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Abstract During 2013-2019, global aerosols, influenced by regional clean air actions and wildfires,
changed significantly. Clean air actions in China, Europe, and North America reduced anthropogenic aerosols,
whereas Siberia experienced increased wildfire aerosols due to local warm and dry conditions. South Asia
exhibited mixed trends with increased emissions of sulfur dioxide (SO,) and decreased carbonaceous aerosols.
Using the Community Earth System Model version 1 (CESM1), this study investigates Arctic climate responses
to these regional aerosol changes. Reductions in aerosols from China and Europe-North America resulted in
Arctic warming effects of +0.18°C and +0.16°C, respectively, while changes in South Asian aerosols had a
relatively small influence on Arctic climate. Increased aerosols from Siberian wildfires induced an Arctic
cooling effect of —0.84°C, outweighing the warming from reduced anthropogenic aerosols. These cooling/
warming effects are primarily attributed to changes in northward heat transport driven by aerosol changes
outside the Arctic, rather than Arctic local radiative forcing. This research highlights the relationship between
regional aerosols and Arctic climate, emphasizing a negative feedback mechanism via which increased Siberian
wildfire aerosols, amidst accelerated warming in the Arctic Siberia, buffer the Arctic warming. It also implies
that future Arctic warming could amplify Siberian wildfires, potentially reinforcing this negative feedback.

Plain Language Summary During 2013-2019, global aerosols changed notably due to clean air
actions and increased wildfire activities. Anthropogenic aerosols declined in China, Europe, and North
America, while wildfire aerosols increased in Siberia under warmer and drier conditions. In South Asia,
emissions of sulfur dioxide increased, while carbonaceous aerosols decreased. While reduced aerosols in China
and Europe-North America contributed to Arctic warming, increased aerosols from Siberian wildfires led to a
stronger Arctic cooling effect. These Arctic warming/cooling effects were mainly driven by northward heat
transport due to aerosol changes in lower latitudes. The results reveal a negative feedback mechanism: Arctic
warming promotes Siberian wildfires, which then emit aerosols that help cool the Arctic, partially offsetting the
warming.

1. Introduction

Global temperatures have been increasing mainly due to the steady rising of greenhouse gases (GHGs) con-
centrations as a result of human activities since the Industrial Revolution, including the burning of fossil fuels and
changes in land use (IPCC, 2013, 2021). In particular, over the past few decades, the Arctic has experienced a
significantly accelerated rate of warming compared to the global average, a phenomenon referred to as Arctic
amplification (England et al., 2021; Previdi et al., 2021). Studies reported that the Arctic is warming at a rate that
is two to four times of the global average (IPCC, 2013, 2021; Rantanen et al., 2022), observed in paleoclimatic
records (Miller et al., 2010), observations (Bekryaev et al., 2010; Serreze et al., 2009; Wang et al., 2016), and
model simulations (Davy & Outten, 2020; Holland & Bitz, 2003; Zhang et al., 2018, 2020). Various factors have
been proposed to explain the underlying causes of Arctic amplification (Taylor et al., 2013). Among these factors,
the ice-albedo feedback, which occurs as melting ice results in increased absorption of solar radiation, further
enhancing warming in the Arctic, is widely recognized (Dai et al., 2019; Jenkins & Dai, 2021; Screen & Sim-
monds, 2010). Other factors include temperature feedback (Pithan & Mauritsen, 2014), cloud feedback (Taylor
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et al., 2013; Zhang et al., 2018), lapse-rate feedback (Stuecker et al., 2018), oceanic heat flux transport (Beer
et al., 2020), atmospheric moist intrusion (Woods & Caballero, 2016), thermal inversion (Bintanja et al., 2011;
Zhang et al., 2021), and internal variability (Sweeney et al., 2023).

Arctic warming is indeed a phenomenon that occurs in response to either radiative forcing within the climate
system, mainly driven by changes in climate forcers such as carbon dioxide (CO,) and aerosols (Stjern
et al., 2019; Stuecker et al., 2018), or internal variability (Sweeney et al., 2023). Since the Industrial Revolution,
CO, concentrations have consistently shown an upward trend across the globe (IPCC, 2013, 2021). However,
atmospheric aerosols have experienced notable trend shifts in various regions during the past decades. In 1980s,
North America and Europe experienced reduction of aerosols and their precursors related to the implementation
of clean air actions (Smith et al., 2011). Consequently, near-surface aerosol concentrations and aerosol optical
depth (AOD) in these regions have declined over the past few decades, which were confirmed by ground ob-
servations, satellite measurements, and model simulations (Cherian & Quaas, 2020; Chin et al., 2014; Gao
etal., 2023; Tgrseth et al., 2012). Conversely, developing areas such as South Asia (SA) have continued to sustain
high emission levels, leading to a notable increase in aerosols and their precursors, particularly sulfur dioxide
(SO,) (Liu et al., 2023; McDuffie et al., 2020; Samset et al., 2019), while black carbon (BC) showed slight in-
creases, and in some cases, even decreases (Manoj et al., 2019; McDuffie et al., 2020). In China, Air Pollution
Prevention and Control Action Plan was implemented in 2013 to address severe air pollution, resulting in
emissions reductions of aerosols and their precursors (Gao et al., 2022; Zheng et al., 2018). Near-surface PM, 5
(particulate matter with a diameter less than 2.5 pm) concentrations in China decreased by approximately 33.3%
from 2013 to 2017, indicated in ground-based measurements (Huang et al., 2018).

