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Key Points:

* The response to COVID-19 in CESM2 is modest, amounting globally to a peak

0.23+0.14 W m™ heating and 0.05+0.04 K warming through 2022

* In contrast, the Australian wildfires cool the globe by 0.95+0.15 W m? in Dec 2019 and

0.06+0.04 K by mid-2020

* Significant water cycle responses are driven by Australian wildfires, including a

northward displacement of tropical deep convection
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Abstract

Multiple 50-member ensemble simulations with the Community Earth System Model
version 2 are performed to estimate the coupled climate responses to the 2019-2020 Australian
wildfires and COVID-19 pandemic policies. The climate response to the pandemic is found to be
weak generally, with net top-of-atmosphere radiative anomalies of +0.23+0.14 W m? driving a
gradual global warming of 0.05+0.04 K by the end of 2022. While regional anomalies are
detectible in aerosol burdens and clear-sky radiation, few significant anomalies exist in other
fields due to internal variability. In contrast, the simulated response to Australian wildfires is a
strong and rapid cooling, peaking at —0.95+0.15 W m™ in late 2019 with an anomalous global
cooling of 0.06+0.04 K by mid-2020. Transport of fire aerosols throughout the Southern
Hemisphere increases albedo and drives a strong interhemispheric radiative contrast, with
simulated responses that are consistent generally with those to a Southern Hemisphere volcanic

eruption.

Plain Language Summary

Significant perturbations in aerosol and other climate forcing emissions accompanied
both the 2019-2020 Australian wildfires and the COVID-19 pandemic-induced changes in
human activity. This analysis estimates the coupled climate response to each event in 50-member
simulation ensembles using the Community Earth System Model version 2. The simulations
depict a modest climate warming that evolves gradually through 2022 driven by COVID-19
pandemic responses with a timing and initial magnitude consistent with recent meteorological
studies. In contrast, a strong and abrupt climate cooling resulting from Australian wildfire

emissions is simulated, with global-scale responses arising in part from contrasts in radiation
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anomalies between hemispheres. Responses to wildfires include a northward displacement of
tropical deep convection, similar to what is seen after major extratropical volcanic eruptions,

suggesting the potential for an influence on the El Nifio / Southern Oscillation.

1 Introduction

Multiple episodes of anomalous climate forcing have occurred in recent years. These
include the biomass burning emissions anomalies from the 2019-2020 Australian wildfire season
(hereafter referred to as AF), and anthropogenic emissions perturbations arising from the
response to the spread of the Coronavirus Disease 2019, which began in Jan 2020 and continues
through the present (hereafter referred to as COVID). While significant effort has been spent on
diagnosing the climate effects of these events, understanding the coupled response to each and

estimating the broader significance of the responses remains a work in progress.
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The 2019-2020 AF season was singular in its severity and associated particulate
emissions (Khaykin et al., 2020; Hirsch and Koren, 2021). While Australia is known as a
landscape that experiences frequent bushfires, extreme bushfires with associated
pyrocumulonimbus have been increasing over the last few decades and are predicted to increase
even further in coming decades (Sharples et al., 2016; Dowdy et al., 2019). The extreme AF
season in 2019-2020 had devastating consequences for lives, ecosystems, and property, including
wide-scale smoke impacts across the southeast of the continent (Wintle et al., 2020).
Additionally, hemispheric transport of fire pollution at low and lofted altitudes created
atmospheric signatures over New Zealand and South America. This pollution remained in the
atmosphere for well over three months, with solar heating of a stable, dense smoke plume
creating a localized stratospheric ozone-hole and circulation response (Khaykin et al., 2020).
While the amount and persistence of associated aerosol burdens have drawn parallels to major
volcanic eruptions, an understanding of similarities in the climate response will depend on a

more complete analysis and modeling of the event.

