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Arctic wildfire carbon emissions strongly
influenced by midsummer Tibetan Plateau

precipitation
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Wildfires in the Arctic are accelerating ecosystem damage and increasing global carbon emissions.
Siberia, a major Arctic wildfire hotspot, is shaped by both local weather and distant climate influences.
Here we use climate reanalysis data and numerical model experiments to show that summer wildfires
in Siberia are strongly influenced by rainfall patterns over the Tibetan Plateau, one of the Northern
Hemisphere’s largest summer heat sources. A dipole in Tibetan Plateau rainfall—wetter in the west,
drier in the east— coincides with more fires in central Siberia and fewer in the east. This pattern alters
high-altitude winds, shifting the jet stream northward and generating air flow changes that create
favorable fire conditions across Siberia. Model experiments support a causal link. The resulting carbon
dioxide emissions can match annual emissions from all Nordic countries. These findings highlight an
overlooked driver of Arctic wildfires and improve our understanding of their role in the global

carbon cycle.

The geographic range of wildfires has continuously expanded towards
higher latitudes in recent years, burning permafrost and tundra environ-
ments in the Arctic'”. Arctic wildfires have devastating impacts on natural
ecosystems, destroying habitats that many endangered species depend on
for survival’. Wildfires rapidly deplete carbon stored in vegetation and soil,
causing vegetation degradation, and release large amounts of greenhouse
gases and aerosols into the atmosphere, fueling a vicious cycle that
exacerbates climate change'"’. Arctic wildfires are primarily concentrated in
Sakha region of Siberia, Russia™*"". Previous studies have indicated that,
compared with the period 2000-2010, the frequency of wildfires in the
Sakha tripled between 2010 and 2020 with the total area burned more than
doubling, especially in western and central Siberia (CSB)"*".

Climate change has intensified compound extreme weather events
such as heatwaves and droughts, resulting in hotter, drier, and longer
wildfire seasons'"**"*. Arctic warming has also led to an increase in lightning
frequency, further raising the likelihood of natural fires'®”. In addition,
Arctic warming weakens the meridional temperature gradient and enhances

atmospheric blocking, which fosters warm and dry weather conditions
conducive to wildfires'®. In the coming years, rising temperatures, increasing
lightning frequency, and intensifying heatwaves are likely to continue and
escalate, potentially leading to more Arctic wildfires". It is estimated that the
number of Arctic and global wildfires could increase by a third by 2050'**".
In addition to local factors, the crucial role of large-scale teleconnection
wave trains in regulating Arctic-boreal fires on an interannual scale has been
highlighted in recent studies”"*”. As a critical conduit for the propagation of
teleconnection waves, the dynamic processes associated with jet streams
have been identified as key drivers of Siberian wildfires”. However, existing
research has given limited attention to the potential impact of signals from
regions beyond high latitudes on Siberian wildfires.

As one of the largest summer heat sources in the Northern Hemisphere
during the wildfire season, the intense latent heat released by abundant
precipitation over the Tibetan Plateau (TP) can disturb the atmosphere and
influence remote regions™ . Specifically, the dynamic linkage between TP
precipitation and the East Asian subtropical jet stream is widely
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recognized” . Compared to the substantial internal atmospheric varia-
bility and uncertainty of the jet stream, TP precipitation offers far greater
predictability’ . Confirming a causal link between plateau precipitation
and Arctic wildfires could significantly enhance our ability to anticipate
changes in wildfire activity and assess their impacts.

Taking advantage of the robust connection between TP precipitation
and the East Asian subtropical jet stream, we examine the relationship
between TP precipitation and Siberian wildfire patterns using both obser-
vational analysis and numerical simulations and identify the associated
underlying mechanisms. Furthermore, we show that carbon emissions from
Arctic wildfires driven by TP precipitation will increase by ~89.9 million
tons per year during the top 5 years with the pronounced TP precipitation
dipole pattern; this equates to 2.7 times the total annual emissions of Sweden
in 2020. This study provides new insights into understanding the causes of
Arctic wildfires and improving the ability to forecast them.

