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Abstract

Wildfire in Siberia is of paramount importance in the carbon cycle and climate change
as it is a major disturbance in the pan-Arctic ecosystems. In recent decades, the Siberian
wildfire regime has been changing; however, less is known about the key climatic driv-
ers and the underlying feedback over these vulnerable fire-prone landscapes. Here,
based on ground-based and satellite observations and meteorological reanalysis data
during the past two decades (2002—-2021), we find that central Siberia features the most
prominent wildfire escalation and poleward expansion. Such a shift in wildfires is
closely related to drying soil moisture under a fast-warming Arctic. Our results show
that a warming air temperature and weakened meridional moisture flux substantially
suppress precipitation and are responsible for an increasing hydrological drought in

central Siberia. We also reveal an unexpected self-amplifying feedback induced by
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smoke aerosol via modifying cloud microphysical properties, which further compounds
wildfires in Siberia. As the Arctic warming is projected to continue, wildfires in this
region are estimated to be intensified by 200-350% by the end of this century. This
work identifies main climate drivers and feedback mechanism for the escalating wild-
fire risk in Siberia since the onset of this century, highlighting the importance of risk

management and fire-climate adaptation in this region.



Main

Boreal and Arctic terrestrial ecosystems have been serving as a carbon sink and are
critically important in the global climate system!-?. Arctic permafrost, storing nearly
1,700 billion metric tons of frozen and thawing carbon, is one of the world’s largest
carbon reservoirs. It is estimated that permafrost carbon reservoirs approximately dou-
ble the global atmospheric carbon®#*. However, pan-Arctic wildfires, including peatland
and forest burning, would shift Arctic and boreal lands from carbon sinks to carbon
sources via direct combustion emission as well as disrupting vegetation regeneration®~
8. Furthermore, recent study demonstrated that wildfires are also intricately linked with
permafrost degradation because the combustion of vegetation and soil carbon would
warm permafrost and increase microbial respiration that even releases ancient carbon
(>10,000 years old) into the atmosphere®. Across the pan-Arctic area, Siberian wildfire
occurrence and severity has been predicted to increase in the upcoming decades with

severe negative impacts'?.

Ever-increasing carbon emissions from both biomass burning and fossil fuel combus-
tion have been compounding the global warming. Across the globe, the Arctic warming
is emerging as a scientific and societal concern because the warming trend in this region
is found to be 2—4 times faster than that of the rest of the world over the past 30 years
(also known as Arctic amplification)!!2, Tt is worth noting that wildfires, especially

extreme ones, are highly sensitive to climatic conditions, which are dominant large-



scale drivers of shaping the fire-prone landscapes and determining the fire weather con-
dition'*!*, The warming trend of climate has been found to exacerbate wildfires via
rising air temperature, deepening drought and suppressing precipitation, thereby mak-
ing vegetation greatly combustible and driving rapid fire spread!>!'®. In comparison with
biomass burning in other regions, Siberian wildfires are exceptionally vulnerable to
climate warming and its intensification is far more severe because the carbon-rich soil
could get highly flammable as high air temperature thaw and dry the permafrost!”-!®. In
recent years, gigantic wildfires have been raging across Siberia on a record scale, which
is getting increasingly severe and have sparked global concerns'®*’. An obvious in-
crease in fire severity and lengthening of fire season since the beginning of the century
has been detected in Siberia, which have been linked to the soaring air temperature. In
2020 when air temperatures north of the Arctic Circle hit a new record high, Arctic
wildfires increased by 35% from the previous year and caused record-breaking emis-
sions from 66 Mt to 143 Mt carbon released into the atmosphere?!. Noteworthily, cen-
tral and eastern Siberia have been found to show most significant increasing trend in

trends with a positive air temperature trend?2.