The climate response to COVID has received broad attention and recent modeling studies
have quantified the local radiative response to the emissions reductions associated with an
unprecedented disruption of manufacturing and transportation sectors. Both Ming et al. (2020)
and Gettelman et al. (2020) adopted “nudged” meteorology experiments to estimate the regional
radiative anomalies associated with these disruptions. These analyses identify large reductions in
regional clear-sky albedo (~7%) and aerosol optical depth (32%, Ming et al., 2020), with an
associated global increase in effective radiative forcing of 0.29+0.15 W m™ (Gettelman et al.,
2020). Even on regional scales, however, disentangling the radiative effects of COVID from

internal variability is a challenge as only about a third of east Asia’s anomalous clear-sky
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shortwave flux can be attributed to COVID at its peak in March 2020 (Ming et al., 2020; Loeb et
al., 2021). While nudged meteorology experiments are useful for isolating the initial effects of
small signals such as COVID from internal variability, they do not address the broader coupled
response of the climate system. Examples of such responses include changes in the ocean and
associated feedbacks in the atmosphere and coupled internal modes. As prolonged emissions
anomalies associated with COVID are anticipated (Forster et al., 2020), such nudged
experiments do not provide a framework for estimating the climate response in coming years,
either. Recent efforts to address the coupled response include Fyfe et al. (2021), where the
responses to various idealized COVID emissions reductions are explored in an Earth System
Model, and Jones et al. (2021), where a dozen such models are used to estimate both the climate
response and its model dependence. These studies have generally found the climate response to
be weak, with Fyfe et al. (2021) estimating a global near-surface warming of roughly 0.04K for a
25% emissions reduction by the end of 2022 and Jones et al. (2021) unable to detect any change

in warming or precipitation.

In this work, we therefore seek to further explore these issues using the Community Earth
System Model version 2 (CESM2; Danabasoglu et al., 2020). We use best-estimates of emissions
from the Australian wildfires generated from satellite data and use the community-adopted
COVID emissions scenario (Lamboll et al., 2020a) used in Jones et al. (2021) to generate
simulation ensembles that extend from July 2019 through 2024 using a broad range of initialized
states. As these ensembles are large (50 members), they allow for a more precise estimation of
forced responses and associated uncertainties than in Jones et al. (2021) in one of the best
performing climate models available (see Methods). Details of the forcing datasets, climate

model, initialization, and analysis methods are given in section 2, and large-scale aspects of the
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99 climate responses are shown and discussed in section 3. A synthesis discussion of results,

100 caveats, broader significance, and future work is provided in Concluding Remarks in section 4.
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2 Materials and Methods

2.1 The Community Earth System Model

The CESM2 is the newest coupled Earth system model developed at the National Center
for Atmospheric Research (NCAR) in partnership with universities and other research
institutions (Danabasoglu et al., 2020). The model incorporates a range of new capabilities and
improvements that are directly relevant to the simulation of climate responses to wildfire and
COVID emissions anomalies. These include new chemical and physical representations of direct
and indirect aerosol effects and their interactions with clouds. An improved treatment of aerosols
is provided by the Modal Aerosol Model version 4 (Liu et al., 2016). The Morrison—-Gettelman
cloud microphysics scheme has also been updated (Gettelman & Morrison, 2015), and mixed
phase ice nucleation is improved to depend on both aerosols and temperature, following Hoose et
al. (2010), Wang et al. (2014), and Shi et al. (2015). A key additional advance is the
implementation of a unified turbulence scheme that provides a uniform treatment of clouds
across cloud types (Bogenschutz et al., 2013), replacing their more idealized and disjoint
representations in earlier model versions. Many other advances are also included in CESM2, and
a recent evaluation of available climate models identifies CESM2 as being among the most
skillful of these models, based on metrics that compare the model outputs against present—day

observations (Fasullo 2020).

2.2 Prescribed Forcings
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Reductions in anthropogenic emissions due to COVID are from version 4 of the Lamboll
et al. (2020b) dataset which combines national mobility data with analysis from Le Quéré et al.
(2020) to estimate sector-based emissions (Forster et al., 2020). The emission scenario follows a
“2-year-blip” trajectory, based on the assumption that 66% of the June 2020 reduction in
emissions persists until the end of 2021, after which emissions linearly recover to the pre-
COVID emission trajectory in the Shared Socioeconomic Pathway (SSP245) by the end of 2022

