
1.  Introduction
With the exception of volcanic eruptions, rapid emission changes of greenhouse gases or aerosols in nature 
are more hypothetical than realistic. “Rapid” in this study refers to the human sense of a few years, rather 
than “rapid” in the geological sense of centuries which has occurred naturally in paleo-history (Bowen 
et al., 2015). Transient climate responses to such rapid emission changes in nature have been extensively 
studied (e.g., Bethke et al., 2017; Raible et al., 2016). The climate responses to hypothetical rapid changes 
or reversals of anthropogenic emissions have also been extensively studied (Bryan et al., 1982; Gregory & 
Webb, 2008; Held et al., 2010). Some studies examined transient responses lasting a year or two (Lohmann 
et al., 2010; Sherwood et al., 2015), while others examine more persistent responses over centuries to solar 
radiation management geo-engineering, such as stratospheric aerosol injection inspired by the former (Ir-
vine et al., 2019; Schmidt et al., 2012).

Are rapid changes of anthropogenic emissions possible, however? Since these emissions depend on human 
activities, one might expect rapid declines during severe socio-economic crises. Accordingly, some form of 
transient climate response is possible in reality as well. The atmospheric lifetimes of anthropogenic green-
house gases such as carbon dioxide and methane are measured in decades, but anthropogenic aerosols have 
shorter atmospheric lifetimes. Anthropogenic aerosols have been estimated to offset one-third of global 
warming driven by greenhouse gases since the 1950s (IPCC, 2013), although their temperature effects are 
spatio-temporally heterogeneous due to their shorter lifetimes (Persad & Caldeira, 2018; Wang et al., 2016). 
Hence, a transient climate response to emission reductions from socio-economic crises might have the form 
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Plain Language Summary  An Earth System Model was used to examine the climate impact 
of hypothetical two-year emission reductions due to a socio-economic crisis. Global and regional (Asian, 
North American and European) mean surface temperatures warmed immediately compared to the 
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aerosols resulted in strong short-term warming followed by weaker multi-decadal warming.
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of a slower response to greenhouse gas changes, and a faster response to aerosol changes, although the total 
response is not expected to be a linear sum of the two individual components.

Rapid changes of anthropogenic emissions have now been confirmed instrumentally. The existence of a 
novel coronavirus was first confirmed in Wuhan, China in December 2019. On March 11, 2020, the World 
Health Organization declared the now-named COVID-19 outbreak a pandemic. As many countries imple-
mented partial or complete lockdowns to control the spread of the virus, there have been reported drops in 
the emissions of air pollutants (Copernicus Atmosphere Monitoring Service, 2020; European Space Agen-
cy, 2020a, 2020b, 2020c, 2020d, 2020e; Sharma et al., 2020; Volcovici, 2020), as well as carbon dioxide (Ev-
ans, 2020; Z. Liu et al., 2020; Papale et al., 2020).

The reality of such emission drops motivated this study, which simulated climate responses to a stylized 
2-year pandemic-driven economic crisis. While one would expect in theory short-term warming in regions 
with the highest anthropogenic aerosol emissions, it is doubtful whether a transient reduction in green-
house gas emissions would have a detectable signal amidst internal multi-decadal climate variability and 
long-term warming from past emissions (Solomon et al., 2010). It is furthermore doubtful if the short-term 
signal from aerosol emission changes can be detected amidst internal inter-annual climate variability. For 
detection purposes, exaggerated changes to the emissions were introduced to produce an envelope of the 
most extreme climate responses. This is not a study of the precise climate effects of COVID-19. Instead, 
this study examines if there could be a transient climate response to an economic crisis, and if so, what the 
transient climate response to an economic crisis would look like.

2.  Methods
Three sensitivity experiments were created based on the Representative Concentration Pathway 8.5 scenar-
io (RCP8.5). The RCP8.5 scenario was created for the fifth Climate Model Intercomparison Project (CMIP5) 
(Taylor et al., 2012), as a high emission scenario leading to 8.5 Wm−2 increase in radiative forcing by the end 
of the century (Moss et al., 2010; Riahi et al., 2007). While slated to be replaced by a combination of RCPs 
and the new Shared Socioeconomic Pathways (SSPs) in the CMIP6 (Eyring et al., 2016; Gidden et al., 2019), 
the RCP8.5 climate projections have been more widely studied than the more recent CMIP6. Emissions do 
not vary much between RCP scenarios before 2020 (Figure S1.1 and IPCC, 2014), but thereafter increase the 
most in RCP8.5; RCP8.5 is considered the most pessimistic climate scenario for the 21st century.

