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Abstract With the continuation of the Coronavirus Disease 2019 (Covid-19) pandemic, the impacts of
this catastrophe on anthropogenic emissions are no longer limited to its early stage. This study quantitatively
estimates effective radiative forcings (ERFs) due to anthropogenic well-mixed greenhouse gases (WMGHGS)
and aerosols for the period 2020-2050 under the three latest Covid-19 economic-recovery scenarios using an
aerosol-climate model. The results indicate that reductions in both WMGHG and aerosol emissions under the
Covid-19 green recoveries lead to increases ranging from 0 to 0.3 W m~2 in global annual mean anthropogenic
ERF over the period 2020-2050 relative to the Shared Socioeconomic Pathway 2-4.5 scenario (the baseline
case). These positive ERFs are mainly attributed to the rapid and dramatic decreases in atmospheric aerosol
content that increase net shortwave radiative flux at the top of atmosphere via weakening the direct aerosol
effect and low cloud cover. At the regional scale, reductions in aerosols contribute to positive ERFs throughout
the Northern Hemisphere, while the decreased WMGHGs dominate negative ERFs over the areas away from
aerosol pollution, such as the Southern Hemisphere oceans. This drives a strong interhemispheric contrast of
ERFs. In contrast, the increased anthropogenic emissions under the fossil-fueled recovery scenario lead to an
increase of 0.3 W m~2 in global annual mean ERF in 2050 compared with the baseline case, primarily due to
the contribution of WMGHG ERFs. The regional ERF changes are highly dependent on local cloud radiative
effects.

Plain Language Summary As a result of the Covid-19 pandemic, the unprecedented containment
has imposed on energy demand and other structural changes in transport globally. These changes may further
affect future emission levels, thus inducing climate changes at the global and regional scales. In this study,

we estimated effective radiative forcings (ERFs) due to anthropogenic forcing agents, such as well-mixed
greenhouse gases (WMGHGS), and aerosols, under the three latest Covid-19 economic recovery scenarios
(fossil-fueled, moderate green, and strong green recoveries). Despite large decreases in both WMGHG and
aerosol emissions under two green recovery scenarios, we found the aerosol ERF that mainly occurs over

the Northern Hemisphere is the dominant contributor to the total positive ERFs over the period 2020-2050.
Conversely, the ERFs over the Southern Hemisphere oceans turn negative due to the reduction in WMGHG
emissions, which partly offset the effects of the abovementioned changes in aerosols, and result in asymmetric
interhemispheric patterns in Earth's radiation budget in future.

1. Introduction

To date, the damage resulting from the Coronavirus Disease 2019 (Covid-19) pandemic continues globally. There
was a sharp drop in anthropogenic emissions in the early stage of the pandemic due to the severe restrictions on
travel and economic activities worldwide (Le Quéré et al., 2020; Z. Liu et al., 2020; Zheng et al., 2020). The after-
math of this pandemic has contributed to the decrease in carbon dioxide (CO,) emissions in 2020 and 2021, both
relative to 2019 levels (United Nations Environment Programme, 2021). The impact of Covid-19 on emissions
is expected to continue, since the Covid-19-related rescue spending and recovery investment have set out in a
low-carbon way in several countries, such as China, Germany, and the United Kingdom (Keramidas et al., 2021;
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United Nations Environment Programme, 2020, 2021). Although previous studies have revealed slight effects of
reduced emissions associated with Covid-19 containment on the global mean values of radiative forcing, surface
air temperature, and precipitation (Fasullo et al., 2021; Gettelman et al., 2020; Weber et al., 2020), but these
decreased emissions contributed importantly to the 2020 extreme summer rainfall at the regional scales (Fadnavis
et al., 2021; Y. Yang et al., 2022). Moreover, stronger climate responses may emerge if the economic stimulus
policies at post-pandemic result in persistent changes in anthropogenic emissions (Forster et al., 2020; Y. Yang
et al., 2020; Z. L. Wang et al., 2016).

Emission policies that balance Covid-19 containment and post-pandemic economic recovery may drive future
climate changes at the global and regional scales, which becomes a major concern of societies and scientists
(Balkan Green Energy News, 2020; European Commission, 2020; Hepburn et al., 2020; Qian et al., 2020).
Therefore, a new model intercomparison project that accounts for the effects of Covid-19 (Covid-MIP) has been
included within the Coupled Model Intercomparison Project Phase 6 (CMIP6) to assess the potential climate
effects of anthropogenic emission changes under Covid-19 pandemic and post-pandemic recovery scenarios
(Lamboll et al., 2021). Isolating and comparing effective radiative forcings (ERFs) from individual emission
types or categories is encouraged by the protocol for Covid-MIP due to the competing or offsetting effects of
these reduced emissions on global and regional climate.

ERF is defined by the change in the net radiative flux at the top of the atmosphere (TOA) following adjustments
in both tropospheric and stratospheric temperatures, water vapor, and clouds, but with surface temperature or a
portion of surface conditions unchanged (Myhre, Shindell, et al., 2013). The metric that evaluates the contribution
of a specific atmospheric component to climate change can only be obtained via the modeling approach, since
it is difficult to derive the global tropospheric adjustment terms without using a comprehensive climate model.
Previous studies have reported the dominant contributions of well-mixed greenhouse gases (WMGHGs) to global
warming over the Industrial Era, with the best estimate of ERF reaching 2.83 (2.26-3.40) W m~2 (Myhre, Shin-
dell, et al., 2013; Oshima et al., 2020; Xie et al., 2016). However, aerosols are closely linked to changes in
regional radiation budgets and near-term climate changes due to their short lifetimes, complex distributions, and
aerosol-cloud interactions (Li et al., 2019; Y. W. Liu et al., 2018). For example, Oshima et al. (2020) indicated
that black carbon (BC) was the second-largest contributor to positive ERF over the Arctic, after WMGHGs. The
aerosol ERF over eastern China from 1850 to 2005 was estimated to be —4.14 W m~2 based on CMIP5 multi-
model analysis (R. J. Liu & Liao, 2017). Recent studies have shown that detectable increases in surface radiative
fluxes and air temperatures under the Covid-19 pandemic are attributed mainly to reduced aerosol concentrations
(Heerwaarden et al., 2021; Peters et al., 2020; Y. Yang et al., 2020), despite sharp drops in both WMGHG and
aerosol emissions around the world (Le Quéré et al., 2020; Z. Liu et al., 2020; Lokhandwala & Gautam, 2020;
Zheng et al., 2020). Therefore, aerosol forcing contributes to a large uncertainty in the total anthropogenic ERF
due to the inhomogeneous spatial patterns of aerosol concentrations, and aerosol-cloud interactions (Grandey
et al., 2018; Mulcahy et al., 2018; Ren et al., 2020; H. Wang et al., 2020; Y. Yang, Smith, Wang, Mills, &
Rasch, 2019; Zhang et al., 2016). The competing or offsetting effects of aerosols and WMGHGs also make
predictions of future climate changes more challenging at the global and regional scales.