(Forster et al., 2020).
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Fire emissions are prescribed use biomass burning estimates of trace gases and aerosols
from the Global Fire Emissions Database version 4 with small fires (GFED4s), described in van
der Werf et al. (2017). The emissions are created from satellite-measured burned area (Giglio et
al., 2013) with small fires added using satellite-measured fire-count information (Randerson et
al., 2012). Emissions are conservatively regridded to 0.9° (latitude) x1.25° (longitude) horizontal
resolution for use in CESM2. Species with emissions incorporated include black carbon, primary
organic matter (calculated as GFED4s organic carbon scaled by 1.4 to account for the other
elements present in organic aerosols), dimethyl sulfide (DMS), and sulfur dioxide and sulfate
aerosol (2.5% of GFED4s SO, is emitted directly as sulfate, with the remainder as SO,). We do
not perturb concentrations of ozone and other oxidants as this will have a limited climate impact.
We do however include a lumped semivolatile organic gas-phase species that accounts for the
creation of secondary organic aerosols (SOAG), by combining GFED4s species (higher alkanes,
higher alkenes, toluene, benzene, xylenes, isoprene, and terpenes) that are then multiplied by a
factor of 1.5 (Tilmes et al., 2019). Our fire emissions are aligned with the Coupled Model
Intercomparison Project phase 6 (CMIP6), which uses GFED4s to anchor historical fire
emissions (van Marle et al., 2017). After 2018, fire emissions for all ensembles are from SSP245

with the exception of our Australian fire ensemble, as described below.



144

145

146

147

148

149

150

151

152

153

154

155

156

157

Confidential manuscript submitted to Geophysical Research Letters

Smoke interacts with radiation in multiple ways. There is large variability in the overall
radiative impact due to variability in smoke loadings and properties such as particle composition
and size. Smoke particles may be absorbing (mainly black carbon) or scattering (mainly organic
matter, Sokolik et al., 2019). The observationally constrained cloud-free direct radiative forcing
from the AF was estimated to be —3.0 W m™ at the surface between 25°S and 60°S when
averaged across all longitudes for February 2020 (Khaykin et al., 2020). Interaction of smoke
with clouds further complicates radiative estimates. For example, smoke particles can serve as
cloud condensation nuclei (Sokolik et al., 2019). Additionally, the interaction of aerosol heating
with cloud formation also depends on whether the smoke is emitted within or above the
planetary boundary layer, and whether the smoke is over land or ocean (Sokolik et al., 2019).
Globally for black carbon, the interaction with clouds is estimated to almost completely
counteract warming properties (Stjern et al., 2017). CESM2 provides the opportunity to simulate

all of these processes and interactions, and estimate their climate effects.

2.3 Ensemble Experiments
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The experiments conducted are summarized in Figure 1. A 10-member ensemble of
simulations for the 2015-2024 period with the SSP2-4.5 forcing serves to estimate background
conditions in the absence of interannual variability in biomass burning emissions. Aside from the
gradual warming associated with increases in effective radiative forcing, no significant transient
climate responses are identified in this ensemble (see discussion). An analogous 10-member set
of simulations (GSSP245) is performed from 2015 through July 2019 using the GFED4s-based
fire forcing estimates (described above) through 2018. Notably, the fire emissions in the
GSSP245 scenario is more consistent with historical fire emissions used in previously run
historical simulations that were used to provide 2015 initialized states in that, unlike in SSP245,
observed interannual variability is prescribed in biomass burning emissions (van Marle et al.,
2015). Both the SSP245 and GSSP245 ensembles are initialized on 01 January 2015 from
CESM2 historical-era simulations that use standard CMIP6 historical forcings. These initial
states are selected to provide a diversity of phases in major modes of internal variability such as
the El Nifio / Southern Oscillation (ENSO). Two sets of 50-member ensembles initialized from
the 10 GSSP245 simulations using small (i.e. micro) atmospheric perturbations are then
conducted for the 2019-2024 period with one set using the COVID emissions datasets and the
other with both COVID and AF datasets. The respective ensembles are referred to as COVID and
COVID+AF, the latter of which incorporates GFED4s-based fire emissions over Australia from
July 2019 through June 2020 only and SSP245 prescriptions elsewhere and afterward. To
provide a comparable ensemble size to gauge the COVID and AF responses, the number of
members for GSSP245 is increased to 50 for the July 2019 — 2024 period. The July start date
from these runs is motivated by the identical forcings used across all three ensembles before that

date. The combined response to AF and COVID is computed by differencing the COVID+AF
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and GSSP245 ensemble means. Climate responses to AF only are estimated by differencing the
COVID+AF and COVID ensemble means while responses to COVID are estimated from

differencing the COVID and GSSP245 ensemble means.