The sensitivity experiments were highly idealized and designed to test the upper and lower bounds on the 
model response, rather than precisely track the complex spatiotemporal changes of an actual crisis, such as 
studies like Le Quéré et al. (2020). The first experiment (ALL) assumes that travel and industrial activities 
have been completely halted, such that anthropogenic air pollutant emissions in these sectors are zero. At 
the same time, carbon dioxide concentrations are held constant for the duration of the crisis. Anthropo-
genic carbon dioxide and air pollutant emissions are linked, but for simplicity natural carbon dioxide sinks 
were assumed to have increased to equilibrate with the lower emissions, for example, through recovery of 
land and ocean ecologies, resulting in no further increase. The crisis was assumed to last for 2 years. The 
second and third experiments limit the changes to air pollutants alone (AER), and carbon dioxide alone 
(CO2). More information on the experiment design is provided in Section 2.2.

2.1.  Model

The simulations were conducted using the Community Earth System Model (CESM) version 1.2.2 (Hurrell 
et al., 2013). The baseline experiment was the B_RCP8.5_CAM5_CN component set, a fully coupled config-
uration including the Community Atmosphere Model 5 (CAM5; Neale et al., 2010), Parallel Ocean Program 
version 2 (POP2), Community Land Surface Model (CLM) version 4.0, the Los Alamos sea ice model (CICE) 
version 4, all coupled together using the CESM coupler CPL7. The horizontal resolution of CAM5 and CLM 
was 1.9° × 2.5° latitude-longitude (f19 grid), while that of POP2 and CICE was about 1° (g1v6 grid). The 
vertical coordinate of CAM5 was a hybrid sigma-pressure system consisting of 30 vertical levels, with model 
top at about 3.6 hPa. CLM had 15 soil layers to 35 m depth, POP2 had 60 height layers, and CICE had five 
thickness categories. These are the default configuration of the B_RCP8.5_CAM5_CN configuration.
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The simulations were run with the Modal Aerosol Module with three modes (MAM3). Since the concentra-
tions produced by the more sophisticated seven mode version (MAM7) were found to be generally well re-
produced by MAM3 (X. Liu et al., 2012), the default option of the RCP8.5 scenario was retained. Emissions 
were based on AeroCom (Aerosol Comparisons between Observations and Models; Textor et al., 2005), but 
ammonia was prognostic in the simplified chemistry of MAM3. Anthropogenic primary black carbon, pri-
mary organic matter, sulfur dioxide and sulfates were emitted in seven sectors—agriculture, waste, domes-
tic, energy, industrial, transportation, shipping.

2.2.  Experiment Design

An ensemble of simulations is the standard approach for extracting the response to forcing from natural 
climate variability (Kay et al., 2015; C. Li et al., 2020; Smith et al., 2019). Larger ensembles are desirable but 
incur additional computational costs. Studies indicate that at least 10 ensemble members are necessary for 
robust conclusions (Bittner et al., 2016; Hermanson et al., 2020; Swingedouw et al., 2017). Hence, 10-mem-
ber ensembles were used in this study. Each member of a scenario was subjected to the same radiative 
forcing scenario, but begun from a slightly different initial atmospheric state on January 1, 2005. The initial 
state was created by randomly perturbing temperatures using different round-off errors (Kay et al., 2015).

The baseline scenario was the default RCP8.5. CO2 concentrations and aerosol-related emissions of the 
three sensitivity experiments followed RCP8.5 until 2020, then followed the values of their specific scenar-
ios until 2050, as detailed below.

Under the quarantine scenario, emissions in the industrial, transportation and shipping sectors were as-
sumed to be affected. Emissions in the agricultural, waste, domestic, and energy sectors were assumed to be 
unchanged. In the scenario denoted by “AER”, aerosol and aerosol precursor emissions in the affected sec-
tors were set to zero for 2 years from 2020 to 2021. Precursor gases in the toluene, big alkane, and big alkene 
categories were considered anthropogenic and set to zero in the crisis scenario. Isoprene and monoterpenes 
were considered natural and unchanged. Biomass burning, volcanic, and ocean emissions were unchanged. 
The spatial patterns of emissions before and after reduction are shown in Figure 1. The largest emission 
reduction of all the aerosols and aerosol-precursors was over Asia.