The Fifth Assessment Report (ARS) of the Intergovernmental Panel on Climate Change emphasized changes in
future emissions of GHGs and aerosol precursors as a second source of uncertainty stems in predicting future
climate changes (Cubasch et al., 2013). Using an aerosol-climate coupled model, Zhang et al. (2018) reported
the apparent differences among ERFs of short-lived climate pollutants under different Representative Concen-
tration Pathways, with the global mean ERF ranging from —0.5 to 0.1 W m~2 base on low-and-high emissions
scenarios, respectively. By modifying gridded projections from the Shared Socioeconomic Pathway (SSP) 2—4.5,
Forster et al. (2020) and Lamboll et al. (2021) provided four updated projections showing the potential impacts
of Covid-19 on future anthropogenic emissions. Fiedler et al. (2021) indicated an aerosol ERF spread of —0.68
to —0.38 W m~2 for 2050 under these post-pandemic recovery scenarios. Although the post-pandemic economic
recovery scenarios are highly idealized, they provide several possible global emissions trends in the future, which
consider the potential impacts of Covid-19 on government investment from countries toward either the fossil fuel
economy or green infrastructure (Andrijevic et al., 2020; Gillingham et al., 2020). These idealized Covid-MIP
scenarios incorporate the impact of Covid-19 pandemic into projections of socioeconomic development for the
21st century, thereby supplement the projections of greenhouse gas emission pathways of integrated assessment
model scenarios, that is, the SSP scenarios. The green recovery scenarios may lend opportunities to further
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advance understanding of how climate respond to long-term emission reductions, as a preview for achieving the
1.5°C Paris Agreement goal (Roser et al., 2020; Tolliver et al., 2020), especially for examining the contribution
from different anthropogenic forcing agents to global warming. Therefore, transient simulations with forcing
agents that evolve over time are employed in this study to estimate the transient contributions of WMGHGs and
aerosols to ERFs.

We quantitatively estimate the time evolution of ERFs due to anthropogenic WMGHGSs and aerosols for the
period 2020-2050 under different Covid-19 recovery scenarios using a global aerosol-climate model of BCC_
AGCM2.0_CUACE/Aero (see detail in Section 2.2). The scenarios, model, and methods used in this paper are
presented in Section 2. Changes in anthropogenic agents and their combined and individual ERFs under three
scenarios are analyzed in Sections 3-5. The discussion and conclusions are presented in Section 6.

2. Methodology
2.1. Covid-19 Recovery Scenarios

Following the protocol for Covid-MIP, the SSP2-4.5 emission scenario is employed as the baseline scenario. This
scenario envisions a central pathway without substantial deviations and keeps emissions at low to medium level,
which is applicable to inter-decadal and near-term climate predictions (O’Neill et al., 2016; Riahi et al., 2016).
The SSP2-4.5 data sets that include WMGHGs (e.g., CO,, methane [CH,], and nitrous oxide [N,O]), aerosols
(e.g., BC, organic carbon [OC], and sulphate [SF]), and their precursors (e.g., sulfur dioxide [SO,]) are down-
loaded from the input data sets platform for model intercomparsion projects (Feng et al., 2020; Input4MIPs, 2020;
https://esgf-node.llnl.gov/search/input4mips/). Note that the WMGHG data sets are concentration data, while the
others are emission data.

According to the assumptions that imply the impacts of Covid-19 containment as well as post-pandemic emission
policies, three recovery pathways from 2020 to 2050 are employed: a pathway supporting increased fossil-fuel
use (“fossil-fueled recovery”) and two pathways encouraging moderate or large green stimulus (“moderate green
recovery” and “strong green recovery”’, respectively). These scenarios follow the “two-year-blip” pathway, based
on the assumption that 66% of the June 2020 reduction in emissions persists until the end of 2021, after which
emissions diverge at the end of 2022 following assumptions corresponding to different economic recoveries
(Forster et al., 2020). The fossil-fueled recovery follows a more fossil investment trajectory, which assumes that
emissions are 10% higher in 2030 than the baseline scenario and will keep growing in the same trend thereafter.
The two green recovery scenarios assume more investment for low-carbon technologies (increases ranging from
0.8% to 1.2% than a pre-Covid-19 current-policy scenario), resulting in about a 35% and a slightly more than
50% decrease of WMGHG emissions by 2030, respectively, compared to the baseline scenario. Continuing these
emission assumptions will lead to global net-zero CO, by 2060 and 2050, respectively.

Figure 1 shows the time evolution of changes in the concentrations of WMGHGs in the baseline pathway and
three Covid-19 economic recovery scenarios relative to 2020. In the baseline pathway scenario, the concen-
trations of CO, and N,O increase by 7.1% and 1.6% per decade, respectively; but the concentration of CH,
declines by —1.8% per decade. Although WMGHG emissions increase in the fossil-fueled recovery scenario,
these changes exert limited impacts on atmospheric WMGHG concentrations, with increases within 5% for CO,,
CH,, and N, 0O in 2050 compared to the baseline pathway. However, under the two green recovery scenarios there
are apparent reductions in WMGHG concentrations relative to the baseline pathway, with declines of 11.5%
(15.2%), 15.9% (26.4%), and 1.3% (3%) for CO,, CH,, and N, O, respectively, in 2050 under the moderate (strong)
green recovery scenario. In general, the impacts of changes in WMGHG emissions on their atmospheric contents
are more pronounced after 2030 for all Covid-19 economic recovery scenarios. Note that the time evolution of
changes in aerosol emissions under the three Covid-19 economic recovery scenarios compared to the baseline
case is consistent with those of WMGHG concentrations. Changes in the aerosol concentrations under these
scenarios are analyzed in Section 3.

