
Hemispheric-wide climate response to regional COVID-19-related
aerosol emission reductions: the prominent role of atmospheric
circulation adjustments
Nora L. S. Fahrenbach1 and Massimo A. Bollasina1

1School of GeoSciences, University of Edinburgh, James Hutton Road, Edinburgh, United Kingdom

Correspondence: Nora L. S. Fahrenbach (N.L.S.Fahrenbach@sms.ed.ac.uk)

Abstract. The national and global restrictions in response to the COVID-19 pandemic led to a sudden, albeit temporary, emis-

sion reduction of many greenhouse gases (GHGs) and anthropogenic aerosols, whose near-term climate impact was previously

found to be negligible when focusing on global- and/or annual-mean scales. Our study aims to investigate the monthly-scale

coupled climate and circulation response to regional, COVID-19-related aerosol emission reductions, using the output from ten

Earth System Models participating in the Covid Model Intercomparison Project (CovidMIP). We focus on January–February5

and March–May 2020, which represent the seasons of largest emission changes in sulphate (SO2) and black carbon (BC).

During JF, a marked decrease in aerosol emissions over eastern China, the main emission region, results in a lower aerosol

burden, leading to an increase in surface downwelling radiation and ensuing surface warming. Regional sea-level pressure and

circulation adjustments drive a precipitation increase over the Maritime Continent, embedded in a negative PDO/ENSO-like

response over the Pacific, in turn associated with a northwestward displacement and zonal shrinking of the Indo-Pacific Walker10

cell. Remote climate anomalies across the Northern Hemisphere, including a weakening of the Siberian High and Aleutian Low

as well as anomalous temperature patterns in the northern mid-latitudes, arise primarily as a result of stationary Rossby wave

trains generated over East Asia. The anomalous climate pattern and driving dynamical mechanism reverse polarity between JF

and MAM 2020, which is shown to be consistent with an underlying shift of the dominant region of SO2 emission reduction

from eastern China in JF to India in MAM. Our findings highlight the prominent role of large-scale dynamical adjustments in15

generating a hemispheric-wide aerosol climate imprint even on short time scales, which are largely consistent with longer-term

(decadal) trends. Furthermore, our analysis shows the sensitivity of the climate response to the geographical location of the

aerosol emission region, even after relatively small, but abrupt, emission changes. Scientific advances in understanding the

climate impact of regional aerosol perturbations, especially the rapidly evolving emissions over China and India, are criti-

cally needed to reduce current uncertainties in near-future climate projections and to develop scientifically informed hazard20

mitigation and adaptation policies.

1 Introduction

The emergence of the coronavirus disease-19 (COVID-19) was first identified in Wuhan, China, in December 2019 and COVID-

19 was declared a global pandemic on 11 March 2020 by the World Health Organization (Sohrabi et al., 2020). Government-
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enforced measures to reduce the transmission and spread of COVID-19 included travel restrictions, home confinements (so-25

called lockdowns) and limitations of industrial activities. The first national lockdown alongside regulation of socio-economic

activity occurred in China from late January 2020 onwards. Many nations implemented similar policies, for instance India

from 25 March, and by April 2020 half of the global population was under home-confinement (Sandford, 2020).

These regulations led to a sudden, albeit temporary, emission reduction of many greenhouse gases (GHGs) and anthro-

pogenic aerosols (e.g., Forster et al., 2020; Le Quéré et al., 2020; Gkatzelis et al., 2021). Global fossil CO2 emissions were30

estimated to have decreased by around 7% (median estimate) in 2020 relative to 2019 based on sector activity data and energy

statistics (Forster et al., 2020; Friedlingstein et al., 2020; Le Quéré et al., 2020). This emission decline was mainly influenced by

reduced emissions from transport and industry while residential ones increased, albeit minimally (Forster et al., 2020; Le Quéré

et al., 2020). Nonetheless, the global concentration of atmospheric CO2 still increased in 2020 compared to previous years,

with no COVID-19-induced concentration changes identifiable from satellite data due to small overall emission reductions in35

comparison to the larger signal from inter-annual variability (Chevallier et al., 2020).

The decline in traffic and industrial productivity also led to a marked regional decrease in emissions of aerosols and precursor

gases (e.g., Gkatzelis et al., 2021), reducing air pollution and improving air quality in most regions of the world (Venter et al.,

2020). When accounting for meteorological variability, median reductions of 13–46% in nitrogen dioxide (NO2) concentrations

and 10–33% in particulate matter (PM) were observed, alongside a marginal increase in ozone (O3) of 0–4% (Gkatzelis et al.,40

2021). The change in aerosol burden led to a clear pattern of negative aerosol optical depth (AOD) anomalies across the northern

hemisphere (NH) as found in observational (e.g., Gkatzelis et al., 2021; Fiedler et al., 2021) and modelling studies (e.g.,

Yang et al., 2020), despite the potential compounding influence of negative (long-term) regional trends in aerosol emissions,

variability in natural aerosol emissions and meteorology (Diamond and Wood, 2020; Le et al., 2020; van Heerwaarden et al.,

2021).45

An abatement in aerosol emissions, such as due to COVID-19 regulations, is expected to have impacts not only on at-

mospheric composition but also on weather and climate. Anthropogenic aerosols can influence the Earth’s radiation budget

directly by scattering and absorbing solar radiation (aerosol-radiation interactions; e.g. Boucher et al., 2013) as well as indi-

rectly by changing cloud microphysical properties and precipitation processes (aerosol-cloud interactions; Twomey, 1977 and

Albrecht, 1989). The major anthropogenic scattering and absorbing aerosols/aerosol precursors are sulphur dioxide (SO2) and50

black carbon (BC), and are known to exert a significant radiative forcing (RF) on climate (Szopa et al., 2021). The global cir-

culation can also be markedly modulated by aerosols, extending their impact beyond the local emission region and promoting

remote climate responses via the generation of Rossby waves (Ming et al., 2011; Wilcox et al., 2019). In particular, previous

studies have linked aerosol-induced cooling to a southward shift of the Intertropical Convergence Zone (ITCZ) (e.g., Ming

and Ramaswamy, 2009), alteration of the strength and width of the Hadley cell circulation (e.g., Allen and Sherwood, 2011),55

fluctuations in the Pacific Decadal Oscillation (PDO) via modulation of the Aleutian Low (e.g., Dow et al., 2021), a weakening

of the South Asian summer monsoon (e.g., Bollasina et al., 2014) and changes in the El Niño-Southern Oscillation (ENSO)

(e.g., Westervelt et al., 2018). Nonetheless, aerosol-climate interactions have been repeatedly identified as the largest source of

uncertainty in estimates of the present-day anthropogenic RF (Szopa et al., 2021).
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The near-term climate response to COVID-19-related aerosol and GHG emission reductions has been investigated by several60

studies using observational and modelling data (e.g., Forster et al., 2020; Fiedler et al., 2021; Fyfe et al., 2021; Gettelman et al.,

2021; Jones et al., 2021; Ming et al., 2021). Global mean changes in effective RF were found to be small in 2020 (less than

0.2 Wm−2 during the peak reductions in spring 2020) relative to ongoing trends (Szopa et al., 2021). Regional RF changes

over East Asia, while unequivocal, were also found to be within the detection limit due to compounding effects of weather

variability (Ming et al., 2021). Consistently with the small RF, and accounting for large influences of internal variability, several65

Earth System Model (ESM) studies concluded that COVID-19-induced annual-mean changes in regional and global surface

temperature were small to negligible during 2020 and over the following years (Forster et al., 2020; Gettelman et al., 2021;

Jones et al., 2021). For instance, climate modelling results from Forster et al. (2020) showed a small near-term global surface

air warming due to decreased SO2 emissions, balanced by cooling from a NOx-driven atmospheric loss of O3. Gettelman et al.