In the scenario denoted by “CO2”, carbon dioxide concentration followed RCP8.5 until December 2019, 
was set to remain constant in the crisis for 2 years from January 2020 to December 2021, then resumed 
its upward trend from January 2022 as if it were 2020 in the default RCP8.5 scenario (Figure S1.2). Other 
well-mixed greenhouse gases (CH4, N2O and halocarbons) continued to follow the RCP8.5 scenario. CH4 
and N2O were more agricultural than industrial emissions, and agricultural production was assumed to be 
unchanged in the scenario.

In the scenario denoted by “ALL”, carbon dioxide concentrations followed the CO2 scenario, while aerosols 
and aerosol precursors followed the AER scenario.

Additional technical details on the implementation of the two-year event are summarized in Table 1. Aero-
sol and precursor emissions in the default MAM3 input were provided only once every 10 years, while CO2 
concentrations were provided for the July of every year. To simulate the two-year event, the baseline was 
started from 2005 using the provided restart file, integrated to 2020, then halted. Three branches were cre-
ated from the baseline (AER, CO2, ALL), then integrated for two more years with altered forcing. The three 
branches were halted after 2 years of simulation, then restarted with recovered emissions of air pollutants 
under RCP8.5 (AER, ALL) and time-shifted carbon dioxide concentrations (CO2, ALL). All scenarios were 
simulated to 2050. The RCP8.5 scenario was simulated from 2020 to 2050 without any changes.

2.3.  Post-Processing

This study focuses on the mean surface temperature (MST) over the whole globe and three regions: Asia, 
Europe, North America (Figure 2a and 2b). The MST was area-weighted using the cosine of latitudes. For 
the decadal analysis, signals shorter than 7 years were removed with a Lanczos low-pass filter (Duchon 
et al., 1979). Supplementary Material S3 show the raw time series and their frequency spectra that were used 
to determine the 7-year filter threshold. Global and regional MST time series were filtered before ensemble 
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averaging. Differences between a sensitivity experiment and the baseline were calculated using the ensem-
ble mean of filtered MST; the baseline result was subtracted from the perturbed results of the scenario in 
question. Taking the difference between two scenarios removes any shared biases or drifts in the simulated 
climate.

Statements about whether the perturbed climates were warmer or cooler than baseline climates were eval-
uated with the non-parametric Wilcoxon signed-rank test. The one-tailed test was carried out at 0.10, 0.05, 
and 0.025 significance levels. Significant levels of 0.10 and 0.05 are more commonly used and the 0.025 
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Figure 1.  Annual mean air pollutant emissions (plotted by log of molecule cm−2 s−1 concentration) in 2020 in the Representative Concentration Pathway 8.5 
scenario (left column), after reduction (middle column) and change after reduction (right column), for sulfur dioxide (SO2; first row), sulphate (SO4; second 
row), black carbon (BC; third row), Organic carbon (OC; fourth row). Secondary organic aerosol gases that were assumed to be anthropogenic (see text) were 
completely removed (so not shown here).
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value should be considered an extremely strict threshold. Individual years were tested, as well as the two 
periods of 2020–2025 and 2020–2050, described as “short-term” and “long-term”, respectively. As a refer-
ence, the typically used t-test 80% confidence intervals were estimated every year for the MST and the North 
Atlantic Oscillation Index (NAOI), with the caveat that the underlying assumption (i.e., the 10 ensemble 
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Scenario Simulated time Aerosol emissions CO2 concentration

RCP8.5 01/2005–2012/2050 (MM/YYYY) RCP8.5 scenario RCP8.5 scenario

AER 01/2020–12/2021 ITS emissions set to zero RCP8.5 scenario

01/2022–12/2050 RCP8.5 scenario

CO2 01/2020–12/2021 RCP8.5 scenario Held at the concentration in 
January 2020 of RCP8.5

01/2022–12/2050 Resumed its growth rate of RCP8.5 
scenario (cf. Figure S1.2)

ALL 01/2020–12/2021 ITS emissions set to zero Held at the concentration in 
January 2020 of RCP8.5

01/2022–12/2050 RCP8.5 scenario Resumed its growth rate of RCP8.5 
scenario (cf. Figure S1.2)

Abbreviations: AER, reduced air pollutants only; ALL, reduced air pollutants and carbon dioxide; CO2, reduced carbon 
dioxide only; ITS, Industrial, Transportation and Shipping; RCP8.5, Representative Concentration Pathway 8.5.