2.2. Model and Experiments

We use the global aerosol-climate model of BCC_AGCM2.0_CUACE/Aero developed by Z. L. Wang et al. (2014),
Zhang et al. (2014), and Zhang, Wang, et al. (2012). This model incorporates a range of revisions that allow it
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Figure 1. Time evolution of changes in the global annual mean concentrations of (a) CO, (unit: ppm), (b) CH,, and (c) N,O (units: ppb) in the baseline pathway and
three Covid-19 economic recovery scenarios relative to 2020. The black, gold, green, and dark green lines represent the baseline pathway, fossil-fueled, moderate green,
and strong green recovery scenarios, respectively.

to evaluate ERF well. Its atmospheric component, named as the Atmospheric General Circulation Model of the
Beijing Climate Center version 2.0 (BCC_AGCM2.0), was developed by the Beijing Climate Center of Chinese
Meteorological Administration (CMA; Wu et al., 2010), which employs a horizontal T42 spectral resolution
(approximately 2.8° X 2.8°) and a terrain-following hybrid vertical coordinate, with 26 layers and a rigid lid at
2.9 hPa. The radiation scheme BCC_RAD and the Monte Carlo independent column approximation (McICA)
cloud vertical overlap scheme (Jing et al., 2016; Zhang et al., 2014) were introduced in BCC_AGCM?2.0. The
optical properties of water and ice clouds were taken from Nakajima et al. (2000) and Zhang et al. (2015), respec-
tively. These schemes reduce error in the simulated TOA longwave and shortwave radiative fluxes.

Five aerosol species, including BC, OC, SF, dust (SD), and sea salt (SS) are contained in the CUACE/Aero
aerosol model (CMA Unified Atmospheric Chemistry Environment for Aerosols), which was developed by the
Chinese Academy of Meteorological Sciences. CAUCE/Aero considers aerosol emissions, transport, chemical
conversion, interactions with cloud and sedimentation processes (C. H. Zhou et al., 2012). Emissions of BC, OC,
SF, and their precursors are prescribed, while natural emissions of SD and SS are calculated online (Alfaro &
Gomes, 2001; Gong et al., 2003, 2002; Marticorena & Bergametti, 1995). Each type of aerosol is divided into 12
consecutive non-overlapping bins as a geometric series for radii between 0.005 and 20.48 pm to ensure a precise
characterization of the concentrations and optical properties of aerosols with various particle sizes in the model.
Aerosol optical properties are given by Wei and Zhang (2011) and Zhang, Shen, Wei, Zhang, & Li (2012). BCC_
AGCM2.0_CUACE/Aero adopts a two-moment cloud microphysical scheme (Gettelman et al., 2008; Morrison
& Gettelman, 2008) to describe the cloud microphysical and aerosol-cloud interaction processes (Z. L. Wang
et al., 2014). This allows physical representations of aerosol direct, semi-direct, and indirect effects for liquid-
phase clouds, and ensures more reliable simulations of aerosol ERFs from BCC_AGCM2.0_CUACE/Aero than
those from other models with one-moment schemes (Grandey et al., 2018; H. Wang et al., 2020).

The model has shown reasonable performance in simulating meteorological field and aerosols by participat-
ing international comparisons, such as CMIP5 (T. J. Zhou, Chen, 2014; T. J. Zhou, Zou, et al., 2014), and the
AeroCom Phase II (Myhre, Myhre, et al., 2013; Tsigaridis et al., 2014). It has been widely used in quanti-
fying ERFs related to aerosol-radiation interactions (ERFari), and aerosol-cloud interactions (ERFaci; Zhang
et al., 2018; 2016; C. Zhou et al., 2017).

Four groups of experiments, referred to hereinafter as Exp_Ref, Exp_All, Exp_Aero, and Exp_GHG, are
performed to assess the combined ERFs of both WMGHGs and aerosols, as well as the individual ERFs of these
forcing agents (Table 1). Each group of experiments uses the same model settings, but with different forcing
pathways. Four experiments are performed in the Exp_All group as shown in Table 1 too. By changing the initial
atmospheric conditions, each experiment includes five members to minimize disturbances related to model-inter-
nal variability (Lamboll et al., 2021). The first experiment is driven by the SSP2-4.5 forcing (Exp_All_ssp2-4.5).
The other three experiments are driven by different Covid-19 economic recovery pathways, that is, fossil-fueled
recovery (Exp_All_FFR), moderate green recovery (Exp_All_MGR), and strong green recovery (Exp_All_SGR)
experiments. Notably, these experiments are simultaneously forced by both WMGHG concentration and aerosol
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Table 1

Experimental Design

Group Experiment Period Experiment description Sea temperature
Exp_All Exp_All_ssp2-4.5 2020-2050 Time-varying anthropogenic forcings, including the WMGHGs and aerosols, under ~ Prescribed SST
the SSP2-4.5 pathway
Exp_All_FFR Time-varying anthropogenic forcing, including the WMGHGS and aerosols, under
Exp_All_MGR fossil-fueled, moderate green, and strong green recovery scenarios
Exp_All_SGR
Exp_Aero Exp_Aero_FFR Time-varying aerosol forcing under fossil-fueled, moderate green, and strong green
Exp_Aero_MGR recovery scenarios
Exp_Aero_SGR
Exp_GHG Exp_GHG_FFR Time-varying WMGHGs forcing under fossil-fueled, moderate green, and strong
Exp_GHG_MGR green recovery scenarios
Exp_GHG_SGR
Group Experiment Running time Pathway Year Sea temperature
Exp_Ref Exp_Ref_ssp2-4.5 12 SSP2-4.5 2020 Prescribed SST

emission data. Both Exp_Aero and Exp_GHG groups consist of three Covid-19 recovery scenario experiments
that kept the same model settings as the Exp_All group, except using aerosol emissions and WMGHG concen-
trations, respectively. Each simulation is transient and driven by forcing agents evolving from 2020 to 2050. A
time-slice simulation (i.e., a reference experiment, Exp_Ref_ssp2-4.5 for short) is carried out in the Exp_Ref
group. This experiment is run for 12 yr by employing the SSP2-4.5 pathway that is fixed at 2020, and the average
results of the last 10 yr are analyzed.