(2021), extending the results of Forster et al. (2020), used two ESMs with prescribed sea surface temperatures (SSTs) and70

found that land surface temperature anomalies due to COVID-19-induced aerosol emission reductions peaked at around 0.3◦C

at higher northern latitudes and 0.03◦C globally during spring 2020. Similarly, modelled effects on global precipitation between

2020–2024 were found to be minimal (e.g., Jones et al., 2021). Overall, these studies indicate that the simulated anomalies in

temperature and precipitation were probably too small to be detected in observations due to meteorological variability (Fyfe

et al., 2021). However, there is consensus on aerosols being the main drivers of these climate responses, dominating over other75

forcings like CO2 (e.g., Gettelman et al., 2021).

In order to facilitate the identification of even small COVID-19-induced climate signals in a consistent and multi-model

setting, addressing some of the deficiencies of the studies mentioned above and without prescribing SSTs, the COVID-19

multi-ESM Intercomparison Project (CovidMIP) was proposed (Lamboll et al., 2021). The input data for aerosol and GHG

emission changes were reconstructed from mobility data following the methodology from Forster et al. (2020). Jones et al.80

(2021) presented the initial analysis of the CovidMIP simulations, focusing on the near-term climate changes (2020–2024).

The models showed a reduction in AOD, especially over southern and eastern Asia, and a subsequent increase in downwelling

shortwave radiation (SW) over parts of Asia. However, global near-term changes in precipitation and near-surface temperature

were too minimal to be detected in the aggregated CovidMIP data. Hence, Jones et al. (2021) concluded that the duration and

magnitude of the emission reductions were too short-lived and small to affect annual-mean global climate noticeably.85

Yet, given the strong interaction of aerosols with precipitation and atmospheric circulation (e.g., Samset et al., 2016; Liu et al., 2018; Wilcox et al., 2019)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Samset et al., 2016; Liu et al., 2018; Wilcox et al., 2019; Xie et al., 2020; Williams et al., 2022), it is certainly plausible

for COVID-19 aerosol variations to induce large-scale climate responses at short timescales (i.e., monthly) via rapid

circulation adjustments, especially given the tropical location of the emission sources. These signals could be largely

damped in annual and/or global means due to the partial cancellation of the anomalies by near-simultaneous emission90

changes in different regions or by compensating variations due to the spatial heterogeneity of the response. Previous

studies (e.g., Liu et al., 2018; ?; Persad and Caldeira, 2018) demonstrated the sensitivity of the global climate response to

the geographical location of the emission region
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Liu et al., 2018; Persad and Caldeira, 2018; Westervelt et al., 2020)

. A sub-annual analysis will also better serve to elucidate the underlying physical mechanism as well as to identify links
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between emission changes and climate responses, especially as some emission regions (e.g., Asia) can instigate downstream95

hemispheric-wide responses (e.g., Wilcox et al., 2019). This study builds on Jones et al. (2021) initial analysis of the

CovidMIP simulations, addressing the above issues and providing a mechanistic understanding of the impact of regional,

COVID-19-induced aerosol emission changes. From this perspective, the analysis represents a testbed to investigate the

aerosol-related climate imprint and dynamical mechanisms. We specifically focus on the superfast response which we define

as the climate response to emission changes at monthly timescale and including feedbacks due to sea surface temperature100

(SST) changes. This superfast response is distinct from the traditional fast response which includes atmospheric-only changes

(simulated by fixing SSTs) averaged over multiple years. Importantly, the analysis of the superfast response is key to improve

the understanding of the multifaceted and multiscale climate response patterns to aerosol forcing by bridging the gap with

the more commonly studied longer time scales (i.e., oceanic equilibrium response) as well as to realistically estimate climate

anomalies due to strong, but rapidly changing near-term aerosol emissions (e.g., Samset et al., 2019).105

2 Data and methods

We analysed climate model simulations from the Covid Model Intercomparison Project (CovidMIP; Lamboll et al., 2021),

which is incorporated into the CMIP6 endorsed DAMIP (Detection and Attribution Model Intercomparison Project; Gillett

et al., 2016). An in-depth description of the CovidMIP protocol is provided by Lamboll et al. (2021) and only the key points

are summarised here.110

The CovidMIP baseline scenario follows the Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5, hereafter ssp245), the most

middle-of-the-road future pathway in terms of political and economic changes (O’Neill et al., 2016). Here, we examined the

two-year blip scenario (hereafter ssp245-covid) which branches from ssp245 on 1 January 2020 and is adjusted according

to reconstructed country-specific trajectories up to and including June 2020. These changes in aerosol emissions and GHG

concentrations were inferred from mobility data (Forster et al., 2020) and supplementary confinement index analysis (Le Quéré115

et al., 2020). Emissions were then projected to continue at 66% of the June 2020 value until the end of 2021, reverting to the

baseline by the end of 2022 and equalling it thereafter. The difference between ssp45 and ssp245-covid thus represents the

climate effect due to COVID-19 time-evolving emission reductions.

Table 1 contains details of the participating CovidMIP models and their respective spatial resolution, aerosol treatment and

number of ensembles. Most of the models simulate aerosols interactively from primary and secondary emissions, with the120

exception of EC-Earth3 and MPI-ESM1-2-LR which use prescribed aerosols based on the MACv-SP parameterisation (Fiedler

et al., 2021). We examined multi-model ensemble mean (MEM) quantities across 10 of the 12 models, interpolated to a

common horizontal 2◦×2◦ longitude-latitude grid. Two models, CanESM5 and MIROC-ES2L, were excluded from the MEM

due to their coarse resolution (Table 1), although a comparison showed consistency of the large-scale anomalies simulated by

these two models with those of the MEM (not shown).125

The main analysis focuses on MEM quantities averaged separately for January–February (JF) and March–May (MAM) 2020,

which represent the periods of most significant aerosol emission reductions. In addition, daily MPI-ESM1-2-LR data were used
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to conduct a sub-monthly analysis of the generation of COVID-19-induced large-scale atmospheric circulation anomalies. Only

three models (ACCESS-ESM1-5, EC-Earth3, MPI-ESM1-2-LR) provided output for daily wind fields, with the latter model

showing the best agreement with the MEM (not shown).130

A comparison between the ssp245-covid MEM and ERA5 reanalysis (Hersbach et al., 2020) shows that the models can

accurately simulate the key features of the JFMAM 2020 climate (Figs. S1 and S2), with high global spatial correlations and

low root mean square errors compared to observations. This comparison is essential in order to exclude the possibility that the

response to perturbed emissions is affected by significant model biases in representing the reference conditions. The robustness

of the simulated climate anomalies was estimated by the agreement of the models on the sign of change. Regions where at least135

70% of the models (i.e., 7 out of 10) show anomalies of the same sign are stippled.

Simulations from PDRMIP (Precipitation Driver Response Model Intercomparison Project; Myhre et al., 2017

:::::::::::::::
Myhre et al., 2022) were also used to corroborate the analysis of the CovidMIP experiments and, in particular, the

identification of the signal from Asian aerosol changes. While climate responses to the idealised step perturbations in

PDRMIP will differ from the real-world transient changes, this set-up has the advantage that signals emerge more rapidly140

from internal variability for sufficiently large forcing. All PDRMIP models include direct sulphate and BC effects as well

as semi-direct BC effects. However, the complexity of simulated aerosol-cloud interactions varies across models with only

some models including these interactions or including only the first indirect effect (Table S1). Additionally, some models are

emission-driven while others use fixed aerosol concentrations.