To further reduce the influence of internal variations in our analysis, temporal smoothing is
applied. Forcings associated with COVID emissions reductions are anticipated to persist through
2022 (Forster et al., 2020) whereas the majority of emissions anomalies from the AF occurred in
Dec 2019 and Jan 2020, becoming small within months (Khaykin et al., 2020). Motivated by the
contrasting timescales and magnitudes of the events, a seasonal (1-3-5-6-5-3-1) Gaussian
smoother is applied to resolve wildfire climate responses while a 13-month averaging, where the
end months are given weights of 0.5, is applied to resolve large-scale responses to COVID. In

our analysis of spatial structures in Figures 2 and 4, the Gaussian smoother is used for all fields.

SSP245: 10 members

GSSP245
10 members

Lauy20is D0 members

COVID: 50 members

2016 2018 2020 2022 2024
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Figure 1: Description of CESM2 simulations used in this study, including the control
background ensemble (SSP245, grey, 10 members), a 10-member spin-up ensemble that uses
SSP245 and also incorporates estimated wildfire emissions from GFEDv4s from 2015 through
2018 (GSSP245, red), and a 50-member extension through 2024. Ensembles of members
incorporating estimated COVID-19 (COVID, blue), and COVID-19 plus Australian wildfire

emissions anomalies (COVID+AF, green) extend from January 2019 through 2024.

3 Spatiotemporal Structure of COVID and AF Climate Responses

The zonal-mean temporal evolution of key ensemble-mean aerosol burdens and top-of-
atmosphere (TOA) radiative flux anomalies due to COVID+AF are shown in Figure 2. Both the
AF and COVID driven emissions anomalies are generally distinct in black carbon (BC) and
sulfate aerosol burdens (Figures 2a, 2b). Positive anomalies spanning the tropics and Southern
Hemisphere (SH) from mid-2019 through mid-2020 in BC are consistent with the AF response
(not shown). These anomalies are relatively short-lived and by March 2020 are largely
indistinguishable from internal variability. Beginning in early 2020 negative anomalies
consistent with the COVID response emerge from 10°-45°N in both BC (Figure 2a) and sulfate
(Figure 2b), peaking in early 2020 and lasting through late 2022 — the recovery period of the “2-
yr blip” scenario. The persistence of negative burden anomalies is generally coherent in time and
space with the emissions anomalies themselves. Detectible anomalies in aerosol burdens span
broad latitudinal ranges, particularly for sulfate burdens as the perturbations greatly exceed
internal variability. In contrast, the radiative influence of aerosol burdens is in instances obscured
by internal variability in both clear-sky and all-sky conditions, an effect remarked upon for
COVID by Ming et al. (2020), Gettelman et al. (2020), and Loeb et al. (2021). However, a

statistically detectable negative anomaly in ensemble-mean net downward clear-sky shortwave
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flux (SWcs, Figure 2¢) is coincident with anomalous AF BC burdens. While the SW¢s anomaly

magnitude is modest (~0.4 W m™?), the associated net TOA radiative flux (Rt) anomalies (Figure

2d) are strong (>2 W m™), extending across most of the SH. As discussed below, these anomalies

likely arise from aerosol-cloud interactions. While radiative anomalies coincident with COVID

burden anomalies are not detectible in the presence of internal variability, collocated anomalies

are generally positive and therefore consistent with the anticipated radiative effects of reduced

aerosol burdens.

2
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Figure 2: Zonal- and ensemble-mean evolution of COVID+AF differences with GSSP245 in (a)

black carbon and (b) sulfate aerosol burdens, and net top-of-atmosphere clear-sky shortwave (¢)
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and net radiative flux (d). Stippling indicates regions of where differences exceed twice the

ensemble standard error and fields are plotted through 2023 to focus on detectible differences.

