
Anticyclonic RWB amplifies positive geopotential

anomalies (Park et al 2014) and their occurrence
in the subtropical belt has been reported in the
past (Ratnam et al 2012). Amplification of RWB
over the European region in the COVID-19 simula-
tion is evident in anomalies of geopotential height,
temperature and distribution of potential vorticity
(figures S5(a)–(h)).

Thus model results show that the COVID-19
related reductions in anthropogenic aerosol and gases
pollution togetherwith the associated enhanced accu-
mulated TP dust increased tropospheric heating
and deepening of the low-pressure zone over the
Indian subcontinent during the pre-monsoon (April–
May) and monsoon seasons. The absorptive radi-
ative effects of dust led to an anomalous warming
of approximately 1.5 K in the mid-upper tropo-
sphere (400–250 hPa) over North India and the TP
during the pre-monsoon (figure 4(d)) and mon-
soon (figure 6(a)) seasons. This again contributed
to further strengthening of the monsoon circulation
by enhancing the cross-equatorial moisture trans-
port towards the Indian landmass (figure S6(a)) and
enhanced the ascending motion over central India
(figure 6(b)). The overall effect on ISMR simulated in
ourmodel is an increase of 4% (0.2mmd−1) over the
Indian landmass (70◦–90◦ E, 10◦–28◦ N) and 5%–
15% (0.8–3 mm d−1) over central India (figure 6(c)).
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Figure 6. Latitude-pressure section of anomalies (COVID-19—CTL) averaged over 85◦–100◦ E and for the monsoon season for
(a) temperature (K), (b) same as (a) but for vertical velocities (vertical velocities are scaled by 300 m s−1). (c) Distribution of
anomalies in rainfall averaged for the monsoon season (mm d−1), hatched lines indicate 99% significance level.

The ISMR ensemble shows a large spread in July and
September but the majority of members show posit-
ive rainfall anomalies (figure S6(b)) in the monthly
and seasonal timescale.

Thus, the changes in anthropogenic aerosol
and gases emissions and the associated natural
aerosol feedback (i.e. desert dust) caused significant
changes in radiative forcing and tropospheric heating
(section 3.2). The associated atmospheric circulation
changes enhanced low pressure belt over the Indian
region and blocking high pattern on both sides (west
and east) that played an important role in amplifying
a northward transport of moisture; leading to intens-
ification of convective activity and enhancement of
ISMR (Krishnan et al 2009, Priya et al 2015).

While the monsoon is known to exhibit sig-
nificant intra-seasonal variability, with periods of
enhanced and subdued rainfall activity (Ajayamohan
and Goswami 2007, Krishnamurthy and Shukla
2007), this aspect is beyond the scope of our study.
We have however further verified the monthly vari-
ations of rainfall within the monsoon season. The
model does simulate monthly rainfall patterns, which
are comparable with the observed patterns from IMD
rain gauge measurements. The simulated monthly
rainfall variabilities (figures S7(a)–(d)) are compar-
able with observed patterns (June–September) from
the rain gauges data of India Meteorological Depart-
ment (figures S7(e)–(h)) except in September, when
the IMD measurements show negative anomalies of
rainfall over northern India while the model shows
positive anomalies. Distribution of simulated sea-
sonal mean rainfall (figure S7(i)) also shows reas-
onable agreement with IMD rain gauge measure-
ments (figure S7(j)). In the months of June, August
and September, the model simulates positive rainfall
anomalies over most of the Indian landmass (figures
S7(a), (c) and (d)). During these months, there is
a strong ascending branch over the NI-TP region
(20◦–34◦ N) (figures S8(a), (c) and (d)), favouring
the monsoon circulation, rain processes, convection
(outgoing long wave radiations) (figures S8(e), (g)
and (h)). Subdued rainfall in July, associated with

weak vertical motion (figure S8(b)) is further evid-
ent from the reduced outgoing long wave radiations
over North India (figure S8(f)). The IndiaMeteorolo-
gical Department data show that the rainfall over the
country as a whole during the second half of the sea-
son (August and September) is above-normal (96%–
106%)with respect to its climatological mean. Details
of intra-seasonal variations need further examination
to understand the sub-seasonal role of aerosol, dust
and its interaction with radiation, dynamics, and rain
processes.