We focused on PDRMIP experiments involving a 10-fold concentration/emission increase in sulphate (hereafter SULx10a)145

and BC (hereafter BCx10a) over Asia (10◦–50◦ N, 60◦–140◦ E) relative to the year 2000 baseline (six CMIP5 models; Ta-

ble S1). In order to isolate the superfast climate response to aerosol emission changes and enable a direct comparison with

CovidMIP results, we analysed MEM anomalies averaged over JF and MAM of the first year of the fully coupled atmosphere-

ocean PDRMIP simulations. All model data are interpolated to a common 2.5◦×2.5◦ longitude-latitude grid and the robustness

of the anomalies was evaluated as for CovidMIP data but using a 85% robustness threshold (i.e., 5 out of 6 models).150

3 Results

3.1 Emission changes

The COVID-19 pandemic resulted in a significant decline of emissions from transportation and industry (Forster et al., 2020)

and an associated relative decrease in carbon dioxide (CO2) and methane (CH4) concentrations amounting to around −0.15%

by the end of 2020 compared to the baseline (Fig. S3). Nitrous oxide (N2O) emissions decreased only minimally as changes155

in agricultural production, which is the main emission source, were modest (Elleby et al., 2020).

All aerosol and precursor emissions (BC, SO2, NOx, CO, OC, NH3 and NMVOCs) show a prominent abatement in 2020

over Asia and a peak in global reduction in April relative to the baseline (Fig. S4 shows monthly global changes in SO2).

Although national emission reductions over the eastern USA and Europe reach a maximum of 5% and 30% in April 2020,

respectively, these changes are around an order of magnitude smaller than those over Asia due to the lower baseline levels.160

5



Emission changes in SO2, which alongside BC is the dominant aerosol species in the climatology, are characterised by a

dipole pattern during the period January–May 2020 (Fig. 1a, b). During January and February, SO2 reductions are only located

over eastern China (a maximum area-weighted decline of 3.9×10−11 kgm−2 s−1 in February (Fig. 1e), equivalent to a 32 %

reduction relative to the baseline), the first country to introduce regulations and impose a national lockdown. In the following

months, SO2 reductions are also seen over other countries. India in particular shows large decreases from March 2020 and,165

despite continued significant emission reduction over China, dominates the March–May worldwide changes (a maximum

decrease of 5.3×10−11 kgm−2 s−1 in April (Fig. 1e), equivalent to a 40 % reduction relative to the baseline). BC emission

changes are similarly dominated by China in JF with a gradual shift towards India in MAM (Fig. 1c, d), but are of an order of

magnitude smaller than those for SO2.

3.2 Near-surface climate response170

Consistently with observations (Gkatzelis et al., 2021), a large decline in AOD at 550 nm is simulated over eastern China in JF

(Fig. 2a) as well as over both eastern China and India in MAM (Fig. S5) which stand out compared to smaller AOD reductions

over Europe and the USA.

Decreased aerosol loading over eastern China during JF compared to the baseline experiment results in decreased net SW

radiation at the top of the atmosphere (TOA) and surface (Fig. 2). TOA and surface anomalies are of comparable magnitude175

over China and can be as large as −10 Wm−1, indicating the dominant role of scattering by sulphate aerosols. The differences

between all-sky (i.e. including clouds) and clear-sky (i.e. without clouds) SW radiation anomalies represent the cloud SW

radiative forcing and can be used to infer aerosol-cloud effects. Over the dominant aerosol source region, changes in cloud

forcing between scenarios are evident, although not always large (Fig. 2c, d). It is possible that aerosol-cloud interactions play

a role in this anomalous forcing. Changes in SW radiation and differences between all-sky and clear-sky SW anomalies are180

also seen outside of Asia (not shown). These are partially linked to changes in cloud cover which arise indirectly from Asian

aerosol changes rather than from direct aerosol-induced cloud modification.

Lower aerosol loading compared to the reference experiment over eastern China leads to regional surface warming (Fig. 3a),

consistent with enhanced surface radiation and brightening. Yet, aerosol-induced temperature anomalies extend over areas

downstream of the aerosol source region, despite negligible variations in aerosol emissions and loading there. Marked anoma-185

lous cooling extends from northern and eastern Eurasia across the whole Arctic circle. Conversely, marked positive temperature

anomalies are centred over the Middle East, stretching from southern Europe to northern Asia, as well as over northeastern

Canada and across most of North America. A robust horseshoe-like warming pattern is present over the central Pacific cor-

responding to a region of high all-sky but no clear-sky SW radiation and thus suggesting decreased scattering by clouds (not

shown). Correspondingly, cold anomalies are found over the tropical Pacific, with a cold tongue extending over the south-190

equatorial central and eastern Pacific. The Pacific SST response is reminiscent of the anomalous pattern associated with La

Niña and, at basin-wide scale, the negative phase of the PDO.

The JF precipitation response shows the largest anomalies over the tropical oceans, particularly over the Indo-Pacific sector

(Fig. 3c). In the zonal mean, this results in a minor drying south and wettening north of the equator, indicating a northward
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shift of the ITCZ. Locally, most of eastern and southeastern Asia feature precipitation reduction, which is noteworthy despite195

its small magnitude given the modest climatological amounts. The drying is in stark contrast and forms a meridional dipole

with the large, widespread wettening to the South extending from the northeastern Indian Ocean across the NW Maritime

Continent (MC) to the western Pacific. In turn, decreased precipitation is present to the Southeast over the south-equatorial

MC, suggesting an NW shift of rainfall which climatologically features a winter equatorial maximum over the MC. The

precipitation shift coincides with a prominent NW-SE dipole in the all-sky but not in the clear-sky SW radiation pattern200

(Fig. 2). The radiation anomalies are thus indicative of an increased cloud fraction in the NW with an associated increase in

precipitation and vice versa in the SE. Marked dry anomalies are also present over the southwestern Indian Ocean and over the

central equatorial Pacific, which correspond to the zonal edges of the Indo-Pacific climatological rainfall maximum, suggesting

its zonal shrinking (Fig. 3c). At larger scale, the tropical Pacific precipitation anomalies show features consistent with the La

Niña-like response found in SSTs, including a drying over the cooler eastern equatorial Pacific as well as wettening over205

northern Australia. In the extratropics, it is worth noting the intensification of precipitation along the Pacific storm tracks and

an eastward shift and extension of the storm tracks over the Atlantic.

An anomalous meridional sea-level pressure dipole forms over Eastern Asia (Fig. 3e), featuring an anticyclone over In-

dochina and a low-pressure anomaly over northeastern China which is consistent, albeit slightly northeastward shifted, with

the regional anomalous surface warming due to decreased aerosol emissions. The latter induces a low-tropospheric westerly210

divergent flow which opposes the climatological northwesterlies over southern and eastern China, leading to the local drying

mentioned above. The subsequent mass redistribution leads to an anomalous anticyclone over Indochina, strengthening the

meridional sea-level pressure gradient and ensuing low-tropospheric westerlies from the western Pacific to the eastern Indian

Ocean along its southern flank. The enhanced moisture transport from the Pacific results in the anomalous wettening centred

over the northern MC.215

From a large-scale perspective, the anomalous cyclone over northeastern China is part of a widespread low centred over

northern Eurasia, which acts to weaken the climatological Siberian High. In turn, negative hemispheric-wide sea-level pressure

anomalies at high latitudes are suggestive of a strengthening of the Arctic Oscillation (AO). A large anticyclonic anomaly

stretches across the North Pacific basin, weakening the climatological Aleutian Low and merging with the high-pressure

anomaly over Southeast Asia. Sea-level pressure anomalies across the mid-latitudes reveal a coherent wave pattern, partic-220

ularly evident from the central Pacific across the Atlantic to Europe, which will be discussed later in conjunction with the

upper-tropospheric circulation anomalies. Interestingly, there is a noticeable broad-scale association between the extra-tropical

sea-level pressure distribution and the pattern of temperature and precipitation anomalies, suggesting a strong dynamical con-

trol on surface climate. For example, the deep anomalous cyclonic circulation over Eurasia induces warm southerly temperature

advection along its eastern flank, and thus the formation of warm anomalies over central Asia, while the cold anomaly over225

northern Europe is associated with cold northerlies on the western flank of the low. Similarly, the extensive trough over Alaska

is bounded to the West by lower temperatures over northeastern Siberia and to the East by the widespread warming over north-

eastern Canada. Sea-level pressure anomalies also have an imprint on storm track changes: in the North Pacific, the anomalous

anticyclone, centred on the eastern side of the basin, causes the storm tracks to shift northwards, while in the Atlantic the weak-
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ening (strengthening) of the storm tracks on their climatological western (eastern) flank is associated with an anomalous high230