Table 1 
Emission Scenarios of the Baseline Experiment and the Three simulations

Figure 2.  Multi-year average global surface temperatures over 2008–2012 for (a) Modern-Era Retrospective analysis for Research and Applications Version 
2 (MERRA2) with horizontal resolution 0.5° × 0.625°, and (b) the Representative Concentration Pathway 8.5 (RCP8.5) simulation with horizontal resolution 
1.9° × 2.5°. Black boxes in (a) and (b) represent the three analysis regions from left to right: Europe (36°N–71°N, 10°E–50°E); Asia (5°N–70°N, 50°E–150°E); 
North America (15°N–60°N, 140°W–160°W). (c) Global mean surface temperatures of MERRA and the RCP8.5 simulation.
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members being drawn from Gaussian distributions) may not be true. Anomaly plots (Figures 3 and 4) show 
the mean of these confidence intervals as red/blue horizontal lines, while magnitude plots (Figures 5 and 6) 
plot annual confidence intervals as shading.

The North Atlantic Oscillation Index (NAOI) used in this study was calculated thus: The mean surface pres-
sure anomaly along 80°W to 30°E was calculated for 35°N and 65°N, normalized by standard deviation, and 
the difference taken. There is no singular methodology for calculating the NAOI, and this method of J. Li 
and Wang (2003) was selected for its ease of use. The standard deviation calculated from the period of 2005 
to 2020 using values from all scenarios was used for normalization. The NAOI calculated using standard 
deviations from the 2005 to 2050 period of each simulation was qualitatively similar (not shown), and the 
shared standard deviation was used so that the NAOI from different scenarios were comparable. The NAOI 
for individual months was first calculated, then the December-January-February means was taken for anal-
ysis. Results using annual means were qualitatively similar (not shown), but the winter season mean was 
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Figure 3.  Ensemble mean unfiltered differences of annual mean surface temperature between the three sensitivity simulations and the Representative 
Concentration Pathway 8.5 (RCP8.5) baseline (columns, red bars indicate years warmer in scenarios than RCP8.5, blue bars cooler years), for the whole globe 
and three regions (rows). Gray shading marks periods when the differences were statistically significant under the one-tailed Wilcoxon signed rank test at 0.10 
significance level, that is, the particular red (blue) year is significantly warmer (cooler) than baseline. Solid red (blue) lines demarcate the mean over 30 years 
(30 individual tests) threshold at which anomalies become significantly warmer (cooler) at 0.10 significance level, assuming Gaussian distributed anomalies 
(see Section 2.3). Dashed lines demarcate the mean threshold at 0.05 significance level. Numbers in the upper and lower left of each panel show the mean 
anomaly for the periods 2020–2025 and 2020–2050, respectively.
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used to better reflect the winter season nature of the phenomenon. For decadal analysis, a 7-year Lanczos 
low-pass filter was applied before the ensemble mean was calculated.

3.  Results
As shown in Figure 2, the spatial distribution of multi-year average surface temperature over 2008–2012 
of the Modern-Era Retrospective analysis for Research and Applications Version 2 (MERRA2; Gelaro 
et al., 2017) was similar to that of the RCP8.5 simulation, as well as the trajectory of global MST. Surface 
temperature of the RCP8.5 simulation is that of the ensemble member whose initial atmospheric state 
was not perturbed. The period of 2008–2012 was selected based on panel Figure 2c, a period of relative-
ly stable global MST for both datasets. Overall, the simulation satisfactorily reproduced historical surface 
temperatures, which provided confidence to estimate the trend of future surface temperatures under our 
hypotheses.