More than merely being responsive to climate, wildfire in turn influences climate by
releasing heat-trapping greenhouse gas into the atmosphere??, plausibly contributing to
positive carbon-climate feedback. Even worse, wildfire smoke that contains a large

amount of light-absorbing carbonaceous aerosols, including black carbon and organic



aerosol?*, has been demonstrated to substantially influence humidity conditions, atmos-
pheric stability, and precipitation, in some cases giving rise to a positive fire-smoke-
weather feedback?>%6, In the high latitudes, the climatic feedback of wildfire smoke is
particularly complex. Fire-emitted carbonaceous aerosols not only perturb the radiation
balance?’, but also modify cloud properties and deposit on the glacier surface?®, leading
to a longer dry season and providing greater opportunities and frequency for extremely
large fires. Thus, the complex feedbacks and interactions between fire and climate are

big challenges that we face in understanding and managing wildfires.

Multiple lines of evidence have indicated that Siberian wildfire is greatly modulated by
climate and is currently intensifying under a fast-warming Arctic!’-*>3°. However, the
climatic drivers, underlying feedbacks/interactions ongoing in the Arctic and future fire
risk still need to be thoroughly explored and comprehensively assessed. Here, by inte-
grating 20-year wildfire observation, meteorological reanalysis data together with cli-
mate-chemistry coupled modeling, we explore the primary driving forces of the esca-
lating Siberian wildfire and its linkage with a fast-warming Arctic. On the basis of
mechanism understanding, the fire risk in Siberia at the end of this century is assessed
according to climate projection under typical shared socioeconomic pathways (SSP)

within the Coupled Model Intercomparison Project Phases 6 (CMIP6).

Climate warming and poleward expansion of Siberian wildfire



Periodic wildfires are a permanent natural process of Siberian coniferous forests mainly
consisting of larch, spruce, and pine, most of which are underlain by vast deposits of
carbon-rich soil (Extended Data Figs. 1 and 2). Different from other biomass-burning
regions, Siberian wildfires not only burn the surface vegetation, but also consume the
organic soil, feeding large-size and long-duration fires with an enormous amount of
fuel®!. High-latitude wildfires, especially those above the Arctic Circle (north of 67°N),
predominately concentrates to the east of Ural Mountains and to the west of
Verkhoyansk Ranges (55-70°N, 60—140°E, hereafter called central Siberia, black rec-
tangle in Fig. 1a and Extended Data Fig. 2). In the past 20 years, wildfire activities in
central Siberia have more than doubled according to satellite-derived burned area esti-
mation from both Moderate Resolution Imaging Spectroradiometer (MODIS)
MCD64A1 Burned Area data product and Fire Inventory from National Center for At-
mospheric Research (FINN)burned area estimation (Extended Data Fig. 3). The zonal-
aggregated burned area of wildfire has increased from less than 40,000 km? in the early
2000s to ~80,000 km? in 2020s (Fig. Ic), corresponding to the recent findings that Si-
berian wildfires are getting clustered and intensified?*2. In spatial, the region with most
prominent wildfire escalation features a substantial warming tendency in the past two

decades, especially area north of 60°N (Fig. 1a).

Such a drastic enhancement in wildfire activities in central Siberia is also well demon-
strated by fire carbon emission. Quantitatively, the carbon emission estimation in cen-

tral Siberia (black rectangle in Fig. 1a) derived from Global Fire Emissions Database
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(GFED) soared from 22.9 Mt Carbon in 2000 to 351.5 Mt Carbon in 2020%* (Extended
Data Fig. 3). Asides from doubled burned area of wildfire in central Siberia, such a
dramatic increase in carbon emission is also attributed to the spatial redistribution of
wildfire activities. Satellite fire detection clearly demonstrates that the Siberian fire re-
gimes have undergone substantial shifts. As illustrated in Fig. 1b and Extended Data
Fig. 2, wildfires in central Siberia have been expanding northward and poleward in the
past two decades. At the beginning of the 21% Century, large fires (zonal aggregated
burned area greater than 100 km?) in central Siberia mostly occurred around 67°N and
farther south, and hardly can any large fires scorch north of 70°N. However, wildfires
have readily engulfed north of 71°N almost every single year since 2016, leading to
unprecedented wildfires in the Arctic Circle. Smoke from wildfires raging in Siberia
has even reached the North Pole in historic first in August 2021 (Extended Data Fig. 4).
Such a poleward wildfire expansion would expose a increasing permafrost and the as-
sociated huge carbon reservoir to ravaging wildfires (Fig. 1b). By combining FINN
burned area dataset and permafrost distribution derived from the European Space Agen-
cy's Climate Change Initiative Permafrost project (ESACCI, version 3)3, it is estimated
that the area of permafrost subjective to wildfires has increased by 75% in the past
decade. Quantitatively, the area of permafrost exposed to wildfire in central Siberia
during 2002-2011 was 161,472 km?, while the corresponding value for 2012-2021 was