2.3. Methodology for ERF Calculations

All groups in this study adopt the method of fixed sea surface temperatures (SSTs), that is, the fixed-SST (fSST)
method defined by ARS, for ERF calculations. This approach shows consistently smaller uncertainty than regres-
sion-based method since it avoids biases derived from nonlinearity in the relationship between TOA irradiance
and surface temperature change in the coupled simulations (Forster et al., 2016). Another advantage of the fSST
method is that it consistently separates forcing and feedback regardless the length of integration, and thus can
be used to estimate transient ERF from a scenario with time-varying forcing agents. More importantly, previous
studies have indicated that ERF is weakly dependent on background state, which means that choosing any annu-
ally repeating monthly averaged SST and sea ice climatology is feasible (Forster et al., 2016; Pincus et al., 2016).
Therefore, the climatological monthly mean SST and sea ice data from 1981 to 2010 are specified as the oceanic

boundary conditions in this study.

It is noted that the change in near-surface temperature over land, that is, AT, ,, is not constrained in the fSST
method, and this response should be removed for consistency with the definition of ERF (Tang et al., 2019). This
correction on ERF can be approximately addressed by subtracting the radiative response to A7}, , from the initial
ERF based on the fSST method (AF,

.- The formula is as follows:

ERF =~ AF‘fsst —k * ATland (1)

where k is a precomputed kernel that represents the change in net TOA radiative flux per change in unit near-sur-
face temperature change over land (Smith et al., 2020). The above correction approach described in Tang
et al. (2019) is employed in our ERF estimation under the Covid-19 recovery scenarios. Moreover, we choose to
quantify transient ERFs with forcing magnitudes of order 0.1 W m~2 since diagnosing ERFs of 0.01 W m~2 would
require centuries of integration (Forster et al., 2016).

Therefore, transient ERFs are computed by differencing net radiative fluxes at the TOA from transient simulations
with that from the reference experiment (Pincus et al., 2016). The differences in ERFs under the three Covid-19
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Figure 2. Time evolution of changes in the global annual mean anthropogenic (a) aerosol optical depths (unitless) and (b)
aerosol column burdens (unit: mg m~2) under the baseline scenario relative to 2020. The paler plume shows the spread of five
ensemble members, whereas the solid line represents their average results.

recovery scenarios compared with the baseline case are defined here as the impacts of different post-pandemic
emission policies. The regional features of these differences in ERF during the period of 2020-2050 are estimated
by subtracting the 2020-2024 mean from the 2046-2050 mean. This approach helps to reduce the internal noise.

2.4. EREF Sensitivity to Anthropogenic Forcing Agents by the Model of BCC_ AGCM2.0_CUACE/Aero

We assess the transient ERFs from BCC_AGCM2.0_CUACE/Aero using historical multimodel ensemble
simulations with all forcing from the Radiative Forcing Model Intercomparison Project (RFMIP) endorsed
by CMIP6 (RFMIP-ERF-HistAll; Table S1 in Supporting Information S1). This project aims to diagnose the
total time-evolving ERF of both anthropogenic and natural forcing agents under the SSP2-4.5 scenario (Pincus
et al., 2016). Figures S1 and S2 in Supporting Information S1 display comparisons between the simulations from
BCC_AGCM2.0_CUACE/Aero and the multi-model ensemble results from RFMIP-ERF-HistAll. Our results
show comparable spatial distributions and temporal trends to the multi-model mean results. However, our results
underestimate the net radiation fluxes at both the TOA and the surface over the Equator and the Tibetan Plateau
(TP; Figure S1 in Supporting Information S1). There are slight differences in ERFs and surface radiation fluxes
for certain years between our results and the multi-model mean results (Figure S2 in Supporting Information S1).
Note that our results exclude the effects of natural forcing agents such as volcanoes, and solar variability. This
may have increased the deviations in radiative forcing in special years between our results and the REMIP-ERF-
HistAll simulations (Myhre, Shindell, et al., 2013; Pincus et al., 2016).

3. Changes in Aerosol Concentrations and Optical Depth

Figure 2 displays the time evolution of changes in global annual mean anthropogenic aerosol optical depths
(AAODs) and aerosol column burdens (AACBs) under the baseline scenario relative to 2020. In this study,
anthropogenic aerosols comprise BC, OC, and SF, the atmospheric contents of which are dominated mainly by
human activities. Similar to Fiedler et al. (2019) and Lund et al. (2019), there are slight declines of —5.4% and
—3.9% per decade in global annual mean AAODs and AACBs, respectively, for the period 2020-2050 under the
baseline scenario.