The differences between the three sensitivity simulations and the RCP8.5 baseline for ensemble mean un-
filtered MST are shown in Figure 3. Figure 4 shows similar results for 7-year filtered MST, to give a sense of 
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Figure 4.  Similar to Figure 3 but the mean surface temperature of each simulation has been put through a 7-year low-pass Lanczos filter prior to the other 
treatments (see Section 2.3).
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the differences in long term trends. Global means were calculated, as well as means over Asia, Europe, and 
North America (Figure 2a and 2b). Figure 5 shows the actual filtered MST trajectories; when the areas do 
not overlap, the perturbed experiment is significantly warmer or cooler using the one-tail Student’s t-test at 
0.10 significance level. Unfiltered curves are shown in Figure S3.1. The state of the Earth system at any par-
ticular labeled year only reflects the climatic state, and does not reproduce the phase of internal variability 
the real Earth lies in, even for the multi-decadal variability that remains after filtering.
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Figure 5.  Comparison of ensemble mean filtered mean surface temperature from the three experiments with the baseline, over (a)–(c) the whole globe, (d)–(f) 
Asia, (g)–(i) Europe, (j)–(l) North America. Black solid line shows MST from Representative Concentration Pathway 8.5. Red solid line (left column): reduced 
air pollutants only (AER); Blue solid line (center column): reduced carbon dioxide only (CO2); Green solid line (right column): both reduced air pollutants and 
carbon dioxide (ALL). The shaded areas represent the 80% confidence interval. The gray dashed lines show the years in which emissions were reduced.
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Figure 6.  Ensemble mean normalized North Atlantic Oscillation Index of December-January-February from 2010 to 2045, for (a) Representative Concentration 
Pathway 8.5, (b) reduced pollutant only (AER), (c) reduced carbon dioxide only (CO2), (d) both reduced pollutant and carbon dioxide (ALL). Thin black lines 
show the unfiltered time-series. Thick colored lines show the NAOI time series that have been put through a 7-year low-pass filter prior to ensemble averaging. 
The vertical gray dash lines demarcate years 2020, 2022, 2025, and 2040. The shaded areas around the time series represent the 80% confidence intervals.
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3.1.  Changes in Mean Surface Temperature

As expected, the reduction in the emissions of aerosols and aerosol-precursors (scenario AER) resulted in 
significant immediate (years 2020–2021) warmer-than-baseline global MST (Figure 3a). Immediate warm-
er-than-baseline MSTs were seen in all of the three regions as well (Figures 3d, 3g, 3j). As shown in Ta-
ble 2a, global and regional MSTs were significantly warmer than baseline in the short-term period, which 
we define as the 5 years including the start of the crisis (years 2020–2025). Uncertainty was greater for the 
global MST, as reflected in the larger p-value. Contrary to expectation that the impact on MSTs would only 
be immediate or short-term, warmer-than-baseline MSTs persisted for decades after the initial perturbation, 
both globally (Figure 4a) as well as over the three regions (Figures 4d, 4g, 4j). As shown in Table 3a, global 
and regional MSTs were significantly warmer than baseline in the long-term period, which we define as the 
30 years including the start of the crisis (years 2020–2050).

When only carbon dioxide emission was reduced (scenario CO2), there was a lag time of about 2 years 
before any kind of cooling effect was seen in the global MST (Figure 3b). Cool anomalies compared to base-
line dominated in the short-term and even until about 2035, though only sometimes significant. Regional 
MSTs reflect similar cooler-than-baseline patterns (Figures 3e, 3h, 3k). This cooling effect faded away after 
about 15 years (Figure 4b), perhaps becoming relatively unimportant compared with rising carbon dioxide 
concentrations (Figures 5b, 5e, 5h, 5k). From Tables 2b and 3b, global MST was significantly cooler than 
baseline in both the short-term and long-term. Asian and North American MSTs were significantly cooler 
as well, but not European MST.

The AER warming and CO2 cooling trends were visibly apparent in both the unfiltered (Figure 3 and Sup-
plementary Figure S3.1, first and second columns) and filtered MSTs (Figures 4 and 5, first and second 
columns). The AER and CO2 scenarios map out two extremes, while a realistic scenario is expected to have 
weaker reductions in both air pollutants and carbon dioxide, resulting in a scenario intermediate between 
the two.

When both aerosol/aerosol precursors and carbon dioxide emissions were reduced (scenario ALL), signifi-
cant immediate warming of the global MST occurred, by up to 0.06°C compared to the baseline (Figure 3c). 
Regional MSTs were also warmer than baseline (Figures 3f, 3i, 3l), particularly the European MST. From 
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Scenarios Parameters Global Asia Europe North America

(a) AER versus RCP8.5 p-value 0.078 0.031 0.016 0.016

α 0.100 Warmer Warmer warmer warmer

0.050

0.025

(b) CO2 versus RCP8.5 p-value 0.016 0.047 0.422 0.031

α 0.100 Cooler Cooler cooler

0.050

0.025

(c) ALL versus RCP8.5 p-value 0.016 0.078 0.078 0.016

α 0.100 warmer Warmer warmer warmer

0.050

0.025

Note. The Wilcoxon signed rank test was used to determine if the ensemble mean of unfiltered MST of this period was warmer/cooler in the sensitivity scenario 
compared to baseline (rows). The one-tailed test was carried out at three values of significance level α. The MST of the whole globe and three regions were tested 
(columns). When p < α, the sensitivity scenario is significantly warmer/cooler as indicated in the table. When p ≥ α, results are not statistically significant as 
indicated by shaded cells.
Abbreviations: AER, reduced air pollutants only; ALL, reduced air pollutants and carbon dioxide; CO2, reduced carbon dioxide only; RCP8.5, Representative 
Concentration Pathway 8.5.