(low) in the western (central) basin. A link between sea-level pressure and SST anomalies is also apparent over the extratropical

Pacific: the eastward displacement of the anomalous anticyclone with respect to the centre of the Aleutian Low in the baseline

leads to a stronger northward (southward) flow over the north-central (subtropical-eastern) Pacific, with associated formation

of warm (cold) SST anomalies by wind stress forcing (see for example Boo et al. (2015)). Finally, albeit the relatively modest

amplitude, the anomalous sea-level pressure distribution across the equatorial Pacific favours near-surface easterlies , which235

strengthen
::::
over

:::
the

:::::::
western

:::::
basin,

::::::::::::
strengthening the trade winds , consistently with the

:::::
there,

::::
and

:::::::
together

::::
with

:::::::::
equatorial

::::::::
upwelling

:::::::
driven

::
by

::::::::
divergent

::::
wind

::::::::::
anomalies,

:::::
result

::
in

:
a La Niña-like

::::
SST pattern.

In MAM, a decrease in AOD across South and East Asia leads to an increase in all-sky and clear-sky surface downwelling

SW radiation (Fig. S5), subsequent regional warming and the development of anomalous low sea-level pressure compared to

the baseline, with larger anomalies over southeastern China and the nearby South China Sea (Fig. 3b, f). An important feature240

is the weakening and eastward shift of the western Pacific subtropical high (WPSH), which is a key climatological element

controlling moisture transport towards East Asia. As a result, anomalous moisture-rich southwesterly winds blow from the

southwestern Indian Ocean across Indochina to eastern China, reinforcing the climatological flow (manifested, for example,

in a stronger and northward shift of the Mascarene High and associated counterclockwise circulation over the south-equatorial

Indian Ocean). The climatological rainfall front advances northward, leading to wetter conditions across the equatorial Indian245

Ocean, southern Indochina and southern China with drier anomalies to the South (e.g., across the south-equatorial Indian

Ocean and over the equatorial MC) (Fig. 3d). In contrast, relative higher pressure over South Asia compared to regions to the

East prevents the anomalous flow to reach the Indian Subcontinent where stronger dry westerlies lead to negative continental

precipitation anomalies. Also, the anomalous southwesterlies weaken the climatological westward moisture transport along

the southern flank of the WPSH, leading to a precipitation deficit over the western subtropical Pacific. As a result of the above250

adjustments, precipitation features a quadrupole-like anomalous pattern around the MC with positive anomalies in the NW-SE

direction, corresponding to a widening of the ascending branch of the Indo-Pacific Walker cell, and negative poles along the

E-SW direction, where the climatological maximum ascent is located.

Overall, the anomalous patterns in temperature and pressure during MAM display remarkable similarity, but largely opposite

sign, to those during JF. The contrast between JF and MAM is particularly evident by displaying incremental changes (i.e.,255

difference of MAM to JF) to provide a more dynamic depiction of the changes with respect to the underlying evolving seasonal

cycle. This, for example, shows the significant cooling over central Asia and Canada more clearly as well as results in a relative

strengthening and zonal widening of the Aleutian Low and negative AO-like anomaly at high latitudes. As for JF, there is a

broad-scale correspondence between the sea-level pressure and near-surface temperature distributions: for example, the large

continental ridges over northern Eurasia and northwestern Canada favour the advection of air of Arctic origin along their260

eastern flanks, resulting in cold anomalies over central and northern Asia and most of North America, respectively. Relative

to JF, the North Pacific storm tracks weaken and shift south, while in the North Atlantic the eastward shift is less pronounced

and storm tracks strengthen, albeit modestly, on their western edge. Similarly, Pacific basin-wide relative SSTs changes tend

towards a pattern resembling the positive phase of the PDO,
:::::
with,

::
as

::
in

:::
JF,

:
a
:::::
close

:::::::::
association

::::
with

:::
the

::::::::
overlying

:::::
wind

::::::
pattern
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:::
and

::::::::::
wind-driven

::::::::::::::::::::
upwelling/downwelling. The associated warming and precipitation deficit in the eastern equatorial Pacific,265

together with weaker trade winds
:::
and

::::::::::
evaporation

::::::
cooling, suggest a shift towards an El Niño-like response pattern.

3.3 Large-scale atmospheric circulation adjustments

The coherent and consistent hemispheric-wide response patterns in near-surface variables discussed above – including the

consistency between climate anomalies across Asia and regional aerosol variations, the wave-like structure as well as the

seasonal phase reversal (Fig. 1–3) – are all suggestive of an underlying strong dynamical mechanism with its possible origin270

rooted in the adjustment to aerosol emissions. Therefore, analysis of the upper-tropospheric circulation anomalies and related

diagnostics will help to gain further insights into the driving mechanism and associated large-scale setting.

The JF 250-hPa meridional wind and streamfunction – preferred to the geopotential height to highlight the tropical struc-

ture – display an alternating pattern of positive and negative anomalies across the NH in the 30–60◦ N band (Fig. 4a). This is

indicative of an upper-tropospheric wave pattern of approximately zonal wavenumber 4 to 5. The wave activity flux – calcu-275

lated following Takaya and Nakamura (2001) for regions outside the deep tropics (i.e. north of 18◦ N) – suggests that the wave

train emanates from the tropical western Pacific and propagates northeastward along the East Asian jet, getting amplified over

North America and across the Atlantic where it is strengthened by interacting with the North American/Atlantic jet (Fig. 4c).

The wave then turns southeastward and finally bifurcates over the Atlantic region, with one branch directed northeastward over

Central Eurasia, and the other southeastward across the Mediterranean. The equivalent barotropic nature of this wave train,280

with lower tropospheric streamfunction anomalies collocated with those in the upper troposphere but of smaller magnitude is

suggestive of a remotely-forced wave response (Qin and Robinson, 1993).

The anomalous hemispheric-wide wave pattern described above, originating from aerosol-induced circulation anomalies

over Asia and subsequent precipitation redistribution around the MC and adjacent oceanic regions, is pivotal to the generation

of downstream surface climate anomalies in the extratropics. The relationship is suggested already by the close resemblance285

between the distribution of the NH surface temperature anomalies and the wave pattern in the 250-hPa streamfunction (e.g.,

colder temperature anomalies generally collocated with upper-level troughs), indicating the former to be strongly modulated

by adiabatic redistribution of temperature as a result of the travelling wave train. The three-dimensional mechanistic link can

be more rigorously identified by invoking the large-scale vorticity (Sverdrup) balance (e.g. Rodwell and Hoskins, 2001), and

associated inferred pattern of vertical motion. For example, descent, precipitation suppression and near-surface high pressure290

would occur in association with the southward flow along the western flank of the upper-tropospheric trough centred over

northeastern Europe. Conversely, over central Asia and northwestern Russia, near-surface low-pressure anomalies, ascent and

increased precipitation would be associated with the northward flow on the eastern flank of the upper-tropospheric anomalous

trough. Inspection of Figure 3 allows to ascertain that the broad-scale features shown there are consistent with the above

picture. An opposite pattern occurs in association with the large upper-level anticyclone centred over northern Canada and the295

Midwest of North America, namely anomalous near-surface cyclone and wet anomalies over Alaska, and descent and higher

surface pressure anomalies over the northeastern US and Canada.
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The MAM meridional wind pattern also features alternating anomalies across the NH, with the corresponding wave activity

flux suggestive of propagating Rossby waves (Fig. 4b, d). These anomalies show a similar spatial pattern and magnitude

as during JF but of broadly reversed polarity over Eurasia, the Arctic and North America. As for JF, there is broad-scale300

correspondence between the upper-tropospheric circulation and surface climate anomalies. For example, the prominent ridge

between northeastern Siberia and Alaska induces warm advection, large-scale ascent and precipitation excess along its western

flank (i.e., over northeastern Asia) and opposite anomalies to the East (i.e., over Alaska and northern Canada). This consistency

of upper- and lower-tropospheric anomalies also indicates that the Asian aerosol imprint dominates over possible impacts of

local, albeit relatively modest, emission changes over North America and Europe during MAM.305

Further evidence for the Rossby wave generating region is found in the patterns of the Rossby wave source (RWS). During

JF, the strongest RWS anomalies are evident over eastern China, co-located with the East Asian jet core (Fig. 5a). While the

RWS pattern features other minor centres in the extratropical regions, these can be interpreted as secondary sources generated

by the circulation adjustment to the primary source region.