Based on the assumptions of Forster et al. (2020), the impacts of the Covid-19 pandemic on human activities,
especially on traffic and the economy, are expected to persist until the end of 2021. The data show reductions
in global annual mean AAODs and AACBs until 2022 under all scenarios relative to the baseline case, but
subsequent partial recovery by the end of 2022 (Figure 3). After 2023, the time evolution of atmospheric aerosol
contents clearly differs among the three Covid-19 economic-recovery scenarios. Under the moderate and strong
green recovery scenarios, there are robust decreases in global annual mean AACBs relative to the baseline case
(Figure 3b). In the Exp_All group, these decreases are —2.0 and —2.7 mg m~2 in 2050, respectively. There are
sharp declines in aerosol concentrations until 2030, followed by a slow reduction (Figure 3b). The declining
trends reach —0.06 and —0.08 mg m~2 yr~! from 2023 to 2050, respectively. Similarly, the global annual mean
AAQD values decrease under the moderate and strong green recoveries, with reductions of —0.01 and —0.015
in 2050, respectively, in the Exp_All group (Figure 3a). In contrast, the changes in atmospheric aerosol contents
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Figure 3. Time evolution of changes in the global annual mean anthropogenic (a) aerosol optical depths (unitless) and (b)
aerosol column burdens (unit: mg m~2) under the three Covid-19 economic recovery scenarios relative to the baseline case in
the Exp_All group. The gold, green, and dark green lines represent fossil-fueled, moderate green, and strong green recovery
scenarios, respectively. The paler plumes show the spread of five ensemble members, whereas the solid lines represent their
average results.

are less under a fossil-fueled recovery, with a slight increase of 0.27 mg m~2 in the global annual mean AACBs
in 2050 in the Exp_All group. In addition, the increase in global annual mean AAODs is less than 0.002. There
is an uptrend of 0.04 mg m~2 yr~! in the global annual mean AACBs until 2030. Thereafter, this increasing
trend weakens, and is characterized by inter-annual fluctuations. These slight increases in atmospheric aerosol
contents, especially for AAODs, are attributed mainly to smaller emission growth (increase by 10% in 2030) with
a fossil-fueled recovery.

As seen in Figure 4a (Figure 5a), there are general decreases in annual mean AACBs (AAODs) over the Northern
Hemisphere (NH), while the atmospheric aerosol contents increase over southern central Africa. These changes
in aerosols at the regional scale are mainly attributed to emissions in SSP2-4.5 that follows an intermediate
pathway—a global decline throughout the century with regional variations due to different energy system struc-
tures (Fricko et al., 2016). Similar changes in AACBs and AAODs can be seen in previous findings (Fiedler
et al., 2019; Lund et al., 2019). Compared to the baseline case, there are sharp declines in AACBs worldwide
under the two green recovery scenarios, especially over the NH middle and low latitudes, as well as on both sides
of the equatorial Africa. The maximum decreases exceed 10 mg m~2 over eastern China, the Indian Peninsula,
and the south side of equatorial Africa (Figures 4c and 4d). Similarly, there are obvious decreases in AAODs
over the NH continents and Africa, with maximum changes exceeding 0.1 over eastern China (Figure 5d). The
increases in AACBs under a fossil-fueled recovery are concentrated mainly in regions with intensive human
activities and the adjacent oceans, such as the eastern coasts of Eurasia, the Indian Peninsula, central Asia, and
central and southern Africa, where the maximum increases exceed 1 mg m~2 (Figure 4b). The geographical distri-
butions of changes in AAODs are negligible under this scenario. The positive anomalies of AAODs are mainly
located along the eastern coasts of Eurasia and northern Pacific (Figure 5b).

4. Changes in ERFs

Figure 6 shows transient ERFs contributed by anthropogenic forcing agents under the baseline scenario and three
Covid-19 recovery scenarios relative to 2020. Figures 6b and 6c¢ indicate the attributable ERFs from aerosols and
WMGHGs, respectively. The combined ERF of anthropogenic WMGHGS and aerosols for the period 2020-2050
under the baseline scenario is 1.1 (0.7-1.5) W m~2. Under the moderate and strong green recovery scenarios, the
significant decreases in atmospheric aerosol contents result in an increase in ERFs over the period by 0.8 and 1 W
m~2 relative to the baseline case for 2020-2050, respectively (Figure 6b and Table 2). Compared to the changes
in aerosols, these green stimuli exert little impact on near-term WMGHG contents in the air due to the longer
lifetimes of WMGHGs (Figure 1). However, there is an apparent division in transient ERF between the scenarios
after 2030 (Figure 6¢), with decreases of —0.6 and —0.8 W m~2 in ERFs contributed by declining WMGHG emis-
sions relative to the baseline case for the period 2020-2050, respectively (Table 2); overall, the decrease in anthro-
pogenic WMGHG and aerosol emissions leads to changes of 0 and 0.3 W m~2 in the combined ERFs relative to
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Figure 4. (a) Changes in annual mean anthropogenic aerosol column burdens (unit: mg m~2) during the period of 2020-2050 for the baseline case; (b—d) changes in
annual mean anthropogenic aerosol column burdens (unit: mg m~2) under fossil-fueled, moderate green, and strong green recovery scenarios relative to the baseline
case for the period 2020-2050. The dots indicate significance at the >90% confidence level from a ¢ test.

the baseline case, respectively, which are smaller in magnitude than the individual contributions to ERF changes.
These changes in ERFs are primarily attributed to declining atmospheric aerosol contents, especially before 2035
(Figures 3, 7a, and 7b). This rapid weakening of negative aerosol forcing is expected to exacerbate the global
warming driven by WMGHGs by the mid-21st century (Lund et al., 2019; Westervelt et al., 2015). However, the
impacts of reduced WMGHG emissions on the Earth's radiation budget emerge after 2030, due to the sharper
decrease in WMGHG concentrations (Figures 1, 6¢, and 7¢). This partly offsets the above effects of aerosols
(Figures 6a and 7a). Under a fossil-fueled recovery, the combined ERF due to WMGHGs and aerosols for 2050 is
1.4 (0.9-1.9) W m~2, with an increase of 0.3 W m~2 in ERF relative to the baseline case (Figure 6a and Table 2).
This increased ERF is attributed mainly to the persistent increase in WMGHG, especially after 2045 (Figure 7c).
In addition, increased aerosol emissions generally contribute to a decrease in ERFs after 2025 (Figure 7b).

Figure 8 (left panel) shows the geographical distributions of changes in the annual mean combined ERFs from
both WMGHGs and aerosols over the period 2020-2050 under three Covid-19 recovery scenarios relative to the
baseline case. The responses of the radiation budget to anthropogenic emissions are stronger at the regional scale,
although the magnitudes of the global mean responses remain small.