Anthropogenic emissions are a major source of atmospheric aerosols. In addition, wildfires, including human-
made fires (Syphard et al., 2007), naturally occurring fires such as those from lightning (Larjavaara
etal., 2005), and agricultural waste burning (Cheng et al., 2009), also contribute significantly to aerosols. Wildfire
is a natural part of many ecosystems, and its frequency and intensity are influenced by a variety of meteorological
factors (Tomshin & Solovyev, 2022; Zacharakis & Tsihrintzis, 2023). Key factors affecting wildfire occurrence
include temperature, precipitation, wind patterns, and humidity levels (Richardson et al., 2022). Elevated tem-
peratures and prolonged dry periods create conditions that are conducive to wildfires by drying out vegetation and
making it more flammable. Additionally, wind can exacerbate wildfire spread by providing more oxygen and
carrying embers to new areas, while low humidity levels reduce the moisture content in vegetation, further
increasing fire risk. Siberia is highly fire-prone (Pan et al., 2020; Ponomarev et al., 2023) and has experienced the
greatest warming in the Eastern Hemisphere during the past few decades (Petdji et al., 2021). Eastern Siberia
exhibited a positive trend in surface air temperature and a negative trend in precipitation during 2001-2020
(Tomshin & Solovyev, 2022). Luo et al. (2024) reported that approximately 79% of the increase in vapor pressure
deficit (VPD) over eastern Siberia, which controls wildfire activity, was driven by summer Russian Arctic sea-ice
decline, whereas the remaining 21% was attributed to internal atmospheric variability related to Siberian blocking
events during 2004-2021. All these changes led to an increase in burned area (Tomshin & Solovyev, 2022; Xing
& Wang, 2023) and a rising trend in biomass burning aerosol emissions in Siberia during 2001-2020 (Chen
et al.,, 2023). Under continued Arctic warming, Siberian wildfires are likely to increase in the future (Gui
et al., 2024; Huang et al., 2024).

Arctic warming is largely driven by both local forcing and feedbacks, as well as by remote forcings through
poleward energy transport from lower latitudes (Alexeev et al., 2005; Graversen & Langen, 2019; Ren
et al., 2020; Semmler et al., 2020; Stuecker et al., 2018; Yang et al., 2018). GHGs, which are homogeneously
distributed and have been steadily increasing since preindustrial times (Friedlingstein et al., 2023; IPCC, 2013,
2021), and aerosols, which are highly regional and exhibit varying change patterns across regions (Gao
etal., 2022,2023; Hoesly et al., 2018; Li et al., 2017; Samset et al., 2019; Tomshin & Solovyev, 2022), are among
the most significant anthropogenic climate forcers affecting both global and Arctic warming (Stjern et al., 2019).
Arctic warming driven by GHGs has been extensively investigated before (Dai et al., 2019; Liang et al., 2022;
Zhou et al., 2023). A recent study by Wu et al. (2024) reported that anthropogenic aerosols were more efficiently
in contributing to Arctic amplification compared to GHGs, due to the greater sensitivity of Arctic sea ice and the
resulting changes in ocean-atmosphere heat exchange in response to aerosol forcing. However, the Arctic climate
responses to regional aerosol perturbations, particularly the recent rapid evolution of aerosols (Gao et al., 2023)
and the likelihood of further changes in their patterns in the future (Samset et al., 2019; Wang et al., 2023) remain
less understood (Sand et al., 2016).
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Given that emissions of aerosol and precursors in the Northern Hemisphere have experienced rapid changes
during the past few decades, it is necessary to quantify the Arctic responses to such regional biomass burning/
anthropogenic emissions of aerosols and precursors. This study aims to evaluate the changes in aerosols and their
precursors resulting from human activities and wildfires in the key polluted/burning areas of Northern Hemi-
sphere (e.g., China, SA, North America, Europe, and Siberia) during the period 2013-2019 and investigate
climate responses in the Arctic to these regional aerosol changes using the Community Earth System Model
version 1 (CESM1).

2. Methods
2.1. Observational Data and Meteorological Reanalysis

AOD data are acquired from the Moderate Resolution Imaging Spectroradiometer (MODIS) Deep Blue product,
which offers detailed information on aerosol optical properties (Hsu et al., 2013a, 2013b). The AOD data are used
to evaluate aerosol changes across regions and validate the performance of CESM1 in capturing aerosol trends
and patterns.

ERAS is a global atmospheric reanalysis data set produced by the European Centre for Medium-Range Weather
Forecasts (ECMWEF), providing a comprehensive view of the earth's atmosphere from 1940 to near real-time
(Hersbach et al., 2020a, 2020b). Monthly data of surface solar radiation, 2-m air temperature, total precipita-
tion, relative humidity, and zonal components of winds are obtained from the ERAS reanalysis to assess the
favorable climate conditions for wildfires and the increase in associated wildfire risks in Siberia. Wildfire risk
indices used in this study include reference potential evapotranspiration (ETy), VPD, and McArthur forest fire
danger index (FFDI), which were widely applied to represent wildfire risks (e.g., Ren et al., 2022 and references
therein).