Analysis of velocity potential and divergent flow anomalies at 250 hPa provides insights into the mechanism underpinning310

the generation of Rossby waves and the link with changes in aerosol emissions over Asia (Fig. 5c). The tropical and sub-

tropical regions are characterised by an approximate balance between diabatic heating (e.g., condensational heating from

precipitation anomalies) and mid-tropospheric vertical motion, with ensuing upper-tropospheric divergence (convergence) and

low-tropospheric convergence (divergence) associated with positive (negative) rainfall anomalies. Thus, the presence of a

strong upper-level outflow and negative velocity potential anomaly over the MC and southern Indochina is not surprising315

given the large precipitation excess there. In turn, the divergent flow converges over two regions: a wide semi-elliptical area

extending from eastern China to eastern Africa and the southwestern Indian Ocean, and a more confined, but equally important,

region over the central equatorial Pacific. Consistently, these areas feature anomalous descent and reduced precipitation. The

anomalous zonal circulation along the equator is thus indicative of a northwestward shift of the Indo-Pacific Walker cell and

a zonal contraction of the spatial extent of its upward branch. Note that alternating anomalies in velocity potential around the320

tropical belt (not shown) indicate a large-scale shift of the zonal circulation with associated precipitation changes across the

whole equatorial region, not just across the Indo-Pacific sector. The strong northward outflow from the ascending branch of

the anomalous Walker cell then interacts with the Asian-Pacific jet and the large regional meridional vorticity gradients, giving

rise to the dominant RWS there (Fig. 5a).

The RWS distribution during MAM 2020 also shows a large triplet (positive-negative-positive) over eastern China and the325

adjoining ocean, indicating a primary wave source region (Fig. 5b). Compared to JF 2020, the main RWS anomaly is of

reversed polarity in MAM 2020. Velocity potential and divergent circulation anomalies in MAM suggest a weakening of the

core of the upward branch of the Indian Ocean-Pacific Walker cell as well as a northwestward and southeastward widening,

with subsidence and drier conditions over the northeastern MC (Fig. 5d). The associated upper-level northerly inflow across

the South China Sea is thus opposite to the prevalent southerlies during JF 2020, generating Rossby waves of opposite polarity330

by a similar mechanism.
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The generation and evolution of the wave-like teleconnection pattern found above based on the MEM can be investigated in

more temporal detail by using daily data from the MPI-ESM1-2-LR model. We applied a 5-day centred, unweighted rolling

mean to the daily data to reduce the influence of daily variability while highlighting the longer-lived patterns. Fig. 6 shows the

evolution of the 250-hPa meridional wind anomalies during January 2020. While the anomalies are initially weak and do not335

show a coherent pattern, a Rossby wave train starts to emerge around mid-January, consistent with the temporal evolution of

aerosol emissions over China. Large anomalies appear first over the central and eastern Pacific and subsequently circumnavigate

the globe eastwards in 15–20 days, as shown by the alternating anomalies in the NH mid-latitudes. The anomalies reach their

peak magnitude at the end of January. Thereafter, they remain quasi-stationary in space, resulting in a wave pattern of zonal

wavenumber-4 to 5 in the NH mid-latitudes (around 30◦ N and 60◦ N) (Fig. S6).340

3.4 Climate response in PDRMIP

In order to provide further support to the findings above and, particularly, the key role of Asian aerosols in instigating the

hemispheric-wide wave pattern and associated remote climate anomalies, we examined the PDRMIP regional aerosol pertur-

bation experiments SULx10a and BCx10a in conjunction with the control simulations. The availability of individual forcing

experiments for the two aerosol species in PDRMIP also allows us to disentangle the relative role of sulphate and BC in driving345

the climate responses seen in CovidMIP. For this comparison, anomaly patterns of opposite signs between the PDRMIP and

CovidMIP simulations would imply agreement as the design of the experiments is opposite between the two MIPs (i.e., they

impose an increase and decrease in emissions, respectively).

Figure 7 displays the spatial patterns of changes in emissions and relevant climate anomalies for SULx10a and BCx10a

during JF (it is worth pointing out that some of the PDRMIP models are concentration-driven (Table S1)). Sulphate and350

BC emissions increase primarily over eastern China, with smaller changes (about 20–25% of the baseline levels) over India

(Fig. 7a, b). Note however that BC emission changes are approximately an order of magnitude smaller than those of sulphate.

These patterns bear close resemblance to those used in CovidMIP for JF 2020, with emissions over eastern China dominating

over those from India (Fig. 1a, c). It is worth highlighting that, the response patterns show anomalies of similar magnitude

between the two forcing agents despite a tenfold lower emission/concentration increase in BC than in sulphate, indicative of355

the strong BC forcing on these time scales.

The SULx10a near-surface temperature anomalies feature a widespread warming over the Arctic region extending southward

over northern Eurasia and Greenland as well as cooling over central and southern Eurasia and over Canada and the northern

US (Fig. 7c). A remarkably similar northern hemispheric pattern, but of opposite sign, is evident in CovidMIP (Fig. 3a),

also including the PDO-like response in the extratropical Pacific. Opposite temperature anomalies also occur in the eastern360

subtropical Pacific, although ENSO-like anomalies in PDRMIP tend to emerge more clearly from the second year of the

simulations. Conversely, CovidMIP and BCx10a display little resemblance in the spatial patterns, especially over the Pacific

and across Eurasia (Fig. 3c, 7f).

The SULx10a precipitation response shows a SE shift and zonal widening of the Indo-Pacific Walker cell, indicated by the

increase (decrease) of precipitation over the SE (NW) region of the MC as well as marked wet anomalies over the western and365
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central sub-equatorial Pacific (Fig. 7e). Remote precipitation anomalies feature a wet-dry-wet-dry anomalous pattern stretching

from Scandinavia towards South Asia, a southern shift of both the Atlantic and Pacific storm tracks and ENSO-like drying over

the central and eastern equatorial Pacific. These key features, again of opposite sign, are also present in CovidMIP, whereas

BCx10a and CovidMIP show little similarity in the spatial changes (Fig. 3c, 7e, 7f).

SULx10a and CovidMIP display similar sea-level pressure response patterns (Fig. 3e, 7g), consistent with the large agree-370

ment of temperature and precipitation changes mentioned above. For example, SULx10a features a strengthened Aleutian

Low as well as a widespread anticyclone over the region of the climatological Siberian High extending towards Alaska. The

anticyclonic anomalies spread around the whole Arctic circle from the second simulated year (Fig. 7g). Also, cyclonic anoma-

lies, albeit of smaller extent, are seen over the Mediterranean, northern Africa and the Arabian peninsula. BCx10a shows a

predominantly opposite pattern to SULx10a and thus poor correspondence with CovidMIP (Fig. 3e, 7h).375

Upper-tropospheric meridional wind anomalies (here displayed at 200 hPa given the unavailability of data at 250 hPa)

show distinct wave-like patterns with zonal wavenumber 4–5 in the extratropics in both PDRMIP experiments (Fig. 7i, j).