as high as 282,213 km?, further unlocking the huge soil carbon.
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Fig 1. Siberian wildfire and warming trend in the past two decades. a, Map showing
FINN burned area of wildfires and observed 2-meter air temperature trend during
2002-2021. The black dots mark the locations where the burned area have more
than doubled in the past two decades. The black rectangle marks the study do-
main of this work. b, Zonal averaged (60—140 °E) permafrost coverage and wild-
fire burned area in 2010 and 2020. ¢, Northern boundary of large fires (zonal
aggregated burned area greater than 100 km?) and burned area of wildfires in
central Siberia (black rectangle in a) from 2002 to 2021.

Warming-induced drought as a key driver of the wildfire enhancement

As one of the most fire-prone landscapes with a large area of coniferous forests, sea-
sonally, Siberia is generally subjected to intense wildfires from April to October as
surface temperature gets warm and the snow line retreats®’. Generally, summer (June—
August) features most vigorous wildfire activities in this region (Fig. 2a), and it also
marks the season with the most significant expansion and intensification of Siberian

wildfires (Extended Data Fig. 5). In this region, climatic conditions, like air temperature
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and precipitation, have long been attributed as primary drivers modulating the interan-
nual variability of wildfire frequency and intensity***. To identify the key factors mod-
ulating central Siberian wildfires, we collected multiple meteorological parameters
from the atmospheric reanalysis data (ERAS) during 2002—-2021, including air temper-
ature, relative humidity, wind, soil moisture, rainfall rate etc. Fig. 2a indicates that soil
moisture dominates the interannual variations of central Siberia wildfire in summer and
autumn. It coincides with the finding that warmer histosols with higher moisture defi-
ciency are the most important factors creating and accelerating the ignition and spread

of fires in this region!®-¢,

During the summertime when the wildfires in central Siberia show the fastest poleward
intensification, the correlation coefficient of fire area on soil moisture could reach up
to —0.7. Such a significant negative relationship also holds true on a daily basis over
central Siberia in the past two decades. It is worth noting that air temperature and soil
moisture in summer in the past two decades are anti-correlated virtually. In statistical
terms, warm dry periods in summer coincide with the majority of wildfire occurrences
(Extended Data Fig. 6) via boosting the readiness of vegetation and soil to burn. Fig.
2b clearly indicates that the summertime soil moisture has been descending with a ris-
ing air temperature since the beginning of 21% century. One exception is the anoma-
lously hot summer in 2012 when soil was quite dry and the burned area in central Si-
beria peaked around 67,000 km?. This exactly proves how important the warming cli-

mate might be in central Siberian wildfire. As the Arctic climate warms up, in 2019—
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2021 when surface moisture was dried down to ~345 kg m™, burned areas of central

Siberian wildfire more than twice the 20-year average of 27,000 km?, readily hitting

the peak in climatically anomalous year 2012. The great importance of soil moisture in

fostering wildfire activities and its close linkage with air temperature raise the question

of how the warming climate impacts Siberian soil moisture and wildfires.
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Fig 2. Relationship of wildfire and meteorology in central Siberia in different sea-