2.2. Model Description, Emission, and Experimental Design

CESM1 (Hurrell et al., 2013) is used in this study to investigate the climatic impacts of aerosols. CESM1 is a
globally coupled climate model consisting of multiple components representing the atmosphere, ocean, land
surface, sea ice etc. By integrating these earth system components, the coupled CESM1 effectively simulates
complex interactions among the atmosphere, ocean, land, and sea ice, providing a comprehensive understanding
of the climate system. The Community Atmosphere Model version 5 (CAMS) within CESM1 is responsible for
simulating atmospheric physical and chemical processes, with the default horizontal resolution of 1.9° latitude by
2.5° longitude and 30 vertical layers. The model version in this study incorporates the four-mode version of the
Modal Aerosol Module (MAM4) (Liu et al., 2016), which predicts various aerosol species, including sulfate, BC,
primary organic matter (POM), secondary organic aerosol (SOA), mineral dust, and sea salt, distributed across
four lognormal modes (Aitken, accumulation, coarse, and primary carbon modes). The Community Ice CodE
(CICE) module within CESM1 is dedicated to modeling the dynamic and thermodynamic processes of sea ice,
and the Parallel Ocean Program (POP) is used for modeling global ocean dynamics.

Biomass burning emissions of aerosols and precursors are from Global Fire Emissions Database version 4.1s
(GFED 4.1s) (Van Der Werf et al., 2017). The global anthropogenic emissions of aerosols and their precursors are
provided by the Community Emissions Data System (CEDS), specifically version 2021_04_21. Biogenic
emissions derived from Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN 2.1)
(Guenther et al., 2012) are fixed at year-2013 levels globally in all experiments.

This study aims to quantify the impacts of changes in regional anthropogenic/biomass burning aerosols on the
Arctic climate from 2013 to 2019. We conduct a series of fully coupled model experiments using CESM1, as
detailed in Table 1:

1. BASE: A baseline experiment using the fully coupled model configuration, where anthropogenic and biomass
burning emissions of aerosols and precursors are fixed at year-2013 levels globally.

2. CN: Similar to BASE, but with anthropogenic emissions of aerosols and precursors over China fixed at year-
2019 levels.

3. CN + SI: Similar to CN, but with biomass burning emissions of aerosols and precursors over Siberia adjusted
to include 2013-2019 emission trends. Specifically, a linear trend of biomass burning emissions during 2013—
2019 is calculated at each model grid over Siberia. This trend is then multiplied by six (corresponding to the
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Table 1
Experimental Design

Year of input for emissions of aerosols and precursors

Experiments CN (ANT) SA (ANT) NA + EU (ANT) SI (BB)

BASE 2013 2013 2013 2013
CN 2019 2013 2013 2013
CN + SI 2019 2013 2013 2013 + (2013-2019 trends)
CN + SI + SA 2019 2019 2013 2013 + (2013-2019 trends)
NA + EU 2013 2013 2019 2013

Note. CN/SA/SI/NA/EU represents China/South Asia/Siberia/North America/Europe. ANT/BB represents anthropogenic/
biomass burning emissions.

6-year difference from 2013 to 2019) and added to the 2013 baseline emissions at each grid to roughly
minimize the potential influence from interannual variability.

4. CN + SI + SA: Similar to CN + SI, but with anthropogenic emissions of aerosols and precursors over SA fixed
at year-2019 levels.

5. NA + EU: Similar to BASE, but with anthropogenic emissions of aerosols and precursors over North America
and Europe fixed at year-2019 levels.

The differences between each pair of these fully coupled simulations illustrate the climate responses to emissions
changes. Specifically, the differences between BASE and CN, as well as between BASE and NA + EU, isolate the
climate responses to changes in anthropogenic emissions of aerosols and precursors originating from China and
from North America and Europe, respectively, during 2013-2019. The differences between CN and CN + SI
reflect the climate responses to changes in biomass burning emissions over Siberia, while the differences between
CN + ST and CN + SI + SA capture the additional effects of changes in anthropogenic emissions from SA. Each
fully coupled simulation is conducted for at least 150 years, with the final 100 years used for analysis. To reduce
model noise, three ensemble simulations are conducted for each experiment by applying small temperature
perturbations to the initial atmospheric conditions.

Aerosol radiative effect (ARE) is calculated as the net change in radiative flux at the top of the atmosphere (TOA)
between the perturbed and control simulations induced by aerosol changes. Positive values indicate a net energy
gain of the climate system, while negative values indicate energy loss.

In addition, to assess the robustness of the simulated climate responses, the magnitude of the responses in each
sensitivity experiment is compared with the range of internal variability estimated from long-term preindustrial
control simulations of the CESM1 Large Ensemble Community Project (LENS). The preindustrial control
simulations, which are performed under constant preindustrial forcing conditions, provide a baseline estimate of
the model's natural variability in the absence of external forcing. By comparing the simulated responses with this
internal variability range, it is possible to determine whether the aerosol-induced climate signals exceed the level
of internal noise and can therefore be regarded as statistically robust.