Table 2 
Results of Statistical Testing for the Period of 2020–2025
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Table 2c, global and regional MSTs were significantly warmer than baseline in the short-term period. The 
short-term warmer-than-baseline period was followed by a cooler-than-baseline trend until mid-century, 
with the maximum cooling of around 0.2°C (Figures 3c and 4c). From Table 3c, differences between per-
turbed and baseline MSTs were not statistically significant in the long-term. Global MST was significantly 
cooler at 0.10 significance level, with greater uncertainty as reflected in the larger p-value.

Comparison of ALL with the reduced aerosols/precursors only (AER) and the reduced carbon dioxide only 
(CO2) scenarios suggested the combined response of a short-term warming from reduced aerosols, followed 
by a long-term cooler-than-baseline trend caused by reduced carbon dioxide (Figures 4 and 5, third col-
umn). However, the changes in MSTs were not generally significant over the full duration of the experiment 
(Table 3c).

3.2.  Comparison of Changes in Regional Mean Surface Temperatures

In short-term (2020–2025), the greatest warmer-than-baseline MST occurred over Europe in the AER sce-
nario. This warmer-than-baseline European MST peaked in 2021, reaching about 0.4°C warmer unfiltered 
(Figure 3g) and about 0.2°C warmer filtered (Figure 4g). The MST was comparable to the baseline European 
MST in the late 2020s (Figure 5g). MSTs over all three regions were warmer than baseline in both ALL and 
AER scenarios, but the warming over North America was weaker compared to the other regions (Figures 3 
and 4). This was consistent with the smallest absolute reduction in pollutant emissions over North America. 
Carbonaceous emissions-per-area reductions over Asia were 2.7 times larger than that over Europe, which 
in turn were 2.4 times that over North America; sulfur dioxide emissions-per-area reductions over Asia 
and Europe were double those over North America (Table S2). Correspondingly, Aerosol Optical Depth at 
550 nm over all three regions showed short-term reductions from baseline in both ALL and AER scenarios, 
but the reduction over North America was almost half of the reductions over Asia or Europe (Figure S4). 
In summary, the greatest absolute reduction in aerosol/precursor emissions occurred over Asia, but the 
greatest warming from baseline occurred over Europe.

Atmospheric aerosol levels over Europe and North America returned to baseline levels by 2025 (Figure S4). 
Examining the filtered MST from the AER scenario, the significantly warmer-than-baseline European 
MST lasted for the duration of the simulation (Figures  4g and  5g). Filtered North American MST was 
warmer-than-baseline for about 2.5 decades after the crisis, until about 2045, or significantly warmer for 
about 1.5 decades until 2035 (Figures 4j and 5j). Asian MST was also warmer to a lesser extent (Figures 4d 
and 5d). Even in the CO2 scenario which was generally cooler than baseline, the filtered European MST was 
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Scenarios Parameters Global Asia Europe North America

(a) AER versus RCP8.5 p-value 0.002 0.028 4 × 10−5 4 × 10−4

α 0.100 warmer Warmer warmer warmer

0.050

0.025

(b)CO2 versus RCP8.5 p-value 0.004 0.032 0.373 0.025

α 0.100 cooler Cooler cooler

0.050

0.025

(c)ALL versus RCP8.5 p-value 0.060 0.344 0.269 0.309

α 0.100 cooler

0.050

0.025

Abbreviations: AER, reduced air pollutants only; ALL, reduced air pollutants and carbon dioxide; CO2, reduced carbon 
dioxide only; RCP8.5, Representative Concentration Pathway 8.5.

Table 3 
Similar to Table 2, but for the Period of 2020–2050
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significantly warmer than baseline after 2035 (Figures 4h and 5h), something not seen in the global, Asian 
or North American MSTs. In summary, atmospheric aerosol levels returned to baseline levels by around 
2025, but their effect on global and regional MSTs appeared to persist for at least 10 years longer.