sons. a, Seasonality of burned area of central Siberian wildfire averaged for
2002-2021 (left panel). Stand deviations are shown by whiskers. A correlation
coefficient plot between seasonal wildfire burned areas in central Siberia (black
rectangle in Fig. 1a) and various meteorological parameters in the past two dec-
ades (right panel), including 2-meter air temperature (T2m), 10-meter wind speed
(WSiom), 2-meter relative humidity (RHzm), rainfall rate (Rain), and surface soil
moisture (SoilMois.). b, Interannual variability of central Siberian wildfire and
soil moisture in summer during 2002-2021.The correlation coefficient of fire
area and soil moisture is labeled in the top left corner.
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By analyzing daily meteorological conditions from 20-year ERAS reanalysis data, we
found that such a prominent drop of soil moisture in central Siberia is closely related to
arapid Arctic warming. As the direct driver of soil water storage, precipitation has been
receding over this region (Fig. 3), with a regional-average trend of —0.2 mm/year. The
are two main causes for increasingly less precipitation and both is linked with Arctic
warming. On one hand, the substantial warming air temperature would certainly lead
to a decrease in relative humidity, lowering precipitable water in the atmosphere (Fig.
3a and b). Over the Siberian Plateau where the air temperature warmed by approxi-
mately 0.08 K/year, the decrease in relative humidity could reach up to ~0.2 %/year.
On the other hand, changes in large-scale circulation and storm tracks associated with
Arctic warming also play a vital role in less precipitation in Siberia. It well acknowl-
edged that, over northern Eurasia, the establishment of the mid-summer precipitation
belt is largely supported by the regional storm track activities, characterized by high-
frequency transient eddies’”-*®. The 20-year trend of mean standard deviation (SD) of
10-day high-pass filtered daily 500-hPa geopotential height and 300-hPa meridional
wind, which is the indicator for the intensity of synoptic-scale eddy activity, exhibits
clear declining signals at 55°N—70°N (Extended Data Fig. 7). Accordingly, the transient
eddy meridional moisture flux (see Method), which represents the moisture transport
by synoptic-scale storms and largely contributes to the precipitation over Siberia’’, has
been decreasing during the past two decades with a rate of over —0.5 g kg !/year in
Siberian Plateau (Fig. 3¢). Such weakening summer storm tracks in Siberia is closely
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linked with the warming Arctic, since that the reduced low-level baroclinicity associ-
ated with the decreasing poleward temperature gradients could diminish synoptic-scale
cyclogenesis and then weaken the storm tracks**~#!. As a result, the strong reductions
in summertime soil water availability induced by less precipitation could lead to higher

fire danger in central Siberia.
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Fig 3. Arctic warming decreases summertime soil moisture in central Siberia. a,
summertime 850-hPa air temperature trend derived from ERAS reanalysis data
during 2002-2021. Areas with a significant warming tendency (p>0.9) are
marked by black dots. b, summertime trend of relative humidity (RH) at 850 hPa.
¢, spatial distribution of trend in summertime precipitation. Black dots indicate
areas with a decreasing trend greater than — 0.5 g kg !/year in transient meridio-
nal moisture flux. d, soil moisture (SoilMois.) trend during the past two decades.
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Smoke aerosols-cloud interaction amplifies the wildfires

The rising wildfire in central Siberia is expected to release an increasingly large quan-
tity of smoke aerosols into the atmosphere. Another interesting phenomenon is that the
cloud radius observed by MODIS show a declining tendency and anti-correlated with
aerosol optical depth (AOD), with a correlation coefficient of 0.6 (Extended Data Fig.
8a). It is well proven that smoke aerosols can pose feedback to the climate system via
directly perturbating radiation transfer (aerosol-radiation interaction) or indirectly serv-
ing as cloud condensation nuclei (CCN) and modifying the cloud microphysics proper-
ties (aerosol-cloud interactions)*>**, In the central Siberia, such feedback between wild-
fire and regional climate might play a role in increasing wildfire activities. To quanti-
tatively understand the role of smoke aerosols on climatic condition, we performed
model simulations using the state-of-the-art climate-chemistry coupled model Commu-
nity Earth System Model (CESM version 2.1.0, see Method). Multiple observational
datasets were collected to validate the model performance of reproducing climate and

pollution condition (Extended Data Figs. 9 and 10).

Unlike other biomass-burning regions, in Siberia where smoldering combustion of bo-
real forest and tundra consume a large proportion of biomass*, carbonaceous aerosol
emission is exceptionally pronounced (Extended Data Fig. 8b). The sensitivity simula-
tions clearly show that emission-intensive Siberian wildfires give rise to summertime

haze pollution over the high-northern-latitude region, with the smoke plume stretching
13



from 60°E to 150°E. Such a high aerosol-containing pollution belt is overlapped with
thick low clouds (Extended Data Fig. 11a). In vertical, the summertime cloud base in
this region is generally beneath 900 hPa, making itself easily to be mixed with fire
smoke aerosols, which is clearly illustrated by both satellite observations and model
simulations (Fig. 4a and Extended Data Fig. 11b). The model results show that the fire-
emitted aerosols elevate the regional-averaged column CCN number at 0.1% water va-

por supersaturation by 39.2% (1.3x10” #/cm?) over central Siberia.