Results

The summer heat source over the TP markedly influences global climate™.
Specifically, the latent heat released by precipitation in July and August
contributes to this heat source; this differs from the climatic effect observed
in June™. Here, we used the empirical orthogonal function (EOF) analysis to
obtain the dominant spatiotemporal variations in mid-summer
(July-August) precipitation over the TP, following the method in pre-
vious study”. Figure 1a and Supplementary Fig. 1 display the spatial dis-
tributions of the first leading mode (EOF1) of two different precipitation
datasets and their associated time series. This mode explained approxi-
mately one-third of the total variance of each of the two datasets (34% in

o EOF1 (30.03%) _
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GPCP and 30% in CRU), and overall, the two datasets showed similar spatial
patterns and temporal variations. Spatially, precipitation varied inversely
between southeastern Tibet and Nepal, which lies to the southwest of Tibet.
Temporally, both datasets showed similar variations with a correlation
coefficient of 0.83 (the black line in Fig. 1f and Supplementary Fig. 1b).
Combining the spatial distributions and associated time series, precipitation
increased in southwestern Tibet and decreased in Nepal in years where the
time series exhibited positive values. Over the past two decades, almost all
extreme floods in Pakistan have occurred in years when the associated time
series was positive (e.g., 2006, 2010, 2013, 2016, 2019, and 2022, as shown in
Fig. 1f). As an interacting system, this portion of precipitation suppresses
moisture transport into the southeastern part of the TP, jointly contributing
to the formation of a dipole pattern’*. The immense latent heat released by
these extreme precipitation patterns can bring abnormal weather to
downstream regions through the propagation of the circum-global wave
train®”’; meanwhile, the released heat interaction with the jet stream also
suggests that it may markedly influence extreme weather in high-latitude
regions”. As shown in Fig. 1d, there is a statistically significant correlation
between the seemingly unrelated TP precipitation and Arctic wildfires.
Arctic wildfires mainly occur during mid-summer in the Siberian
region, particularly in eastern Siberia (ESB). Here, each 1° x 1° grid recorded
an average of over 80 ignition points annually (Fig. 1b), with a maximum of
up to 900 incidents, accounting for >80% of total annual wildfire occur-
rences across nearly all analyzed regions at latitudes of 55-70°N. The highest
wildfire frequency was observed at ~65°N, 130°E. Statistically, wildfire fre-
quency in the Siberian region showed a strong correlation with PC1 of TP
precipitation (Fig. 1f). In years with higher PC1 values, wildfires were more
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Fig. 1| Mid-summer Tibetan Plateau (TP) precipitation and its relationship with
Siberian wildfires. a Leading empirical orthogonal function mode (EOF1) of TP
precipitation in mid-summer from 2001 to 2023 for the CRU dataset. b Annually
averaged Active wildfire frequency (AFF, in unit of ignition point numbers) over
East Asia in mid-summer from 2001 to 2023. ¢ Percentage of AFF in mid-summer
compared with the annual AFF. d Linear regression of mid-summer AFF onto the

first principal component (PC1) of TP precipitation. The dotted areas are significant
at the 95% confidence level. e Regional averaged AFF in central Siberia (CSB, black
line) and eastern Siberia (ESB, red line). f Difference in AFF between CSB and ESB
(AFDI, shown as red line) and PC1 of TP precipitation (black line). Black boxes
denote the CSB and ESB domains respectively.
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Fig. 2 | Circulation anomalies related to Tibetan Plateau (TP) precipitation and
relationships between the East Asia jet stream and Arctic wildfires. a Linear
regression of mid-summer horizontal winds (vectors, unit: m's ') and geopotential
height (shading, unit: gpm) at 200 hPa onto the first principal component (PC1) of
TP precipitation. The dotted areas are significant at the 95% confidence level.
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Relationship between the “normalized difference of active fire frequency between
central Siberia (CSB) and eastern Siberia (ESB)” and jet stream (b) northern edge
(unit: degree), c width (unit: degree), d intensity (unit: ms™"), and e displacement
(unit: degree). The shaded area in (b-e) represents the uncertainty range, corre-
sponding to one standard deviation.