Our analysis shows that the direct (heating) and
indirect (dust transportation) effect of the anthropo-
genic pollution reduction due to COVID-19 restric-
tions contributed to the enhanced rainfall over India
via the following factors:

(a) The reduction in atmospheric dimming
increases the surface solar radiation over South
Asia and heating of the troposphere. The
tropospheric heating as a result of the lowered
aerosol direct effect enhances updraft over NI.

(b) Changes in pollution due to COVID-19 lock-
down strengthen the low pressure over the
Indian subcontinent and lead to the intens-
ification and southeast-ward extension of
the European continental high. The resulting
strengthening of theHadley circulation causes an
enhancement of moisture inflow over the Indian
landmass and an intensification of convective
activity and upwardmotion, leading to enhance-
ment of ISMR precipitation.

(c) The anomalous high pressure reduces, dust
transport from western Asia while dust trans-
port from the Taklamakan desert to NI-TP is
enhanced by a stronger pressure gradient north
of India during both the pre-monsoon and the
monsoon season. Anomalous dust accumula-
tion over the TP intensifies upper tropospheric
warming over the NI-TP region that further
intensifies the monsoon Hadley circulation and
precipitation.
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The intensification of ISMR is therefore the result
of the combined impact of (a) the reduced aerosol
direct effect over the India region and (b) the heating
due to the dust aerosols over the TP.

4. Summary

Results from the ECHAM6-HAMMOZ aerosol-
chemistry-climate model using emissions based on
national mobility data are compared with satel-
lite observations to understand the role of reduced
anthropogenic aerosol loading during the COVID-
19 restrictions on the ISM For the past 5–6 decades,
India experienced a rising trend in atmospheric aer-
osol loading, which has been linked with a reduc-
tion in ISM precipitation and frequent droughts
(Ramanathan et al 2005, Meehl et al 2008, Krishnan
et al 2016). Lockdown measures due to the outbreak
of COVID-19 have forcefully reduced aerosol pol-
lution over the Asian region by ∼40%, increasing
regional surface solar radiation by up to 4 W m−2

and tropospheric shortwave heating rates by 0.0003–
0.004 K d−1 over India. This effect is compounded
by accumulated dust over the TP region during both
the pre-monsoon and the monsoon seasons lead-
ing to upper tropospheric warming (∼1.5 K) over
the NI-TP region. This warming resulted in accel-
erated moisture inflow towards the Indian land-
mass and strengthened the monsoon Hadley circu-
lation. The overall effect on seasonal mean rainfall
amount is 5%–15% (0.8–3 mm d−1) increase over
Central India. The increase in dust accumulation
over the TP during the pre-monsoon and mon-
soon seasons in the COVID-19 compared to the
control simulation is caused by dynamical changes
induced by the reduction in anthropogenic emis-
sions. These results assume that COVID-19 restric-
tions have not directly influenced the natural emis-
sions (e.g. dust), and therefore natural emissions
are treated (parameterised) the same in all our
simulations.

It should be noted that atmospheric drivers
other than anthropogenic and natural aerosols also
play an important and complex role in the mon-
soon dynamics. While our study provides insight
into the influence of emission reductions caused by
COVID-19 restrictions on the ISMR, our estimates
may vary under the influence of other processes
(e.g. El Nino Southern Oscillation, Indian Ocean
Dipole).

Our investigation further reconfirms the import-
ance of reducing emissions of anthropogenic pollut-
ants and its conceivable advantage in expanded water
availability against the long term declining signal that
India is experiencing since the middle of the last cen-
tury. This will have implications for policy makers, as
it indicates that reducing air pollution improves both
air quality and water issues in India.
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