The fire-induced bursting CCN is capable of acting as nuclei for water droplet for-
mation and perturb the cloud microphysics*. Over a pristine region like Siberia, the
cloud formation could be very sensitive to the available aerosol in the atmosphere*®.
According to sensitivity simulations, over central Siberia, more CCN availability from
wildfires more than double the regional column-integrated cloud drop number concen-
tration (CDNC) (Extended Data Fig. 12). Under a certain level of liquid water content
in the atmosphere, more CDNC could certainly result smaller cloud droplet radius. Ac-
cordingly, the regional-mean droplet effective radius declines 0.4 pm over central Si-
beria, thereby inhibiting the precipitation and further lowering soil moisture (Fig. 4c,
d). Quantitatively, smoke aerosols would induce a decline of almost 8% in summertime
rainfall over central Siberia. Such a prominent precipitation suppression is due mainly

to the CCN-limited cloud-aerosol regime and fire-smoke aerosol accumulation?”4°,

In consequence, less rainfall tends to facilitate rigorous and extended hydrological

drought, further aggravating the flammability of soil and vegetation by lowering soil

14



moisture. It means that in addition to a warming and drying climate that is fueling wild-
fires, smoke aerosols emitted from wildfires could suppress the rainfall and further dry
the soil, which might also play an important role in fire intensification in central Siberia.
Wildfire intensification, smoke aerosols and its impact on cloud has been forming a
self-amplifying feedback loop in central Siberia, making wildfire in this region ex-
tremely vulnerable to climate change. Such positive feedbacks underscore the fact that
increasing wildfire activity is not just a consequence of climate change, but also an

active participant.

a b Extinction(m™")

CCN number(10° # cm?)

0 10 20 30 40 50 60

Ext_CALIPSO | Cloud(%)
CCN_CESM fso

(z-Wd # 60L)NOO
Altitude(hPa)
o
g

1000 bt N
0 30 60 90 120150180

60°E 75°E 90°E 105°E 120°E 135°E 150°E GCN(#/em®)

C rainfall(mm month™) d

(,-Yuow ww) ures
Altitude(hPa)

45N T T | — T 1
60°E 75°E 90°E 105°E 120°E 135°E 150°E

0
9 12 15 18 21 24 27 30
Cloud(%)

Fig 4. Impact of smoke aerosol-cloud interaction. a, Spatial distributions of summer-
time column integrated cloud condensation nuclei (CCN) concentration (contour)
and changes in column-integrated cloud droplet number due to wildfire smoke
aerosols based on CESM climatology simulations (isolines, with the unit of #
cm?). b, Vertical profile CALIPSO-observed aerosol extinction simulated
(Ext CALIPSO) and CESM-simulated CCN number concentration
(CCN_CESM) over eastern Siberia. The vertical distribution of cloud fraction is
shown in contour. ¢, Map showing changes in summertime rainfall (contour) and
soil moisture (blue dots show regions with soil moisture decrease more than 10
kg/m?) due to wildfire BB aerosols. d, Vertical profile of the increases in cloud
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fraction based on parallel CESM simulations with (BASE run) and without wild-
fire emission (noBB run).

Discussions

Observational evidence and climatology modeling reveal that a warming Arctic and fire
self-amplification due to smoke aerosol have been compounding the Siberian wildfire
in the past two decades, and eastern Siberia is identified as a regional “hot spot” for fire
poleward expansion and intensification. Given that Arctic warming is very likely to be
further escalated in the future, here we apply 20 state-of-the-art global climate simula-
tions under different shared socioeconomic pathways, namely SSP1-2.6 and SSP 2—4.5
from CMIP6 (Methods), to characterize the fire regime and its potential changes by
mid- and late 21% century (Fig. 5). Arctic is projected to be further warmed by 4.7+0.9 °C
and 7.6=1.1 °C around 2100, with the summer warming in eastern Siberia by 4.7+0.1 °C

and 4.8+0.2 °C under SSP1-2.6 and SSP2—4.5 pathways, respectively.