The correspondence between the BCx10a and CovidMIP anomalies is weak over the polar regions and Eurasia. However, the

overall wind anomaly patterns of SULx10a and CovidMIP agree well, with key anomalies of opposite polarity centred over the

same regions of North America, the Atlantic Ocean and Eurasia (e.g., the SE tilted quadruplet anomalies from northern Europe380

to southeastern Asia and the dipole across Canada). The patterns are less consistent over the Pacific Ocean, with the SULx10a

wave train propagating further northward than that in CovidMIP.

This comparison, albeit not devoid of limitations, indicates a striking similarity and consistency between the CovidMIP and

Sulx10a response patterns, but a much weaker correspondence with BCx10a, providing further evidence of the driving role of

East Asian sulphate aerosols for the hemispheric-wide anomalies in JF 2020 in CovidMIP. A related aspect to note is the large385

agreement between the SULx10a climate response during JF between coupled and uncoupled PDRMIP experiments (where

year 2 is analysed in the latter ensemble to account for the model spin-up after being initialised from coupled simulations;

B. Samset, personal communication). This is further indicative of the primary atmospheric nature of the climate response,

although atmosphere-ocean coupled processes as well as internal variability appear to be key to explaining, for instance, the

precipitation pattern over the eastern-central Pacific and pressure anomalies over the Arctic region.390

In MAM, climate anomalies in coupled PDRMIP simulations remain relatively similar to those during JF and incremental

changes are inconsistent with those in CovidMIP in several variables (not shown). This is presumably related to differences

in the underlying main emission patterns of the two MIPs. For CovidMIP, both aerosol species show a dipole pattern with a

relative decrease over eastern China but increase over India from JF to MAM (Fig. 1). For PDRMIP, relative BC emission

changes do show a dipole pattern (of opposite sign) whereas sulphate emission changes only show a relative increase over395

eastern China but no changes over India between JF and MAM.
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4 Discussion and conclusions

This study aimed to investigate the large-scale, superfast (on monthly timescale and including coupled air-sea interactions)

climate response to COVID-19 emission reductions using output from ten Earth System Models participating in CovidMIP.

While the prescribed emission pathways include also small changes in GHG emissions, this analysis sought to disentangle the400

climate response to anthropogenic aerosol variations and to understand the underpinning physical mechanism, in particular

the role of atmospheric dynamical adjustments in generating the hemispheric-wide response. In particular, we focused on and

contrasted two different periods, January–February and March–May 2020, the seasons of largest emission changes in SO2 and

BC.

Aerosols, rather than GHGs, are deemed pivotal to explain the climate imprint (extending Forster et al. (2020); Yang et al.405

(2020); Gettelman et al. (2021)) due to comparatively larger COVID-19-related changes than those of GHGs as well as the

aerosol heterogeneous distribution. This conclusion is further strengthened by the significant agreement between CovidMIP and

the PDRMIP single-forcing regional aerosol simulations. Importantly, the mobility data-based estimates of aerosol emission

changes as used in CovidMIP were found to agree well with aerosol measurements conducted during aircraft campaigns, e.g.

measuring BC reductions over Europe in May and June 2020 (Krueger et al., 2022).410

We find a substantial aerosol signature of, in particular, Asian aerosols on atmospheric dynamics as well as associated

local and remote climate responses at seasonal timescales. Our results are at odds with previous studies which – focusing

on COVID-19-induced global-mean and/or multi-year average changes in temperature and precipitation – concluded that the

COVID-19-related aerosol emission changes were temporally and spatially too small to result in detectable climate anomalies

(Forster et al., 2020; Gettelman et al., 2021; Jones et al., 2021; Szopa et al., 2021). This discrepancy might be explained by the415

seasonal focus of our study and especially the finding that JF and MAM 2020 anomalies show a large spatial agreement but

are of opposite sign, resulting in near-zero net changes when averaged. During both time periods, these response patterns show

large areas of model agreement as well as consistent changes across different variables, highlighting the common generating

mechanism.

:::
We

::::::
further

::::::::::
investigated

::::
the

:::::::
question

::::::::
whether

:::
the

:::::::::::::::
aerosol-generated

::::::::
response

:::::::
(signal)

:::
in

:::::
2020

::
is

:::::::::::::
distinguishable

:::::
from420

::::::
internal

:::::::
climate

:::::::::
variability

::::::
(noise).

::::
The

:::::
study

:::
by

::::::::::::::::
Ming et al. (2021)

::::::::
concluded

::::
that

::::::
around

::::::::
one-third

:::
of

:::
the

:::::
TOA

::::::::
clear-sky

:::::::
radiation

::::::::
anomaly

::::
over

::
the

::::
East

::::::
Asian

:::::::
Marginal

:::::
Seas

:::::
during

::::::
March

:::::
2020

:::
can

::
be

::::::::
attributed

::
to
:::
the

::::::::::
COVID-19

::::::
aerosol

::::::::
emission

::::::::
reductions

::::
and

:::
the

:::
rest

::
to

:::::::
weather

:::::::::
variability

:::
and

::::::::
long-term

::::::
trends

::
in

:::::::::
emissions.

:::
For

:::
this

:::::::
analysis

::::::::::::::::
Ming et al. (2021)

::::::::
compared

::
the

:::::::::
anomalies

::
in

::::
2020

::
to
:::::
those

::
in

:::
the

:::::::
previous

:::
20

::::
years

::
to
::::::::
ascertain

:::::::
whether

:::
the

::::::
former

::::
falls

::::::
outside

:::
the

:::::
range

::::
(i.e.,

::
the

::::::::
standard

::::::::
deviation)

::
of

:::
the

:::::
latter.

:::
In

:::::
order

::
to

::::
more

::::::::
robustly

:::::
isolate

:::::::
internal

:::::::::
variability

::::
from

:::::::::::::::
externally-forced

:::::::
changes,

:::
we

::::::::
compare

:::
the425

::::
TOA

::::::::
radiation

::::::::
anomalies

::
in
:::::::::
CovidMIP

::::::
during

:::
JF

:::
and

::::::
MAM

::::
2020

::
to

:::
the

::::::::
standard

::::::::
deviations

:::
of

:::
the

:::::::::::
pre-industrial

::::
(PI)

::::::
control

:::::::::
simulations

::::::
(based

:::
on

:::::::
150-year

:::::::::
segments

::
for

::::
the

::::::::::::
corresponding

:::::::::
CovidMIP

:::::::
models).

::::::
While

:::
the

:::::::::
anomalies

::
in

::::
2020

:::
in

::::::
all-sky

::::
TOA

::::::::
radiation

:::
are

::::::::
generally

::::::::::
significantly

:::::
below

::::
one

:::::::
standard

::::::::
deviation

::
of

:::
the

::::::::::::
corresponding

::
PI

:::::::::
anomalies

::::::
(figure

:::
not

:::::::
shown),

::
the

::::::
signal

:::::::
emerges

:::::
more

::::::::
distinctly

::
in

:::
the

:::::::
clear-sky

:::::::::
anomalies

::::
(Fig.

::::
S8).

::::::
These

:::::::
findings

:::
are

::::::::
consistent

::::
with

:::::::::::::::
Ming et al. (2021)

:
.
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::::
This

:::::::
suggests

::::
that

:::
the

::::::
impact

::
of

:::::::::
COVID-19

:::::::
aerosol

:::::::
emission

::::::::
changes

::
in

::::::::
clear-sky

:::::::
radiation

::
is
:::::::::
detectable

::::::
outside

:::
the

:::::::
bounds430

::
of

::::::
internal

:::::::::
variability,

::::::
which

::::::
further

:::::::::
underscore

:::
the

:::::::::
importance

:::
of

::::::::::::::
aerosol-radiation

:::::::::
interactions

::
in
:::::::::
generating

:::
the

:::::::
impact.