active in CSB (55-70°N, 75-115°E), while the frequency of wildfires in ESB
(55-70°N, 115-155°E) decreased. We defined the difference in wildfire
frequency between CSB and ESB as the active fire frequency difference index
(AFDI) to characterize the spatial patterns of Siberian wildfires. This index
has a correlation coefficient of 0.45 with PC1 of TP precipitation, which is
statistically significant at the 0.05 level. The circulation anomalies in
response to PC1 can effectively explain this statistical correlation. The zonal
dipole pattern in TP precipitation, characterized by positive anomalies in the
west, induces a substantial anticyclonic anomaly in the upper troposphere to
the northeast of the TP (Fig. 2a). This response can be explained by the
steady barotropic vorticity equation for large scales and the circum-global
wave train propagation mechanism”*”’. The large-scale latent heat anomaly
associated with the dipole precipitation pattern extends into the upper
troposphere, exciting a stationary Rossby wave response’™'. Further sup-
porting this, simulations of TP heat source forcing using the Linear Bar-
oclinic Model”, along with dynamical diagnostics of Rossby wave sources
and wave activity flux propagation (Supplementary Fig. 2), confirm the
response of anticyclonic anomalies and the jet stream to TP precipitation
forcing. This anticyclonic anomaly results in stronger westerlies to its north,
causing the East Asian subtropical westerly jet stream to shift further north
compared to its usual climatological position (Fig. 2 and Supplementary
Fig. 3), with a correlation coefficient of 0.46 between PC1 and the northern
edge of the jet stream (JSNE). Here, we analyzed several key characteristics
of the East Asian subtropical jet stream, including its intensity, width, dis-
placement, and northern edge, and examined their relationships with PC1
of TP precipitation (Fig. 2b-e). The leading mode of TP precipitation
exhibited an insignificant relationship with the intensity of the jet stream but
showed a close association with the position of the jet stream, particularly
the latitude of JSNE. Therefore, the subtropical East Asian jet stream may be
a crucial link between mid-summer TP precipitation and Siberian wildfires.

The northward expansion of the subtropical jet stream induces
cyclonic curvature and positive vorticity anomalies to its north, creating an

anomalous cyclone centered over Lake Baikal. This cyclonic anomaly leads
to a decrease in surface air temperature (Supplementary Fig. 4a) by
increasing cloud cover and reducing solar radiation in the affected region
(Supplementary Fig. 4b, c), resulting in a lower fire weather index (FWI) in
ESB (Fig. 3). Meanwhile, the southerly wind anomalies to the east of the
cyclonic anomaly enhance precipitation in ESB, suppressing fire activity
from the perspectives of both initial spread and buildup conditions (van
Wagner, 1987). Together, these factors contribute to the suppression of
wildfires in ESB. Conversely, the reduced cloud cover and increased solar
radiation in CSB lead to decreased precipitation, creating more favorable
conditions for wildfire occurrences. The meridional circulation formed
between the northeastern TP and CSB further promotes the occurrence
of wildfires in CSB through an enhanced adiabatic sinking motion, while
the anomalous updraft in ESB increases the potential for precipitation
(Supplementary Fig. 5). Our quantitative results showed that the FWI in
CSB during years with high PC1 values increased by ~27.1%, while in
ESB, it decreased by approximately 14.0% compared with years having
normal PC1 values (see Supplementary Table 1); this was driven changes
in surface temperature, cloud cover, and precipitation. Such FWI
anomalies led to a 59.9% increase in annual average wildfire frequency in
the CSB compared with years having normal PC1 values, while the
wildfire frequency in ESB has experienced a 64.9% decrease. Sensitivity
experiments based on CAM5.3 further validated the crucial role of the
subtropical jet stream in linking TP precipitation patterns with Arctic
wildfires (Fig. 4 and Supplementary Fig. 6). The position of the JSNE
exhibited a strong northward movement response to the latent heat
released by observed TP precipitation when comparing the sensitivity
experiments (~45.2°N) with the control experiments (~42.7°N). Conse-
quently, there was a substantial difference in precipitation and cloud
cover between CSB and ESB (Fig. 4b, d). The sensitivity simulations
revealed a slightly higher difference in Tas between CSB and ESB com-
pared with the control experiments (Fig. 4c), but this difference was <0.5
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Fig. 3 | Fire weather conditions related to the East Asia jet stream. a-d Linear
regression of mid-summer jet stream northern edge (JSNE) index onto a vorticity
(unit: 107°s™"), b total layer water vapor flux (vectors, unit: kgm ™" s™") and its
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d precipitation (unit: mm). The dotted areas are significant at the 95%

confidence level.