2.3. Northward Heat Transport Calculation

At each latitude, the northward heat transport (NHT) (Hwang et al., 2011) is obtained by integrating the energy
imbalance over the spherical cap from the pole to that latitude:

¢
NHT(¢) = 2na® f R(¢") cos ¢’ dp’

-3

where NHT (¢) is the NHT across latitude ¢, a is the Earth's radius, and R(¢’) is the zonal-mean energy
imbalance at latitude ¢b’. ¢’ indicates the intermediate latitudes over which the integration is performed, from the
South Pole up to latitude ¢.
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Figure 1. Spatial distributions of absolute differences in wildfire risk indices, including (a) reference potential
evapotranspiration (ET, unit: mm mon™"), (b) vapor pressure deficit (VPD, unit: hPa), and (c) McArthur forest fire danger
index (FFDI, unitless) over Siberia between 2011-2013 and 2017-2019 (2017-2019 minus 2011-2013) from ERAS5
reanalysis.

The NHT is diagnosed separately for the atmosphere (including both dry static and moisture components), the
ocean, and the total climate system. The total NHT is derived from the net top-of-atmosphere (TOA) radiative flux
imbalance. The oceanic NHT is calculated from sea surface heat flux imbalance. The atmospheric NHT is then
obtained as the residual.

3. Results
3.1. Rising Wildfire Occurrence and Related Emissions in Siberia

Siberia, known for its vast forests and harsh climate conditions, has experienced significant climate changes.
Several areas of Eastern Siberia have experienced rising temperatures, reduced humidity and precipitation, and
increased wind speeds (Figure S1 in Supporting Information S1), all of which have contributed to the growth of
wildfires in the region during 2013-2019. This is shown in Figure 1 and Figure S2 in Supporting Information S1,
with increases in wildfire risk indices in many parts of Siberia. The three indices exhibit distinct spatial variations
due to their different sensitivities to specific climate variables. For example, ET, increased the most over Russian
Far East, while VPD and FFDI have the largest increases over 80°—~120°E of Siberia. The observed increase in
Siberian wildfire aerosols during 2013-2019 reflects not only short-term variability but also a broader long-term
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Figure 2. (a, c, and e) Spatial distributions and (b, d, and f) time series of biomass burning emissions (unit: g m™2) of aerosols
and precursors over Siberia, including (a and b) black carbon, (c and d) organic carbon and (e and f) sulfur dioxide (SO,).
Areas with p value of trends <0.1 are marked with black dots. Regional averages over continental grids within the red box
and p values of linear trends are noted at the top of the panels.

trend. Several studies have reported a sustained rise in wildfire activity across boreal regions since the early 2000s
(Zheng et al., 2023; Zhong et al., 2024).

Wildfire occurrence in Siberia has led to the corresponding biomass burning emissions of aerosols and precursors.
Wildfires release a variety of aerosols and precursors, including BC, organic carbon (OC), and other particulate
matter, which have significant implications for climate and air quality. GFED emission data show overall
increasing trends of biomass burring emissions of BC, OC and SO, over Siberia from 2013 to 2019 (Figure 2).
Considering the uneven increasing trend of biomass burning emissions in Siberia (Figure 2), along with sig-
nificant year-to-year fluctuations, in the related CESM1 equilibrium simulations, biomass burning emissions are
either fixed at the 2013 level or adjusted to include the trends from 2013 to 2019 without taking the interannual
variability into account (Table 1). This method takes into account high interannual variability in fire emissions
when compared to directly using biomass burning emissions at 2013 and 2019 levels for equilibrium simulations.
Figure S3 in Supporting Information S1 illustrates biomass burning emissions of aerosols and precursors over
Siberia as input to the CESM1 simulations and their differences, also highlighting the increase in biomass burning
aerosols from Siberian wildfires during this period as captured by the simulations. Siberian wildfire emissions
exhibit a pronounced increases in boreal summer and a weaker increase in boreal spring and autumn (Figure S4 in
Supporting Information S1). This seasonality is consistent with the climatological background over Siberia,
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Figure 3. Spatial distributions of changes in annual mean AOD from (a, c, e, and g) MODIS retrievals (linear trends) and
(b, d, f, and h) CESM 1 simulations (differences (b) between simulations BASE and CN, (d) between simulations CN + SI
and CN + SI + South Asia (SA), (f) between simulations CN and CN + SI, and (h) between simulations BASE and

NA + EU) over (a and b) China (CN), (c and d) SA, (e and f) Siberia (SI), and (g and h) North America-Europe (NA + EU).
Normalized mean bias (NMB) and correlation coefficient (R) between modeled AOD and MODIS AOD are shown at the
upper-left corner of panel (a, d, e, and g). NMB = 100% x Y, (AOD-CESM1; — AOD-MODIS,)/Y, AOD-MODIS,, where
AOD-CESM1, and AOD-MODIS,; are the CESM1-modeled and MODIS AOD values at grid i, respectively. The shaded
areas indicate results are statistically significant at the 90% confidence level. Missing values are shown in gray.

where warm and dry summer conditions, combined with frequent lightning activity, enhance wildfire occurrence
and associated emissions.