As seen in Figure S3a in Supporting Information S1, anthropogenic WMGHG and aerosol emissions under the
baseline pathway lead to generally positive ERFs worldwide for the period 2020-2050. Compared to the baseline
case, there are significant increases in ERFs over the NH continents and their adjacent oceans, as well as in the
south of equatorial Africa under the two green recovery scenarios, with maximum increases exceeding 5 W m~2
(Figures 8d and 8g). For the strong green recovery scenario, decreased anthropogenic emissions contribute to
significant increases in ERFs over almost all of the NH continents and the North Pacific, with the exception of
northwestern India and North Africa (Figure 8g). These increases in ERFs are primarily attributed to sharp reduc-
tions in atmospheric aerosol contents over the areas with intensive human activities, weakening the scattering
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Figure 5. Same as Figure 4, but for changes in annual mean anthropogenic aerosol optical depths (AAODs).

effects of aerosols on shortwave radiation (Figure S4c in Supporting Information S1; D. D. Yang, Zhang, &
Li, 2019). However, decreased aerosol contents in the air lead to reductions in ERFs over North Africa, northwest
India, and central parts of North America as a result of enhanced reflection of solar radiation over these high-al-
bedo areas (Myhre, Samset, & Storelvmo, 2013).

Moreover, the rapid adjustment of clouds induced by changes in anthropogenic emissions plays an important role
in modifying the Earth's radiation budget (Smith et al., 2020, 2018). Under the two green recovery scenarios,
there are significant decreases in low-cloud cover over northern and southeastern Pacific, as well as northeast-
ern Atlantic (Figures 9b and 9c), leading to more solar radiation reaching these places. Conversely, low-cloud
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Figure 6. Transient effective radiative forcings (ERFs; unit: W m~2) under the baseline scenario and three Covid-19 economic recovery scenarios, relative to 2020, in
the (a) Exp_All, (b) Exp_Aero, and (c) Exp_GHG group. The black, gold, green, and dark green lines represent the baseline scenario, fossil-fueled, moderate green, and
strong green recovery scenarios, respectively. The paler plumes show the spread of five ensemble members, whereas the solid lines represent their average results.
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Table 2 cover apparently increases over the Southern Ocean and western Indian
ERFs (unit: W m~2) for 2050 Under the Baseline Scenario and Three Covid- Ocean, whereby scattering more shortwave radiation at the TOA (Figures 9b
19 Economic Recovery Scenarios in the Exp_All, Exp_Aero, and Exp_GHG and 9c¢). High-cloud cover significant decreases over eastern Pacific north of
Group the equator, contributing to increases in the outgoing longwave radiation at
Exp_All Exp_Aero Exp_GHG the TOA here (Figures 10b and 10c). These changes in cloud cover are major
Baseline 1.1(0.7-15) contributors to the corresponding ERF changes over the above areas. In addi-

Fossil-fueled recovery
Moderate green recovery

Strong green recovery

1.4(09-1.9) 12(09-14) 15(.3-1.7)

tion, there are striking increases in low-cloud cover over southeastern China
under the two green recovery scenarios, contributing to negative ERFs over

Ll Lo illo=ll 05 u=0) here (Figures 9b and 9c; Figures S6d and S6g in Supporting Information S1).
14(1.1-1.6) 2.1 (1.8-2.4) 0.3(0-0.5) These negative ERFs induced by cloud radiative effects partially offset the

Note. The values in parentheses represent the 5%—95% confidence range.

(a) Exp_All

positive ERFs caused by direct aerosol effect, resulting in only slight changes
in ERF over east coast of the Eurasia under the moderate green recovery
scenario (Figure 9d; Figures S5d and S6d in Supporting Information S1), and
over southeastern China under the strong green recovery scenario (Figure 9g; Figures S5g and S6g in Supporting
Information S1). Similar offset effects are also apparent over central Asia and parts of the West Europe under
the moderate green recovery scenario (Figure 9d; Figures S5d and S6d in Supporting Information S1), and over
northeastern Eurasia under the strong green recovery scenario (Figure 9g; Figures S5g and S6g in Supporting
Information S1). The abovementioned cloud radiative effects only dominate the changes in ERF at the regional
scale, especially in the areas away from aerosol pollution, since clouds cover small spatial scale (usually less than
several tens km) and keep a shorter lifetime (Oshima et al., 2020; H. Wang et al., 2020).

Under the fossil-fueled recovery scenario, ERFs vary mainly at a local scale (Figure 8a), and are mainly attributed
to adjustments in low-cloud cover that dominate the shortwave radiation budgets at the TOA (Figure 9a; Figures
S4a and S6a in Supporting Information S1). For example, there are significant decreases in low-cloud cover over
the northeast coasts of Eurasia, northwestern and southern Pacific, as well as northeastern Atlantic, which lead
to positive ERFs over these areas. Conversely, low-cloud cover shows striking increases over the west of Lake
Baikal, contributing to negative ERFs over there.

5. Contributions of WMGHGSs and Aerosols to ERFs

Figure 8 (middle and right panels) shows the geographical distributions of changes in the annual mean individ-
ual ERFs from aerosols and WMGHGs. The reduced WMGHG emissions induce a decrease in ERFs world-
wide under the two green recovery scenarios (Figures 8f and 8i), which is the opposite to the case of anthropo-
genic aerosols (Figures 8e and 8h). There are apparent differences in the zonal mean changes in ERFs from the
WMGHGsS and aerosols over the middle latitudes of the NH and SH, and the low latitudes of the SH, where there
are three aerosol ERF peaks (Figures 11b and 11c¢). The decreased aerosol contents lead to significant increases
in ERFs over the NH continents and their adjacent oceans, as well as in southern equatorial Africa as a result
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Figure 7. Time evolution of changes in the global annual mean effective radiative forcing (ERF; unit: W m~2) under the three Covid-19 economic recovery scenarios,
relative to the baseline case, in the (a) Exp_All, (b) Exp_Aero, and (c) Exp_GHG group. The gold, green, and dark green lines represent fossil-fueled, moderate green,
and strong green recovery scenarios, respectively. The paler plumes show the spread of five ensemble members, whereas the solid lines represent their average results.
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Figure 8. Changes in the annual mean effective radiative forcings (ERFs; unit: W m~2) over the period 2020-2050 under three Covid-19 economic recovery scenarios,
relative to the baseline case, in the Exp_All (a, d, g), Exp_Aero (b, e, h), and Exp_GHG (c, f, i) group. The dots indicate significance at the >90% confidence level from

attest.