We address the two ambiguities raised above with a discussion of multi-decadal variability. An important 
consideration when analyzing perturbed climate experiments is the influence of natural modes of mul-
ti-decadal variability. These modes would ideally be removed with the use of ensembles, but perhaps not 
completely using a small ensemble. A major suspect for the multi-decadal discrepancies is the North Atlan-
tic Oscillation (NAO), which is known to strongly affect the weather and climate in the North Atlantic basin 
and Western Europe. The negative phase of NAO is associated with cooling and the positive phase is related 
to warming over Europe (Kenyon & Hegerl, 2008; Pinto & Raible, 2012).

Figure 6 shows the NAOI in the four simulations. The ensemble mean unfiltered index (thin black line) is 
identical between simulations before 2020, then differs between simulations after 2020; the ensemble mean 
filtered indices (thick colored lines) give a better sense of the multi-decadal variability. For the baseline sce-
nario, the NAO was strongly in the negative phase during 2020–2025, slightly positive for 2025–2030, and 
neutral-to-negative up to 2040 (Figure 6a). In contrast, the NAO was in the neutral phase during 2020–2025 
for the three sensitivity scenarios (Figures 6b–6d). The inter-simulation phase of the NAO may influence 
the inter-simulation MST differences over Europe, and to some extent over North America. In the short-
term period after the crisis (2020–2025), the baseline European MST would be cooler than typical due to its 
negative NAO phase.

The “cooler” CO2 scenario is discussed first, where European MST was found to be warmer than baseline 
during certain periods, against expectation. The neutral NAO phase (warmer-than-baseline multi-decadal 
variability) for the CO2 scenario would explain why European MST in the 2020–2025 period was not sig-
nificantly different from baseline, even though global, Asian and North American MSTs were significantly 
cooler than baseline (Table 2b). A similar period was around 2040, where NAO for the baseline scenario 
was in the negative phase, but NAO for the three sensitivity scenarios was in the neutral phase. This would 
explain why European MST around 2040 was significantly warmer-than-baseline (Figure 4h). Due to these 
two warmer-than-baseline periods, European MST showed no statistically significant differences from base-
line for the whole period of 2020–2050 (Table 3b).

The AER scenario is discussed next, where warmer-than-baseline MST anomalies persisted in the long-
term, against expectation. As above-described, the NAO for the AER scenario was in the neutral phase 
during 2020–2025, compared to the negative phase for the baseline scenario. Furthermore, NAO for the 
AER scenario was in the positive phase during 2030–2035, compared to the neutral phase for the baseline 
scenario. Finally, the NAO for the AER scenario was in the neutral phase around 2040, but the NAO was 
in the negative phase for the baseline scenario. This would explain why European MST was warmer than 
baseline for most of 2020–2050.

The NAO phase seems unlikely to be responsible for all of the longer-lasting impacts. The above explanation 
might be justifiable for the persistently warmer-than-baseline North American MST, but the processing 
area covers most of North America including large areas of the Pacific Ocean. Asian and global MSTs were 
persistently warmer-than baseline as well. It is possible that other modes of multi-decadal variability may 
explain such temperature differences, such as the Pacific Decadal Oscillation (PDO) or the Arctic Oscilla-
tion (AO), but we do not wish to turn this study into a catalog of all possible climate variability modes.

4.  Discussion and Conclusions
Since anthropogenic emissions depend on human activities, one might expect rapid declines during severe 
socio-economic crises. Accordingly, some form of transient climate response is possible in the wake of 
such crises. Such rapid declines in emission changes have now been confirmed instrumentally during the 
coronavirus pandemic of 2019, which is still ongoing at the time of writing. The Community Earth System 
Model version 1.2.2 was used to simulate a stylized 2-year pandemic-driven economic crisis, to examine 
what the transient climate response to an economic crisis (if any) would look like. This is not a study of the 
precise climate effects of COVID-19. For detection purposes, exaggerated changes to the emissions were 
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introduced. The RCP8.5 scenario was used as a baseline. Three sensitivity scenarios were created: emission 
reduction of carbon dioxide emissions (CO2 scenario), emission reduction of aerosols and aerosol precur-
sors (AER scenario), and emission reduction of both (ALL scenario). Ten ensemble members were used in 
each scenario.

Substantial emission reduction of carbon dioxide, aerosols and aerosol precursors (ALL) resulted in imme-
diate (2020–2022) and short-term (2020–2025) warming of global mean surface temperature (MST) com-
pared to the baseline, by up to +0.06°C. A long-term cooler-than-baseline trend follows this until the end of 
the simulation at 2050, by up to −0.2°C. MSTs over the three regions of Asia, Europe, and North America 
had similar patterns. The long-term cooler-than-baseline MSTs were attributed to the effect of reduced at-
mospheric CO2, since significant cooling in the simulation period as a whole occurred in the CO2 scenario. 
The short-term warmer-than-baseline MSTs were attributed to the effect of reduced atmospheric aerosols, 
since significant immediate warming occurred in the AER scenario.