The ability of CESM1 to capture observed aerosol changes is assessed by comparing the modeled responses in
AOD to regional emission perturbations with the overall AOD trends retrieved from MODIS (Figure 3). It should
be noted that MODIS reflects the total AOD changes during 2013-2019 from all aerosol species and all source
regions, whereas the CESM1 perturbation experiments isolate the AOD contribution associated with emissions
from a specific region (e.g., Siberia only). In Siberia, both MODIS and CESM1 indicate an increasing trend in
aerosols associated with wildfire activity (Figures 3a and 3b). The simulations modeled by increased wildfire
aerosol emissions systematically underestimates the magnitude of the observed AOD trend, with a normalized
mean bias (NMB) of —44%. Similarly, the underestimate of AOD magnitude by CESM has been reported in many
previous studies (Gao, 2025; Gao et al., 2022, 2023; Ren et al., 2022). However, given the high forcing sensitivity
to aerosols in CESM (Gettelman et al., 2019), the underestimation in magnitude is unlikely to substantially affect
the simulated climate responses in this study.

3.2. Changes in Anthropogenic Aerosols From China, South Asia, North America, and Europe

Since 2013, China has reduced aerosol emissions significantly, with BC, OC, and SO, decreasing by 0.031, 0.022,
and 1.301 g m™", respectively (Figure S5 in Supporting Information S1). In SA, SO, increased by 0.365 g m,
while BC and OC decreased (Figure S6 in Supporting Information S1). Similarly, emissions in Europe and North
America have dropped since the 1970-1980s, with BC, OC, and SO, decreasing by 0.004 g m™", 0.007 gm™", and
0.126 g m™', respectively, from 2013 to 2019 (Figure S7 in Supporting Information S1). Anthropogenic
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Figure 4. Vertical profile of simulated zonal-mean responses in air temperature (unit: °C) to changes in anthropogenic/
biomass burning (ANT/BB) emissions of aerosols and precursors from individual regions, including (a) Siberia (SI),

(b) China (CN), (c) South Asia (SA), and (d) North America and Europe (NA + EU). The vertical dashed lines mark the
latitude ranges of SI, CN, SA, and NA + EU, respectively, in the corresponding panel. Areas with statistical significance
below the 90% confidence level are masked.

emissions over China, SA, and North America-Europe do display an obvious changes during 2013-2019, with
relative strong decreases in boreal winter (December—February, Figures S8-S10 in Supporting Information S1)
driven by large energy demand during the cold season.

For regional AOD changes between 2013 and 2019, MODIS satellite retrieval reveals distinct aerosol trends that a
marked decline in AOD over China, a moderate decline in Europe and North America, and an increase over SA
(Figure 3). These aerosol perturbation simulations underestimate the magnitude of observed AOD changes over
China, North America-Europe, and SA (NMB = —76%, —73%, —43%). This systematic low bias is consistent
with findings from earlier CESM1 studies and has also been widely reported in other CMIP6 models (Glifl
et al., 2021; He et al., 2015; Ren et al., 2024; Tsigaridis et al., 2014; Turnock et al., 2020). The magnitude of
aerosol underestimation in CESM is comparable to, or slightly exceeds, that in other CMIP6 models.

3.3. Arctic Climate Responses to Regional Anthropogenic and Wildfire Aerosol Changes

Figure 4 illustrates the vertical profiles of the zonal-mean air temperature response to changes in aerosols and their
precursors originating from individual regions. Changes in aerosols from individual regions significantly in-
fluence air temperature within the corresponding latitude bands. For instance, the increase in aerosol over Siberia
results in noticeable cooling within the specific latitude range of 50°-80°N. Similarly, the slight increase in
aerosols in SA leads to marginal cooling, whereas reductions in aerosol emissions from China, Europe, and North
Anmerica are associated with warming within their respective latitude bands during 2013-2019. It is also indicated
by the spatial distribution of surface air temperature differences between the baseline and sensitivity runs (Figure
S11 in Supporting Information S1). Notably, air temperatures in the Arctic are significantly affected by aerosol
changes occurring at lower latitudes and the influences are even more pronounced than those observed in the local
latitude bands where the aerosol perturbations originate, manifesting an amplified Arctic warming (Figure 4).