of weakening solar radiation reflection (Figures S5e and S5h in Supporting Information S1) and the associated
cloud radiative effect (Figures S6e and S6h in Supporting Information S1). Ultimately, this contributes the most
to the magnitude of increases in the combined ERFs over the middle latitudes of the NH (Figure 11c). Conversely,
the reduced WMGHGS lead to an apparent decrease in ERFs over the oceans in the SH (Figures 8f and 8i;
Figures S5f and S5i in Supporting Information S1), mainly contributing to reductions in the combined ERFs
over the middle and high latitudes of the SH, especially under the strong green recovery scenario (Figure 11c).
The composite effect of reductions in WMGHG and aerosol emissions under the two green recovery scenarios
leads to stronger positive anthropogenic ERFs over the NH, but weakly negative anthropogenic ERFs over parts
of the SH oceans (Figures S3c and S3d in Supporting Information S1). This composite effect also results in an
increase in interhemispheric contrast of ERF by 0.5 (0.2-0.8) and 0.8 (0.7-0.9) W m~2, respectively, compared
to the baseline case, larger than that induced by the individual forcing (Table 3). This could further disturb the
hemispheric energy balance, the latitudinal location of the intertropical convergence zone, and global and tropical
precipitation, via slow oceanic processes and air-sea interactions (Broccoli et al., 2006; Chiang & Bitz, 2005;
Schneider et al., 2014; S. Y. Zhao & Suzuki, 2019).

Under the fossil-fueled recovery scenario, ERF changes occur at the regional scale; specifically, a decrease in
ERFs due to aerosols occurs near the Lake Baikal and over southwestern North America, whereas an increase
in ERFs due to WMGHGSs appears over southwestern China, parts of North America, and southern Pacific
(Figures 8b and 8c). The ERF changes caused by greenhouse or direct aerosol effects are smaller than those
under the two green recovery scenarios (Figures S5b and S5c¢ in Supporting Information S1). This is attributed
to the limited increases in anthropogenic emissions (Forster et al., 2020; Lamboll et al., 2021), which induce
concentration changes only in their major source areas (Figure 4b). However, these anthropogenic emission
changes exert apparent impacts on ERFs as a result of associated cloud cover changes (Figures S6b and S6c¢ in
Supporting Information S1). This cloud radiative effect dominates the combined ERF changes over most of the
world (Figure S6a in Supporting Information S1). Changes in zonal mean ERFs are messy in latitude by near-zero
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Figure 9. Changes in the annual mean low-cloud cover (unit: 1072 fraction) over the period 2020-2050 under three Covid-19 economic recovery scenarios, relative to
the baseline case. The dots indicate significance at the >90% confidence level from a ¢ test.

fluctuations in all experiment groups (Figure 11a), leading to negligible changes in interhemispheric contrast of
ERF, compared to the baseline case (Table 3). This is attributed to the offset between the local positive and nega-
tive cloud radiative effects (Figures S6a—S6c in Supporting Information S1). The above analyses indicate that
increased anthropogenic emissions contribute to ERF changes only at the regional scale, as opposed to furthering
hemispheric differences in ERF.

6. Discussion and Conclusions

This study quantitatively estimates the combined and individual ERFs of WMGHGs and aerosols in response to
transient concentration changes under the three Covid-19 recovery scenarios, using an aerosol-climate model of
BCC_AGCM2.0_CUACE/Aero, as summarized in following.

There are general decreases in AAODs and AACBs over the NH for the period 2020-2050 under the baseline
scenario, similar to the results in Fiedler et al. (2019) and Lund et al. (2019). After 2023, the atmospheric aerosol
contents under the two green recovery scenarios further decrease relative to the baseline pathway, consistent
with Fiedler et al. (2021). The decreases in AACBs and AAODs are mainly in areas with intense human activi-
ties, such as the NH continents and their adjacent oceans, with the maximum annual declines exceeding 10 mg
m~2 and 0.1, respectively. Due to the smaller emission growth such changes are smaller in magnitude under a
fossil-fueled recovery than under the two green recovery scenarios. The increases in atmospheric aerosol contents
are concentrated mainly in areas with high anthropogenic emissions such as East Asia, South Asia, and Africa.

Transient ERF due to anthropogenic WMGHG and aerosol emissions over the period 2020-2050 is 1.1 (0.9-
1.9) W m~2 under the baseline scenario, falling within the ERF spread of RFMIP-ERF-HistAll simulations.
Such ERFs are 1.4 (0.9-1.9), 1.1 (0.8-1.4), and 1.4 (1.1-1.6) W m~2 under the fossil-fueled, moderate green,
and strong green recovery scenarios, respectively. These increases in ERFs under the three Covid-19 econom-
ic-recovery scenarios not only imply further global warming by the mid-21st century (Lewinschal et al., 2019;
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Figure 10. Same as Figure 9, but for changes in high-cloud cover (unit: 1072 fraction).

Westervelt et al., 2015; D. D. Yang, Zhang, et al., 2019) but also indicate the complexity of the combined effects
of varying WMGHG and aerosol emissions on future climate change under different scenarios (Myhre, Shindell,
et al., 2013; Oshima et al., 2020; A. Zhao et al., 2019). Under moderate and strong green recoveries, the decrease
in aerosol emissions leads to increases of 0.8 and 1.0 W m~2, respectively, in the global annual mean ERF relative
to the baseline case. A previous study expected anthropogenic warming to be the weakest in the strong green
recovery scenario, due to a larger reduction in WMGHG emissions (Fiedler et al., 2021). However, our results
emphasize the dominant role of anthropogenic aerosols in driving climate change through the first half of the
21st century. The decrease in WMGHG emissions contributes to reductions in ERF of —0.6 and —0.8 W m2,
respectively, relative to the baseline case. This partly offsets the effects of the decrease in aerosol emissions under
the green recovery scenarios. In addition, under the fossil-fueled recovery scenario, there are persistent increases
in the atmospheric contents of the WMGHGs that are the main contributors to the uptrend in the combined ERF.