In the AER scenario, atmospheric aerosols had returned to baseline levels by 2025, but global and re-
gional MSTs remained significantly warmer than baseline for the period of 2020–2050 as a whole. Warm-
er-than-baseline MSTs persisted through the whole simulation period until 2050. This was especially so for 
European MST which was almost always warmer than baseline. This could be explained by inter-model 
differences in the phase of the North Atlantic Oscillation (NAO). The multi-decadal signal was likely due 
to the neutral phase of the NAO in the perturbed scenarios compared to the strongly negative phase in the 
baseline scenario. However, this explanation has difficulty explaining the warmer-than-baseline global and 
Asian MSTs.

Whether changes in emissions caused the differences in NAO phase is questionable. The differences we see 
may simply be due to internal variability, but the ensemble confidence intervals for the NAO index seem 
to differ between scenarios. The ensembles may be insufficiently large. Finally, a possibility is that forcing 
changes suppressed the strongly negative NAO phase of the baseline simulation.

This study was motivated by the concept of economic crises as “tropospheric reverse volcanic eruptions”. 
Sudden emissions of air pollutants in the form of volcanic eruptions are known to trigger significant summer 
cooling (winter warming) over Europe (northern Europe), in both the year and following year of large tropi-
cal eruptions. The temperature anomaly is associated with a positive phase of the NAO (Fischer et al., 2007; 
Graf et al., 1994; Robock, 2000). The perturbations in question are clearly tropospheric and hence limited 
regionally, but recent findings suggest that aerosol forcing can drive multi-decadal signals (Qin et al., 2020).

An alternative concept is that of an “anthropogenic solar maximum”, as a regional response to a net global 
change in albedo (Ineson et al., 2011; Shindell et al., 2003), although this would not be an exact analogy due 
to the spatially inhomogeneous distribution of pollutants, vertical differences in atmospheric heating, as 
well as the large portion of carbon dioxide emissions removed in the experiment. A third possibility is a slow 
response through oceanic pathways (Álvarez-García et al., 2008; Woollings et al., 2015). Due to the time-
scale of the response, some type of atmosphere-ocean interaction seems to be the most probable mechanism 
if forcing changes did impact the NAO state. Even so, one major unanswered question is why the negative 
NAO state was suppressed.

Nevertheless, this study shows that brief reductions in global anthropogenic driving can result in large 
transient regional climate response lasting about 5 years, possibly extending to decades. An unexpected 
result of this study is that reduction of carbon dioxide emissions for only 2 in 31 simulation years resulted 
in statistically significant cooler global MSTs for the whole period. However, the emission reductions were 
greatly exaggerated.

Studies more specific to the coronavirus pandemic of 2019 have examined specific climate responses. Yang 
et al.  (2020) considered fast climate responses caused by abrupt reductions of aerosols in a model with 
prescribed sea surface temperatures and sea ice concentrations, finding surface warming over continental 
regions of the Northern Hemisphere in 2020. Gettelman et al. (2020) found that while the peak impact of 
the sharp drop in aerosol emissions on global surface temperature was very small (+0.03 K), the aerosol 
changes were the largest contribution to COVID-19 emissions induced temperature changes, dominating 
CO2 effects in 2020. Forster et al. (2020) estimated that while the reduction in global sulfur dioxide emission 
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would cause short-term warming, the long-term effect of the pandemic-driven response would be negligi-
ble, with a cooling of around 0.01°C ± 0.005°C by 2030 compared to a baseline scenario that follows current 
national policies.

In this study, emissions of aerosols and concentrations of CO2 were returned to their original trajectories 
after two years. In reality, the economic crisis may require an extended recovery. In a more complex sce-
nario, different regions may react differently, and hence the patterns of aerosol emissions may change from 
prior to the crisis. The use of climate models for regional climate projections of the near-future (e.g., 2030, 
2050, etc.) should be exercised with caution, since emissions depend on economic activity. Both epidemics 
and economic crises are expected to reoccur in long-term projections, but their stochastic nature means that 
they cannot be prescribed deterministically in emission scenarios. One frequently sees claims in popular 
media that pandemics will become more common in the future. If this were true, the potential climate ef-
fects of recurrent pandemic-induced socio-economic shocks should be studied.
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