The future warming could further reduce the soil water storage at high latitudes in the
Arctic circumpolar region via fast evapotranspiration associated with higher vapor pres-
sure deficit*”*®, Furthermore, a weaker and pole-ward-shifted jet stream under a warm-
ing Arctic may substantially increase the risk of concurrent extreme droughts and heat
waves, potentially drying out the soil*. As illustrated, the soil moisture in eastern Si-

beria at the end of this century is subject to a decline of ~28% and ~39%under SSP1—
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2.6 and SSP2-4.5 pathways, respectively. On the basis of the correlation of fire inten-
sity with soil moisture, the fire severity over this region is predicted to increase by 200—
350% by the end of 21 century. Such fire intensification and poleward expansion
might be even more pronounced since the increasing lightning frequency is expected to
further compound the fire intensification in Siberia!?. Even worse, under Arctic warm-
ing in the future, Siberian permafrost may increase fire frequency in what had tradition-
ally been a low flammability landscape®, presenting new challenges for fire manage-
ment and climate adaptation in the pan-Arctic region.

a Temperature(K)_SSP126 b Soil moisture(kg m?)_SSP126

Fig 5. Future fire intensification under a warming Arctic. a, Near-surface air tem-
perature increase from this decade (2015-2025) to the end of the century (2090—
2100) under the SSP1-2.6 scenario based on ten CMIP6 experiments. b, Soil
moisture changes by the end of the century under the SSP1-2.6 pathway. ¢, Same
with a but under SSP2—4.5 pathway. d, Same with b but under SSP2—4.5 path-
way.
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Methods

Wildfire dataset and satellite observations

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra and
Aqua satellites has been monitoring fires since the year 2001, and the thermal anomalies
and fire product (MOD14A1 and MYD14A1) provides the location and timing for the
fires globally. The Terra and Aqua combined MCD64A1 Burned Area data product is
a monthly, global gridded 500-meter product containing per-pixel burned-area and
quality information. The MCD64A 1 burned-area mapping approach employs MODIS
Surface Reflectance imagery coupled with 1 kilometer (km) MODIS active fire obser-
vations™. Since observations from both MODIS instruments aboard the Terra and Aqua
satellites are applied, the possibility of “double-counting” the same fire on a single day
occurs. To avoid double-counting, we used burned-area derived by The Fire Inventory
from NCAR (FINN version 1.5), which removes fire detections that fall within a 1 km?
radius of another fire detection on daily basis. Therefore, for each 1 km? hot spot, there
can be only one fire per day*’. FINN model provides daily high-resolution burned area
and emissions of open burning at a horizontal resolution of 1 km x 1km. The burned
area data during the time period from 2002 to 2021 is adopted in this study. To validate
the performance of FINN burned area used in this work, we also include the Global
Fire Emissions Database (GFED) data for comparisons, which combines satellite infor-

mation on fire activity and vegetation productivity to estimate gridded monthly burned
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area and fire emissions®®. We compare the fire detection from different products/da-
tasets, including MCD64A 1 burned area, FINN burned area and Global Fire Emissions
Database (GFED) carbon emission dataset. As shown in Extended Data Fig. 3, all the

dataset shows a similar interannual variability in wildfires in eastern Siberia.