Overall, the mechanism underlying JF anomalies can be summarized as follows (see also the schematic Fig. 8). Locally,

a marked decrease in aerosol emissions over eastern China relative to the baseline results in lower aerosol burden and AOD,

leading to an increase in surface downwelling SW radiation and ensuing near-surface air warming. Regionally, the circulation

adjusts thermodynamically to the warming by developing an anomalous lower-tropospheric cyclone over eastern China, which435

in turn leads to the formation of an anomalous sea-level pressure high over Indochina. Enhanced moisture-rich westerlies along

the southern flank of the anticyclone cause a northwestward rainfall shift from the equatorial region in the climatology towards

the MC, leading to a large diabatic heating anomaly and upper-tropospheric divergence there. On a larger scale, the above

changes in circulation and precipitation patterns are indicative of an NW shift and longitudinal shrinking of the Indo-Pacific

Walker cell. The strong northward divergent outflow from the precipitation excess over Indonesia interacts with the East Asian440

jet, exciting a stationary, equivalent barotropic Rossby wave train which propagates eastward around the NH mid-latitudes and

leads to remote climate anomalies.

The mechanism during MAM (schematic Fig. S7) initiates from decreased aerosol emissions over India and, to a lesser

extent, over eastern China resulting in more SW downwelling radiation at the surface and widespread warming. Regionally,

the warming leads to the development of an anomalous cyclone over India and China and an associated northeastward shift of445

the climatological WPSH. In turn, precipitation is shifted northward over the Indian Ocean, linked to a weakening of the core

and a zonal widening of the ascending branch of the Indo-Pacific Walker circulation. The negative diabatic heating anomaly

over the MC associated with the rainfall deficit yields a northerly upper-tropospheric convergent inflow, which in turn initiates

Rossby waves. The mechanism is thus similar to that in JF, with the opposite polarity of Rossby wave centres and ensuing

anomalies across the NH related to the opposite pattern of the divergent flow around the MC.450

A comparison between PDRMIP and CovidMIP simulations then provides insights into the role of different aerosol species

and emission regions in driving the aerosol-forced climate patterns in JF and MAM 2020. In particular, during JF, the coupled

SULx10a and CovidMIP anomalies show striking resemblance (but opposite sign, consistent with the opposite experimen-

tal setting) in key regional as well as hemispheric-wide features – including PDO-like SST changes, precipitation anomalies

around the MC and the wave trains across the NH – which highlight the key role of sulphate emissions from China. The asso-455

ciated climate response is mainly related to atmospheric processes, although modulated by atmosphere-ocean interactions and

internal variability, as indicated by the large agreement between coupled and fSST SULx10a simulations on these timescales.

A shift of the main sulphate emission reduction region in CovidMIP, namely from China to India, is likely responsible for

the sign reversal of the aerosol-related patterns in MAM. The small sulphate reduction over China during MAM might addi-

tionally strengthen the climate response to the significant emission reduction over India. In contrast, the PDRMIP SULx10a460

experiments are driven by smaller Indian than Chinese sulphate emissions in MAM and no relative changes in Indian sulphate

emissions from JF to MAM. Thus, the missing correspondence between SULx10a- and CovidMIP-modelled climate anomalies

during MAM might be related to the large influence of India in modulating the CovidMIP climate response. Instead, BCx10a is

found to show little resemblance with the CovidMIP climate patterns, despite similar emission changes from JF to MAM (i.e.,
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a relative increase over eastern China and decrease over India for CovidMIP and vice versa for PDRMIP). This supports the465

findings that changes in sulphate, rather than BC, are the main drivers of climate anomalies in CovidMIP during both JF and

MAM. Nonetheless, it is noteworthy that the climate anomalies to both forcing agents are of a similar magnitude on superfast

timescales, despite a tenfold lower emission/concentration increase in BC than in sulphate. This calls for close examination of

the climate adjustments to sulphate and BC changes not just at equilibrium but during transient time frames.

A key finding of our study is the importance of wave propagation in generating the downstream aerosol climate imprint470

and the possibility to induce significant remote anomalies after abrupt, but relatively limited, emission changes. In particular,

our analysis shows that remote responses to COVID-19-related aerosol emission changes are associated with a stationary,

equivalent barotropic Rossby wave train propagating eastward from East Asia, generated by precipitation shifts over the MC

and the Western equatorial Pacific due to changes in Asian aerosol emissions. A similar mechanism has been previously

suggested to underpin a hemispheric-wide response to aerosol changes (Ming et al., 2011; Lewinschal et al., 2013; Wilcox475

et al., 2019; Bartlett et al., 2018), albeit in different contexts (e.g., historical changes) and seasons (e.g., summer). An important

discrepancy between earlier studies regards the source region of the Rossby waves. Some works (Wilcox et al., 2019; Bartlett

et al., 2018) proposed that waves were generated around the East Asian jet exit, as also shown here, while others (Ming et al.,

2011; Lewinschal et al., 2013) found that wave trains were mainly generated over the tropical Pacific. This discrepancy could

be related to the fact that the former (and our) studies focused on the effect of Asian aerosol only, whereas the latter works480

simulated the climate response to an increase in global aerosol emissions, with a potential competition between locally and

remotely forced responses. Far-field responses were shown to possibly even dominate over local effects of radiative forcing in

certain regions (Lewinschal et al., 2013). More research is needed to determine if the wave generating region depends on the

location of the aerosol emissions and the interplay between local and remote dynamical responses.

The significant role of circulation adjustments and atmospheric teleconnections in realising the aerosol imprint is especially485

important in the context of the interplay between external forcing and internal climate variability, whereby the latter can

contribute substantially to modulating, if not masking, the externally forced signal (e.g. Deser et al., 2012; O’Reilly et al.,

2021). Furthermore, circulation adjustments to external forcing have been previously found to project strongly onto underlying

modes of variability (Deser et al., 2004; Allen and Sherwood, 2011; Lewinschal et al., 2013; Wilcox et al., 2019; Dow et al.,

2021), which makes the two driving factors even more intrinsically intertwined. Indeed, our results show that the aerosol490

response features a modulation of the AO and the Aleutian Low, as well as a projection onto Pacific
:::::::::
wind-driven

:
SSTs and near-

surface wind changes that resemble a PDO/ENSO pattern. Importantly, these findings highlight the critical, but overlooked,

ability of superfast atmospheric circulation adjustments to generate climate anomalies consistent in their spatial structure with

longer-term signals. While internal climate feedbacks and slow oceanic processes certainly also play a role, one may wonder

whether and to what extent long-term (decadal) trends are initiated by short-term atmospheric circulation changes. This has, in495

particular, significant implications for generating rapid and important climate adjustments with even relatively small, but abrupt,

aerosol emission changes. Insights into this field are critically needed in order to reduce uncertainties in future projections of

regional climate change (Shepherd, 2014), especially in the light of emerging aerosol emission patterns over Asia during the
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last decade (Samset et al., 2019) as well as those that could emerge due to uncertainties in future aerosol emission trajectories

(Bartlett et al., 2018).500

The sensitivity of the climate response patterns to the location of the key aerosol emission region found here provides

further evidence to recent literature documenting how both global and regional climate is highly dependent on regional

aerosol emissions and their rates of change (e.g., Liu et al., 2018; Tang et al., 2018; Undorf et al., 2018). This has

recently become a topic of active research (e.g., Persad and Caldeira, 2018; Wilcox et al., 2019; Westervelt et al., 2020)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Persad and Caldeira, 2018; Wilcox et al., 2019; Westervelt et al., 2020; Williams et al., 2022), as limited knowledge of505

the climate impacts of heterogeneous aerosol distributions, alongside their potentially strong nonlinear interactions, hinders

our understanding of historical climate change and its attribution. More importantly, it also limits achieving more robust

projections of climate change and associated hazards in the coming decades. This is a timely and pressing issue, as for example

in the most recent years Chinese SO2 emissions have been markedly reduced, while emissions of both SO2 and BC from

India have increased, leading to a dipole change over South and East Asia (Samset et al., 2019), which are not accounted for510

in the scenarios developed for the 6th Assessment Report (AR6) of the IPCC (Wang et al., 2021). Even more, the AR6 Shared

Socioeconomic Pathways project a wide range of possible trajectories of aerosol emissions from different regions, depending

on national and international air quality and energy policies among others (Lund et al., 2019). Rapid progress in understanding

how these emission trends will affect near-term regional and global climate is thus urgently needed.