Changes in aerosols, clouds, and circulation fields have been examined (Figures S12-S14 in Supporting Infor-
mation S1). The largest perturbations in aerosol concentrations are found within their respective source latitude
bands (Figure S12 in Supporting Information S1), in agreement with the emission changes imposed. Increased
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Figure 5. Spatial distributions of simulated Arctic responses in surface air temperature (unit: °C) to changes in anthropogenic/
biomass burning (ANT/BB) emissions of aerosols and precursors from individual regions, including (a) Siberia (SI),

(b) China (CN), (c) South Asia, and (d) North America and Europe (NA + EU). Areas with statistical significance below the
90% confidence level are masked.

aerosols over Siberia are found to influence cloud amount over the Arctic (Figure S13a in Supporting Infor-
mation S1). This effect may involve both aerosol—cloud microphysical interactions and large-scale dynamical
adjustments. However, it cannot be clearly determined which of these processes exerts the dominant influence
and requires further investigation. Aerosol perturbations from other regions are found to have comparatively
much weaker effects on Arctic cloud amount (Figures S13b—S13d in Supporting Information S1), indicating that
the Siberian emissions play a uniquely important role in modulating cloud at high latitudes. Circulation changes
are weak, but a tendency of shift in near-surface winds in the equatorial due to the hemisphere temperature
gradient change is detected (Figure S14 in Supporting Information S1).

Increased wildfire aerosol emissions from Siberia have resulted in a 0.84°C cooling in the Arctic (north of
66.5°N) during 2013-2019 (Figure 5a). In contrast, due to clean air actions, aerosol reductions in China, Europe-
North America have caused Arctic warming of 0.18°C and 0.16°C, respectively (Figures 5b and 5d). The cooling
due to increase in aerosols from Siberian wildfires overwhelms the potential warming caused by aerosol re-
ductions in China, Europe, and North America. The net cooling related to such aerosol changes has partly offset
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Figure 6. Spatial distributions of simulated Arctic responses in Aerosol radiative effect (unit: W m™) to changes in
anthropogenic/biomass burning (ANT/BB) emissions of aerosols and precursors from individual regions, including
(a) Siberia (SI), (b) China (CN), (c) South Asia, and (d) North America and Europe (NA + EU). Areas with statistical
significance below the 90% confidence level are masked.

the recent strong Arctic warming induced by GHGs. The temperature impact on the Arctic from emission changes
in SA is relatively small, with only a 0.05°C cooling in the Arctic (Figure 5c). The relatively small impact of SA's
emission changes on Arctic temperatures, compared to other emitting regions, is primarily due to differences in
geographic separation to the Arctic, changes in large-scale circulation patterns, surface albedo feedback, cloud
feedback, and the Coriolis effect associated with their respective locations (Dagan et al., 2021; Persad &
Caldeira, 2018; Persad et al., 2023; Williams et al., 2023). The changes in snow/ice surface temperatures mirror
the changes in surface air temperatures (Figure S15 in Supporting Information S1). Accompanying these Arctic
temperature changes are shifts in Arctic ice and snow amount (Figures S16-S19 in Supporting Information S1).
The increase in aerosols from Siberia has led to more Arctic ice and snow. In contrast, the reduction in emissions
from China, Europe, and North America has contributed to a reduction of Arctic ice and snow. The overall albedo
of Arctic snow and ice changes in parallel with their amount (Figure S20 in Supporting Information S1).

Changes in radiative forcing (Figure 6) and surface air temperature (Figure 5) in the Arctic do not show a strong
correlation and even exhibit opposite variation. In the case of the responses to aerosol reductions in China, the
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Figure 7. Simulated zonal mean responses in annual mean northward heat transport (NHT) (unit: PW) in the atmosphere
(blue dashed lines), oceans (red dashed lines) and both of them combined (black solid lines) to changes in anthropogenic/
biomass burning (ANT/BB) emissions of aerosols and precursors from individual regions, including (a) Siberia (SI),

(b) China (CN), (c) South Asia, and (d) North America and Europe (NA + EU). The NHT in the atmosphere is also divided
into moisture and dry static components. The NHT near the Arctic Circle (approximately 66.5°N) is highlighted in each
figure.

Arctic's local radiative forcing changes are negative (Figure 6b), but the temperature changes are positive
(Figure 5b), suggesting that the local RF changes induced by the remote aerosols are not the major factor causing
the temperature changes in the Arctic. The NHT near the Arctic Circle (about 66.5°N) shows a signal consistent
with the temperature changes in the Arctic (Figure 7). Aerosol reductions in China and Europe-North America led
to a positive NHT across the Arctic Circle (Figures 7b and 7d), while the increase in Siberian wildfire emissions
caused a negative NHT across the Arctic Circle (Figure 7a). It indicates that the response of NHT to aerosol
changes over distant regions outside the Arctic, rather than the local radiative effect, drives the Arctic temperature
changes. For the Siberian aerosol perturbation, the changes in NHT near the Arctic circle are dominated by the
oceanic component, as simulated by CESM1 (Figure 7a). In contrast, the NHT anomalies induced by aerosol
reductions over China and North America—Europe are attributed to atmospheric processes, within which the dry
static energy component contributes more substantially than the moisture component (Figures 7b and 7d). In our
study, NHT is primarily influenced by ARE originating outside the Arctic Circle. Such ARE changes may result
from the direct radiative effects of aerosols, aerosol-cloud interactions, and various other feedback processes.
Due to the limitations of the current model configuration, however, the relative contributions of these processes
cannot be quantitatively diagnosed. Overall, the ARE induced by Siberian biomass burning aerosols is negative
outside the Arctic Circle, whereas the ARE associated with anthropogenic aerosol reductions over China and
North America—Europe is positive (Figure S21 in Supporting Information S1). These ARE anomalies exhibit the
same sign compared with the corresponding anomalies in NHT across the Arctic Circle (Figure 7).
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Figure 8. (a, d, g, and j) Probability density functions, (b, e, h, and k) range bars, and (c, f, i, and 1) box plots of simulated Arctic seasonal responses in surface air
temperature (unit: °C) to changes in anthropogenic/biomass burning (ANT/BB) emissions of aerosol and precursors from individual regions, including (a, b, and c)
Siberia (SI), (d, e, and f) China (CN), (g, h, and i) South Asia, and (j, k, and 1) North America and Europe (NA + EU). The range bars in panels b, e, h, and k represent one
standard deviation. The red asterisks in panels c, f, i, and | indicate the responses are significant based on K-S test (p < 0.05).