To demonstrate the horizontal and vertical structure of aerosol and cloud, MODIS
monthly aerosol optical depth and cloud fraction retrievals (MODO08 and MODO06) dur-
ing 2002 to 2021 and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions (CALIPSO, level 3 aerosol profile product) that provides information on vertical
distributions of smoke extinction and cloud since 2007 are also employed. Permafrost
extent in the Northern Hemisphere with the spatial resolution around 1km is obtained
from Permafrost data products from the European Space Agency's Climate Change In-

itiative Permafrost project (ESACCI, version 3.0) for the period 1997-201933,

Atmospheric reanalysis data

Historical meteorologic parameters since the year 2002 are acquired from the fifth gen-
eration of European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS
reanalysis data. ERAS reanalysis data provides hourly estimates of a large number of
atmospheric, land and oceanic climate variables, which are produced using data assim-
ilation and model forecasts of the ECMWF Integrated Forecast System (IFS), with a

horizontal resolution of 0.25°%0.25° and 137 hybrid levels from the surface up to a
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height of approximately 80 km. Here, hourly data of 2-meter air temperature, 2-meter
relative humidity, evapotranspiration from the surface, 10-meter wind speed, soil water
content at the surface, wind and cloud at different pressure levels, and precipitation
during the time period from 2000 to 2021 are utilized to investigate the climate changes

in the pan-Arctic region.

Calculation of transient moisture flux

The transient moisture flux is used to represent the moisture transport by synoptic-scale
eddies, as it largely contributes to the precipitation over eastern Siberia®’. The total
moisture flux (monthly mean of hourly flux) could be separated as the stationary com-
ponent (derived directly from the monthly fields) and the transient component. Thus,
the transient term is obtained by subtracting the stationary component from the total
flux in this work. Particularly, we consider the vertically integrated from 1000 hPa to
500 hPa of the poleward transient moisture flux (g m™!' s'!) as Eq. 1, since it dominates

the total moisture flux convergence in the Arctic region’!.
1 rp T _ 1 /Dt — — =
Feransient = _Efpot(q v ) dp - Efpot(qv - qv) dpa
Where the overbars represent the time averages, and the primes represent the transient
term. p, and p, are 1000 hPa and 500 hPa, respectively. Besides, the 850-hPa transi-

ent moisture flux ((q'v")gse, m s g kg!) is also used to depict the synoptic-scale eddy

activities transporting water vapor poleward at the lower troposphere.
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Future climate projection

Projections of climate change help estimate the future wildfire severity in Siberia. Phase
6 of the Coupled Model Intercomparison Project (CMIP6)>2, which has developed well-
defined climate model experiment protocols, formats, and standards, plays a fundamen-
tal role in improving understanding of the climate change as well as characterizing risks
in the future. Multi-model climate projected air temperature and soil moisture by the
end of this century within CMIP6 are collected. Monthly air temperature and soil mois-
ture projections from 20 simulations by global climate models, including UKESM1-0-
LL, BCC-CSM2-MR, MIROC6, FGOALS-f3-L and CESM2 under SSP1-2.6 and

SSP2—4.5 scenarios are used as the ensemble of the future conditions.

CESM simulations

To investigate the climate feedback of fire smoke aerosol, we conducted sensitivity
simulations using the Community Atmosphere Model Version 6 (CAM6) with chemis-
try of the National Center for Atmospheric Research (NCAR) Community Earth Sys-
tem Model (CESM version 2.1.0)**. New chemical and physical representations of di-
rect and indirect aerosol effects and their interactions with clouds are among the im-

provements made by the CAM6. Meanwhile, a default of the Modal Aerosol Model
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version 4 (MAM4) with improved treatment of aerosols has been implemented>*. Ad-
ditional updates include the Morrison-Gettelman cloud microphysics scheme, aerosol-
temperature-dependent mixed-phase ice nucleation, a unified turbulence scheme for
different cloud types, etc. The CESM2 has been identified as one of the most skillful
models that could well represent the present climate status’. In this study, two parallel
simulations, BASE run and noBB run, have been performed at 0.9°x1.25° horizontal
grids with 32 vertical levels. Both tests run for 10 years to gain a balanced climatology
after a 1-year spin-up. All emission inventories implemented are from the dataset rep-
resenting the climatological status in the 2010s developed for assessments in the
CMIP6°>%, and have been re-gridded to the model grids. The two simulations share
exactly the same model configuration and anthropogenic inventories, while only differ
from each other in biomass burning emissions. The BASE run used the historical global
biomass burning emissions for CMIP6 ¢, averaging between 2006 and 2014 and cy-
cling for every model year, whereas the noBB run excluded the biomass burning emis-
sions. The difference between the outputs of the two simulations has then been regarded

as the response to the wildfire emissions.
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