Although our findings are based on ensemble means across multiple ESMs, with varied aerosol parameterisations and ef-515

fective RF estimates, a more robust assessment of the role of internal variability in modulating the climate response on very

short timescales would be possible for example by analysing large-ensemble single forcing experiments. Multi-model ensem-

ble experiments driven by transient, realistic regional aerosol emission changes and using a consistent experimental set-up are

also key to disentangle the importance of different source regions in driving large-scale climate adjustments. Further studies

should also take into consideration the role of climate model biases, including the spatial distribution of precipitation across the520

tropics, which may affect the identification and attribution of regional and remote climate responses to anthropogenic aerosols

(e.g., Samset et al., 2016; Stjern et al., 2017; Westervelt et al., 2020), for example by modulating local aerosol-cloud interac-

tions or remotely affecting the mechanism of Rossby wave generation. Overall, our findings emphasize the prominent role of

large-scale dynamical adjustments to regional aerosol forcing even on short timescales, using COVID-19 changes as a testbed,

and highlight the critical need for clear scientific advances in this field in order to accurately predict near-future climate risks525

at a regional scale as well as provide scientifically based mitigation and adaptation strategies.

Data availability. ERA5 monthly data from 1959 to present is publicly available at https://doi.org/10.24381/cds.6860a573 (Hersbach et al.,

2019). Monthly input4MIPS data for aerosol emissions and greenhouse gas concentrations (v4.0) used in CovidMIP can be accessed via https:

//zenodo.org/record/3957826 (Forster et al., 2020). We thank the support of the team in charge of CNRM-CM climate model who provided the

CovidMIP output for the CNRM-ESM-2 simulations. All other model datasets for CovidMIP are published on the CMIP6 archive available530

via the Earth System Grid Federation (ESGF) at https://esgf-index1.ceda.ac.uk/search/cmip6-ceda/ (Lamboll et al., 2021). The PDRMIP
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data can be accessed via the Word Data center for Climate (WDCC) data server at https://doi.org/10.26050/WDCC/PDRMIP_2012-2021

(Andrews et al., 2021).
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Table 1. List of CovidMIP models and their main model characteristics. Table adapted from Jones et al. (2021).

Model

name

ssp245-covid

ensembles

Horizontal

resolution

Atmosphere

resolution a

Aerosol

processes b

Aerosol

forcing

ACCESS-ESM1-5 30 1.9◦×1.2◦ 250 km

(N96), L38
5, CLASSIC interactive

CanESM5 ∗ 50 2.8◦×2.8◦ 500 km

(T36), L49
5, Prognostic concentration interactive

CESM2 50 1.3◦×0.9◦ 100 km

(1.3◦×0.9◦), L32
6, MAM4 interactive

CNRM-ESM2-1 100 1.4◦×1.4◦ 250 km

(TL127, 1.4◦), L91
5, TACTIC interactive

E3SM-1-1 10 1.0◦×1.0◦ 100 km

(NE30), L72
7, MAM4 interactive

EC-Earth3 25 0.7◦×0.7◦ 100 km

(T255), L91
n/a MACv2-SP

GISS-E2-1-G 10 2.5◦×2.0◦ 250 km

(2.5◦×2.0◦), L40
8, MATRIX interactive

MIROC-ES2L ∗ 30 2.8◦×2.8◦ 500 km

(T42), L40
5, SPRINTARS interactive

MPI-ESM1-2-LR 10 1.9◦×1.9◦ 250 km

(T63), L47
n/a MACv2-SP

MRI-ESM2-0 10 1.1◦×1.1◦ 100 km

(TL159, 1.125◦), L80
5, MASINGAR mk-2r4c interactive

NorESM2-LM 10 2.5◦×1.9◦ 250 km

(2.5◦×1.9◦), L32
5, OsloAero6 interactive

UKSEM1-0-LL 16 1.9◦×1.3◦ 250 km

(N96), L85
5, UKCA MODE interactive

a CMIP "nominal resolution" in km, "L" denotes number of vertical levels

b Number of aerosol species and name/description of aerosol sub-models

∗ Models which were not included in this multi-model study due to their coarse resolution
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Figure 1. Changes in (a, b) SO2 and (c, d) BC emissions over East and South Asia during JF 2020 (left) and MAM 2020 (right). (e) Land-

only, area-weighted changes in SO2 and BC (scaled by a factor of 10) emissions from eastern China
::::::::
(21–42◦N,

:::::::::
102–125◦E) and India with

regions
:::::::
(6–32◦N,

:::::::
70–87◦E)

::
as defined in (a)-(d). The JF and MAM 2020 periods used for later analysis are indicated by light and dark grey

shading, respectively.
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Figure 2. Spatial patterns of MEM anomalies in (a) AOD at 550 nm, (b) all-sky net top-of-atmosphere (TOA) SW radiation, (c) all-sky

surface downwelling SW radiation and (d) clear-sky surface downwelling SW radiation for JF 2020. Stippling indicates where at least 70%

of the models agree on the sign of change.
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Figure 3. Spatial patterns of MEM anomalies in (a, b) near-surface air temperature, (c, d) precipitation rate and (e, f) sea-level pressure

during JF (left) and MAM 2020 (right). Subfigures (b) and (f) are shown as incremental changes (MAM minus JF). Stippling indicates where

at least 70% of the models agree on the sign of change.
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Figure 4. Spatial patterns of MEM anomalies in (a, b) meridional wind speed and (c, d) zonal-mean corrected streamfunction (shades) and

wave activity flux (arrows; computed for regions north of 18◦ N) at 250 hPa during JF (left) and MAM 2020 (right). In (a, b), black arrows

show the suggested path of the Rossby wave train and stippling indicates where at least 70% of the models agree on the sign of change.

27



 

 
 (a)

 

 

 (b)

 

 

 (c) 0.5 m s 1

 

 

 (d) 0.5 m s 1

3.5
2.5
1.5
1.5
2.5
3.5

s
2

×10 11

1.75
1.25
0.75
0.75
1.25
1.75

s
2

×10 11

3.2
0.8
0.2
0.2
0.8
3.2

m
2 s

1

×105

Figure 5. Spatial patterns of MEM anomalies in (a, b) Rossby wave source and (c, d) velocity potential (shades) with divergent flow (arrows)

at 250 hPa during JF (a, c) and MAM 2020 (b, d). Note that the colour bar scale in (b) is halved in comparison to (a). Black ellipses in (a, b)

indicate the East Asian jet core, where values of the baseline 250 hPa-zonal wind are greater than 60 ms−1 in JF and 40 ms−1 in MAM.
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 (a)   5. January 2020  (b)   10. January 2020

 (c)   20. January 2020  (d)   25. January 2020
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Figure 6. Spatial pattern of MPI-ESM1-2-LR anomalies in 250 hPa-meridional wind speed during January 2020 using a 5-day centred,

unweighted rolling mean.
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Figure 7. Spatial patterns of PDRMIP anomalies in (a, b) emissions, (c, d) near-surface air temperature, (e, f) precipitation rate, (g, h) sea-

level pressure and (i, j) 200 hPa-meridional wind speed for coupled SULx10a (left) and BCx10a (right) during JF of year 1. Stippling

indicates where at least 85% of the models agree on the sign of change.
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Figure 8. Schematic of the generation of Rossby waves associated with the reduction of aerosol emissions over eastern China in JF 2020. The

grey arrow represents vertical ascending air motion and the curved blue and orange arrows show low-pressure and high-pressure anomalies,

respectively. Centres of divergence and convergence are shown as green circles and the associated circulation with black arrows. The East

Asian jet core is indicated by a grey ellipse.
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