The responses in Arctic surface air temperature to regional anthropogenic aerosol changes exhibit clear seasonal
variations, with the strongest warming occurring in winter (DJF), followed by autumn (SON), spring (MAM), and
summer (JJA) (Figure 8). Two sea-ice-related climate feedbacks are particularly relevant: (a) the ice-albedo
feedback during summer, involving the intraseasonal storage and release of energy, and, (b) wintertime sea
ice-infrared radiation feedbacks, influenced by changes in clouds, inversion strength, and moisture content
(Bintanja & Van Der Linden, 2013). Such a winter-dominated warming pattern aligns with previous studies,
which reported enhanced Arctic warming in winter compared to summer (Bintanja & Van Der Linden, 2013;
Serreze et al., 2009; Serreze & Francis, 2006). This seasonal temperature response can also be explained by the
changes in seasonal anthropogenic emissions, particularly the decrease in SO, emissions, which follow a general
seasonal pattern of DJF > SON > MAM > JJA (Figures S8-S10 in Supporting Information S1). However, the
Arctic temperature responses to aerosol increases from Siberian wildfires deviate slightly from this general
pattern, showing a peak in SON rather than in DJF (SON > DJF > MAM > JJA). Stronger cooling in SON than in
DJF is due to much more emission increases in SON than in DJF. Specifically, OC from Siberian wildfires
increased markedly in SON (0.58 mg m™?), whereas in DJF, OC levels remained unchanged or even slightly
declined (—0.07 mg m™~2) (Figure S4 in Supporting Information S1).

4. Conclusions and Discussions

This study quantifies the climate responses in the Arctic to changes in anthropogenic or biomass burning
emissions of aerosols and their precursors from key regions in the Northern Hemisphere: China, SA, Europe,
North America, and Siberia, during 2013-2019 using the CESM1 model. During 2013-2019, notable changes in
global aerosols and their precursors were observed. In China, Europe, and North America, clean air actions led to
areduction of anthropogenic aerosols. Conversely, Siberia experienced an increase in wildfire aerosols due to the
local warmer and drier conditions. In SA, the emission changes varied by aerosol species, with a significant
increase in SO, and a slight decrease in carbonaceous aerosols. Changes in regional aerosols not only exert in-
fluence on temperatures within their respective latitude bands but also significantly impact Arctic temperatures.
The reduction in aerosols from China and Europe-North America contributes to a near-surface warming effect of
+0.18°C and +0.16°C, respectively, over the Arctic. Changes in anthropogenic emissions from SA have a
negligible impact on the Arctic climate. Within the overall context of reductions in anthropogenic aerosols, it is
noteworthy that the increase in aerosols from Siberian wildfires leads to an Arctic cooling effect by —0.84°C. The
Arctic temperature responses are found to be predominantly governed by changes in NHT induced by aerosol
changes in lower latitudes, rather than by local radiative effects. The cooling owing to the increased aerosols from
Siberian wildfires overwhelms the potential warming caused by aerosol reductions in China, Europe, and North
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America. The Arctic ice and snow amount exhibit nearly opposite changes to temperature changes in the Arctic.
Additionally, a significant seasonal variation in these Arctic climate responses to aerosol perturbations, with a
stronger (weaker) response in boreal winter (summer), is also identified. The seasonal response to Siberian
wildfires is different, given that the wildfire emissions peak in boreal autumn.

The results in this study are to some extent different from Zhong et al. (2024), which reported that a rise in boreal
biomass burning aerosol emissions resulted in positive local radiative effects during Arctic summer, leading to the
Arctic warming. The different findings can be attributed to the following factors. First and foremost, while Zhong
et al. (2024) focused exclusively on local radiative effects, our study emphasizes the temperature changes
influenced by both local radiative effects and meridional energy transport and the latter is found to dominate
Arctic temperature changes in response to the remote aerosol changes. Second, the methodological differences in
model configuration can contribute to the discrepancy. Zhong et al. (2024) used an atmosphere-only model,
whereas our study is based on a fully coupled model, allowing for ocean-atmosphere interactions that potentially
change the response of different system components. Third, the aerosol species considered differ between studies.
While Zhong et al. (2024) focused solely on carbonaceous aerosols, our investigation additionally accounts for
sulfate aerosols. The enhanced cooling effect of additional sulfate aerosols can also contribute to the Arctic
cooling.