Compared to the global annual mean, anthropogenic agents induce stronger ERFs at the region scale. Under the
two green recovery scenarios, there are stronger positive ERFs over the middle latitudes of the NH and weak
negative ERFs over the SH oceans over the period 2020-2050. The above positive ERFs are attributed to a sharp
reduction in aerosols over the NH, whereas the negative ERFs come mainly from decreases in WMGHG ERFs
over the SH oceans. These simultaneous decreases in WMGHG and aerosol emissions enhance the interhemi-
spheric contrast of ERF by 0.5 (0.2-0.8) and 0.8 (0.7-0.9) W m~2, respectively, relative to the baseline case. This
is expected to further disturb cross-equatorial heat transport and rainfall distributions via oceanic processes and
air-sea interactions (Broccoli et al., 2006; S. Y. Zhao & Suzuki, 2019). Conversely, the increases in WMGHG and
aerosol emissions under the fossil-fueled recovery scenario lead to messy zonal changes in ERF and negligible
changes in interhemispheric contrast of ERF, relative to the baseline case. This indicates that the contributions
of increased anthropogenic emissions under this scenario to ERFs are limited to the local areas, as opposed to
inducing further hemispheric differences. These regional changes in ERF are closely related to the cloud-cover
changes that modify local radiation budgets by cloud radiative effects.
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Figure 11. Zonal mean changes in the annual mean effective radiative forcings (ERFs; unit: W m~2) over the period
2020-2050 under three Covid-19 economic recovery scenarios relative to the baseline case. The black, red, and blue lines
represent the results from the Exp_All, Exp_Aero, and Exp_GHG group, respectively. The paler plumes show the spread of
five ensemble members, whereas the solid lines represent their average results.

This study focuses primarily on the ERF contributed by anthropogenic emission changes as a result of Covid-19
containment and different post-pandemic emission policies. The individual contributions of each agent, such as
the WMGHGs and aerosols, are assessed. This has certain implications for quantifying the impacts of the Covid-
19 pandemic. However, the limitation in this study still needs to point out. First, the Covid-19 economic recovery
scenarios are based on highly idealized assumptions regarding to investment in low-carbon sources and the result-
ing emission levels (Forster et al., 2020), which could lead to the uncertainty in the projections of future anthropo-
genic ERFs. Multi-model ensemble simulations are also required to avoid the uncertainty from the single-model
simulation (Lamboll et al., 2021; Pincus et al., 2016; Weber et al., 2020). Additionally, previous studies have

Table 3
Interhemispheric Contrasts of the Annual Mean ERFs (unit: W m=2) Over the Period 2020-2050 Under Three Covid-19
Economic Recovery Scenarios, Relative to the Baseline Case, in the Exp_All, Exp_Aero, and Exp_GHG Group

Exp_All Exp_Aero Exp_GHG
Fossil-fueled recovery 0(-0.2t00.2) 0(-0.3t00.2) 0.1 (=0.2t00.5)
Moderate green recovery 0.5 (0.2-0.8) 0.3 (0-0.6) 0.1 (0-0.3)
Strong green recovery 0.8 (0.7-0.9) 0.6 (0.3-0.8) 0.2 (0.1-0.3)

Note. The values in parentheses represent the 5%-95% confidence range, and the positive values indicate that increases in
ERF are larger at the NH than that in the SH.
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pointed out the large reduction in emissions of short-lived gases induced by Covid-19 containment, such as
nitrogen oxides and ozone (Goldberg et al., 2020; Keller et al., 2020; Venter et al., 2020), which are important
contributors to anthropogenic ERF (Jones et al., 2021; Oshima et al., 2020; Weber et al., 2020). However, some
of these anthropogenic agents are not discussed in this work. The aerosol ERFs could be a little bit underesti-
mated under the Covid-19 green recovery scenarios due to the absence of contribution from nitrate aerosol ERF
(An et al., 2019), whereas combined contribution of nitrogen oxides and ozone to the total anthropogenic ERF
remains uncertainty due to the nonlinear relationship between them (Oshima et al., 2020; T. Wang et al., 2017).
Z.L. Wang et al. (2021) showed that some widely adopted CMIP6 pathways, for example, the SSP2-4.5 scenario,
underestimate the more recent decline in anthropogenic aerosol emissions over China. These overestimates of
anthropogenic aerosol emissions are not corrected for the Covid-MIP scenarios, and the resulting aerosol ERFs
could be a little be overestimated since the emission variations are applied on a percentage basis. Solving these
problems will require more complex chemistry processes included (An et al., 2019), more trustworthy emission
inventory (Paulot et al., 2018; Z. L. Wang et al., 2021), and more computing costs in the future. In this study, the
contrasts in ERFs between the two hemispheres under the two green recovery scenarios are obvious due to the
simultaneous decreases in WMGHG and aerosol emissions. The resulting climate responses to these reductions
through slow oceanic processes and air-sea interactions should be further examined in future work.

Data Availability Statement

The SSP2-4.5 data sets were downloaded from the input data sets platform for model intercomparsion projects
by searching “ScenarioMIP”, “emissions”, and “IAMC-MESSAGE-GLOBIOM-ssp245-1-1" on the download
data page (Feng et al., 2020; Input4MIPs, 2020; https://esgf-node.llnl.gov/search/input4mips/). The historical
multimodel ensemble simulations with all forcing from the Radiative Forcing Model Intercomparison Project
(RFMIP-ERF-HistAll) were obtained from the Earth System Grid Federation by searching “RFMIP” and
“piClim-histall” on the CMIP6 Search Interface (https://esgf-node.llnl.gov/search/cmip6). The concentration
data sets of WMGHGs are accessible at https://github.com/Priestley-Centre/COVID19_emissions/.
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