The temporal evolution of large-scale (global-mean) climate responses to COVID and AF
emissions anomalies is shown in Figure 3. For AF, the global TOA net SW flux (SWygr, Figure
3a) is characterized by a rapid and intense reduction that peaks at —=0.95 W m in November
2019, with a two standard error range (2SE) of 0.15 W m™. The reduction is not long-lived
however and by mid-2020 anomalies are negligible. In contrast, SWygr anomalies due to COVID
are small but persistent, peaking at 0.22+0.12 W m™ in late 2020 and declining gradually through
the integration period, with negative anomalies in the ensemble mean emerging in early 2023.
Compensation of SWxer anomalies by longwave anomalies is generally negligible, and TOA Ry
(Figure 3b) anomalies therefore largely resemble those of SWygr for both AF and COVID. A
notable exception is the 2021-2023 COVID response, where the Planck response to surface
warming is consistent with a reduction in Rt anomalies over time as climate warming enhances
radiation to space. As a result, the 2SE range in Rt encompasses zero in early 2021. The
evolution of global 2-meter air temperature anomalies (Ts, Figure 3¢) depicts a rapid cooling in
response to AF, reaching a minimum in late 2020 of —0.06 K, though with substantial
uncertainty as the 2SE range is 0.04 K. Nevertheless, the cooling response is notable given the
compensating effects of rapid cloud adjustments identified as commonly associated with biomass
emissions (Stjern et al., 2017). The magnitude of peak warming arising from COVID (0.05 K) is
almost as large as the AF cooling and also has considerable uncertainty (0.04 K). Responses in
global precipitation (P) of approximately 0.2% are also small but detectible in both ensembles.

Specifically, in AF, there is a reduction in 2020 and 2021 that peaks at —0.008+0.004 mm day'
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in mid-2020; and there is an increase in COVID that peaks at 0.006+0.004 mm day™' in mid-

Figure 3: Evolution of a few key global-mean climate responses to AF and COVID emissions

2021.
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anomalies: (a) TOA SWxygr flux, (b) TOA Rr flux, (¢) surface temperature, and (d) precipitation.

Shaded regions and uncertainty ranges denote twice the ensemble standard error ranges and

indicated values denote response extrema.
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The spatial structures of peak climate responses in a few key fields are shown in Figure 4.
Positive BC anomalies in AF (Figure 4a) span almost the entirety of the SH in December 2019
with the greatest anomalies coincident with, and downwind from, fires in Southeastern Australia.
Notably, a secondary maximum also exists in the tropical Atlantic and African regions, likely due
to regional deep convection and associated tropospheric convergence. In contrast, the largest
negative BC anomalies due to COVID (Figure 4b) reside in the Northern Hemisphere, and
particularly in Southeast Asia. Other detectable BC anomalies are present in each hemisphere
though magnitudes are generally small relative to those for AF. The SWcs flux response to AF
(Figure 4c) is characterized by considerably greater spatial variability than for BC burdens, with
reductions across much of the Southern Ocean and increases in regions where aerosol albedo
differences with the surface are negative, with BC aerosols being particularly absorptive and
therefore less reflective than bright surfaces, such as sea ice, Antarctica, and Australia’s arid
regions. Positive regional anomalies are also evident in the Northern Hemisphere Inter-Tropical
Convergence Zone (ITCZ) and are likely due to enhanced convergence of water vapor (which
increases SWcs through absorption) due to a collocated strengthening of the ITCZ (discussed
below). Responses in SW¢s to COVID (Figure 4d) are spatially complex but characterized
mainly by positive anomalies in regions of peak emissions reductions in Southeast Asia. Due to
the influence of internal variability, few detectible positive SW¢s anomalies are coincident with
aerosol reductions in other regions. Significant negative anomalies in precipitable water (PW,
Figure 4e) span the equatorial regions and southern tropics in response to AF, while positive
anomalies span much of the northern tropics and subtropics — anomalies that together reflect a

northward displacement of the ITCZ. Examining associated precipitation anomalies (Figure 4f)
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shows a noisier and more equatorially confined pattern of anomalies, but nonetheless one that is

consistent with a northward ITCZ displacement.

L e e e ———— ]
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Figure 4: Spatial structure of key AF (a, ¢, e, f) and COVID (b, d) climate responses including
black carbon burdens (a, b), and net clear-sky shortwave flux (¢, d). Also shown are indicators of
ITCZ displacement for AF including precipitable water € and precipitation (f). A seasonal

gaussian smoother has been applied to all fields including COVID responses. Regions where the
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ensemble mean exceeds twice the standard error are stippled. The fields represent means for the

indicated months.