Zheng et al. (2023) reported that under the amplified Arctic warming, wildfires in regions like Siberia were
expected to increase, thereby diminishing carbon sink capabilities and exacerbating Arctic warming. This creates
a positive feedback mechanism between Arctic warming and Siberian wildfires. Siberia wildfires emit a large
amount of CO,, further enhancing the global and Arctic warming (Liu et al., 2014), which is another positive
feedback mechanism between Arctic warming and Siberian wildfires. Our study introduces a feedback mecha-
nism from the perspective of aerosols: with the intensified warming in the Arctic Siberia, wildfires in Siberia lead
to increased aerosol emissions, resulting in a cooling effect on the Arctic. This forms a negative feedback
mechanism between Arctic warming and Siberian wildfires.

Figure S22 in Supporting Information S1 shows the impact of aerosol changes across different regions on Arctic
temperatures in our study and the estimated Arctic temperature changes attributed to CO, concentration increases
from 2013 to 2019, roughly calculated using the global temperature sensitivity to CO, changes from IPCC (2021)
and the Arctic amplification ratio of 4 reported by Rantanen et al. (2022), as well as the Arctic temperature
changes from 2013 to 2019 from ERAS reanalysis. Based on ERAS data, the Arctic surface air temperature
change is estimated at +1.04°C, comparable to the estimated Arctic surface air temperature change (+0.42 to
+1.05°C) based on changes in CO, concentrations during this period. The surface cooling induced by the increase
in aerosols from Siberian wildfires is partly offset by the warming effect from the reductions in anthropogenic
aerosols. It should be noted that the temperature responses presented in this study are derived from equilibrium
experiments, which assume a fully adjusted climate system to the imposed forcing. The Arctic's transient response
to aerosol perturbations may be slower and weaker, suggesting that the near-term climate effects of increased
Siberian wildfire aerosols could be overestimated in equilibrium simulations. Internal climate variability (Chen &
Dai, 2024; Sweeney et al., 2023) and the effects of other GHGs were not considered in this estimation, which may
have also influenced the Arctic climate changes.

Internal variability is a well-established driver of Arctic climate change (Chen & Dai, 2024; Swart et al., 2015)
and could potentially influence the robustness of our results. Probability density function of the CESM1 prein-
dustrial control simulations, which include no external forcing, shows that Arctic surface temperature varies
between approximately —12°C and —16°C across different model years, indicating a spread of ~4°C (Figure S23
in Supporting Information S1). This large range clearly demonstrates the substantial internal variability of Arctic
temperatures, highlighting that internal variability can contribute significantly to Arctic climate changes and must
be considered when interpreting aerosol-forced temperature responses. However, our estimated temperature
responses are based on three ensemble members, each covering 100 years. Thus, the reported responses represent
the differences between two 300-year climatological means. Such long-term averaging already removes most of
the year-to-year internal variability. In other words, the forced signals we report have largely been separated from
internal noise. We also conducted additional statistical tests. The K-S test indicates that Arctic temperature re-
sponses under the individual aerosol perturbation experiments are statistically significant (Figure 8c, 8f, 8i, and
81). Therefore, the reported signal has already been averaged over hundreds year simulations to filter out noise and
remains statistically significant. The conclusions are thus robust.
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Continued Arctic warming may create increasingly favorable conditions for wildfire activity in Siberia,
increasing both the frequency and intensity of wildfires in this region. As a result, wildfire-related aerosol
emissions could become a more prominent component of the Arctic climate system, potentially reinforcing the
negative feedback mechanism identified in this study. However, this feedback is associated with adverse effects
such as ecosystem degradation, air quality deterioration, and carbon release, and should not be regarded as a
sustainable or desirable climate regulation process. Future Earth system models and climate policies should
account for these evolving wildfire-aerosol-climate interactions to better understand the implications of a
warming Arctic.

Our study has some uncertainties and requires further investigation. First, the results are based on a single climate
model, which introduces a potential model dependency. Validation using multi-model simulations, such as the
Regional Aerosol Model Intercomparison Project (RAMIP) (Wilcox et al., 2023), is necessary for the next step
when the data are available, to assess the Arctic responses to future changes in regional aerosols. Second, the
choice of using CN, CN + SI, and CN + SI + SA perturbations was primary made to provide a stepwise
assessment of the contributions from different regional emission changes. We acknowledge that this experimental
setup implicitly assumes a certain degree of linearity in the climate system's response to regional aerosol per-
turbations, particularly when estimating the SI and SA components by differencing the responses from successive
experiments. The nonlinearity in climate response could affect the quantitative magnitude of the estimated
regional contributions from individual sources. Additionally, while the impact of regional aerosol changes on the
Arctic temperature is discussed here, the feedback mechanisms involved have not been addressed in detail. Lastly,
the varying magnitudes of Arctic temperature changes observed in our study primarily result from different
magnitudes of regional aerosol perturbations. Comparing the impacts of similar magnitudes of aerosol pertur-
bations across different regions could reveal the effects of emission locations on the Arctic climate, warranting
further investigation.
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