4 Conclusions

Using 50-member ensembles that provide insight not available in observations alone, our
results highlight the intrinsic characteristics, similarities, and contrasts in the coupled climate
responses to the AF and COVID events. These ensembles also allow for the projection of
associated climate responses over the coming years. While both events perturb the TOA radiative
imbalance, with detectible impacts on hemispheric energy budgets and surface temperature, the
intensity and timescales of both the forcings and responses are found to differ considerably. The
effects of COVID are generally subtle and gradual, and on a large scale are a challenge to
distinguish from internal variability, as also discussed in Ming et al. (2020) and Loeb et al.
(2021). In contrast, as shown in this and other recent works (Khaykin et al., 2020, Hirsch and
Koren, 2021), the AF emissions anomalies are relatively brief but intense, and associated climate
responses in many respects resemble a major SH volcanic eruption. The similarity includes for
example an amplification of radiative effects via clouds, an associated rapid cooling of the SH,
and a northward displacement of the ITCZ.

A range of caveats apply to our model simulations. Uncertainty in the forcing datasets is
considerable and these include estimates of COVID-related emissions reductions and associated
multi-year projections of depressed economic activity. These concerns are heightened by recent
work that finds regional aerosol optical depth anomalies to be undetectable in March 2020 (Ming
et al., 2020; Loeb et al., 2021). While AF emissions anomalies drive a stronger overall net
radiative forcing, and therefore provide a clearer signal relative to internal variability, various

sources of uncertainty also exist including the prescribed emissions estimates (see Methods, Pan
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et al. 2020). Lastly, there is the issue of uncertainty in CESM2 and particularly its
representations of cloud-aerosol interactions that are central to the AF climate response. This
issue is heightened by the fact that perturbations in clear-sky fluxes are nearly an order of
magnitude smaller than in all-sky fluxes (Figures 2, S1). In addition, fluxes equatorward of the
emissions are a key contributor to the overall hemispheric and planetary energy budget
responses. It is therefore imperative that both simulated aerosol-cloud interactions and
meridional and vertical redistribution of associated burdens and cloud properties be evaluated to
bolster confidence in our experiments.

A final fundamental issue is the extent to which model responses to AF and COVID are
consistent with observations. For example, it remains an open question whether the record warm
temperatures reported in 2020 (e.g., Cheng et al. 2021) occurred despite the AF and COVID
events or because of them? Our experiments suggest the net contribution was one of a slight
cooling but as discussed above, important uncertainties exist. In CERES data, Loeb et al. (2021)
identify the AF as being associated with a record maximum in SH aerosol optical depth, with a
strong interhemispheric contrast. In our simulations, AF also drive a SH aerosol optical depth
maximum and a substantial associated interhemispheric Ry gradient anomaly (1.68+0.24 W m?,
Figure S2). CERES data depict an anomalous Ry gradient (1.1 W m?) that is well within the
ensemble spread of our simulations, and both these estimates and our simulations are consistent
with the estimated AF reduction in downwelling surface SW radiation of 3 Wm™ from 25°-60°S
in Khaykin et al., 2020. A direct comparison to nature in these aspects is unfortunately
complicated by the fact that our simulations don’t incorporate individual fires after 2018 except
for the Australian wildfire outbreak from July 2019 through June 2020. There are also major

caveats involved in comparing ensemble averages to a single realization in nature. Nonetheless,
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as shown here and anticipated from prior work (e.g., Fasullo et al, 2019; Pausata et al., 2020), a
gradient of this magnitude would be anticipated to drive strong regional responses, both in the
water cycle and in internal modes of variability such as ENSO. Future work will explore these
responses to more fully understand the influence of these recent exceptionally anomalous events

on the Earth system.
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456 Figure S1: Responses of key TOA SW fluxes over ocean to AF emissions anomalies, including

457 SWcs from (a) the Equator to 30°S and (b) 30°-60°S; and SWygr from (¢) the Equator to
458 30°S and (d) 30°-60°S (d). Shaded regions denote twice the ensemble standard error
459 ranges and plotted values denote response magnitudes in January 2020. Indicated values

460 denote response extrema.
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463 Figure S2: Response in contrast in TOA radiative imbalance between Northern and Southern

464

465

466

Hemisphere due to AF. Indicated value denotes response extrema. Shading indicates two

times the ensemble standard error.
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