standard deviations. The FWI derived from the simulation data also
exhibits a significant response to TP precipitation anomalies (Fig. 4e).
Compared to the control experiment, the sensitivity experiment shows a
notable increase in the difference in FWI between the CSB and ESB
regions, supporting the mechanism proposed in the observational ana-
lysis. These simulation results were highly consistent with observational
data in terms of both key metrics (Fig. 5) and spatial distribution
(Supplementary Figs. 6 and 7). These numerical simulation results verify

the physical mechanism of the response of Siberian wildfire weather
conditions to TP precipitation proposed based on observational analysis.

The robust causal relationship between TP precipitation and Siberian
wildfire patterns enhances our confidence in estimating related carbon
emissions (Fig. 5). Owing to the limited temporal coverage of the emission
dataset, we used 0.5 times the standard deviation of the normalized PC1 of
TP precipitation as a threshold to categorize the 19 years from 2002 to 2022
into three groups: five high PC1 years (PC1 > 0.5: 2006, 2010, 2013, 2016,
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Fig. 4| Response of East Asia jet stream and fire weather conditions to the Tibetan
Plateau precipitation. a-d Comparisons between control simulations (Ctr) and
sensitivity simulations (Exp) in a jet stream northern edge (JSNE, unit: degree),

b difference in precipitation (unit: mm) in central Siberia (CSB) and eastern Siberia
(ESB), ¢ difference in surface air temperature (Tas, unit: °C) in CSB and ESB, and
d difference in cloud cover (unit: %) in CSB and ESB, e difference in FWI in CSB and

ESB. The height of each box represents the interquartile range of contributions for all
grid points, with the black horizontal line in each box indicating the mean value.
Whiskers depict the minimum and maximum contribution values, excluding out-
liers exceeding 1.5 times the interquartile range. Black dots are 20 samples for each
box. The significance level of the p-value from the t-test is specified below the
subfigures.
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Fig. 5 | Wildfire emissions related to Tibetan Plateau (TP) precipitation
anomalies. a, b The burned area (unit: km?) and released carbon (unit: kg), CO,
(unit: kg), and CH, (unit: kg) in years with high (normalized first principal com-
ponent (PC1) > 0.5), low (normalized PC1 < —0.5), and normal PC1 (0.5 > nor-
malized PC1 > —0.5) PC1 of TP precipitation in a central Siberia (CSB) and b eastern
Siberia (ESB). The triangle (circular) marks indicate the multi-year average (annual
average) of the variable within each year group.

and 2019), seven low PCl1 years (PC1 < —0.5: 2002, 2004, 2007, 2008, 2009,
2015, and 2017), and seven normal PC1 years (0.5>PC1 > —0.5: 2003,
2005, 2011, 2012, 2014, 2018, and 2020). In high PC1 years, the burned area
(14.9 million km?) and emissions (C: 42.5 million tons; CO,: 139.1 million
tons; CHy: 441.8 thousand tons) in the CSB region were substantially higher
than those in other years (Fig. 5a). The burned area and carbon-related
emissions were 3.8 and 5.8 times higher, respectively, compared with those
inlow PC1 years. This quantity of CO, emissions was equivalent to the total

anthropogenic and natural CO, emissions of the five Nordic countries
combined in 2020 (Crippa et al.**). In normal PC1 years, the burned area
and carbon-related emissions generally fell between the values recorded in
high PC1 and low PC1 years. Similarly, the burned area and carbon-related
emissions in ESB across the three groups of years were also analyzed
(Fig. 5b). In high PC1 years, the burned area and carbon-related emissions in
ESB decreased compared to other years, although the differences were much
smaller than those observed in CSB across the three groups of years. Overall,
in high PCl1 years, the total burned area from wildfires across Siberia was 5.3
million km’ greater than that in low PC1 years, and CO, emissions were 89.9
million tons higher, the latter being equivalent to 2.7 times the total CO,
emissions of Sweden in 2020%. From the spatial distribution results, we
found that the impact of TP precipitation on wildfires in CSB was much
greater than its impact on wildfires in ESB (Supplementary Fig. 8). In
summary, our results highlight the substantial contribution of interannual
climate variability to global carbon emissions and emphasize the need to
carefully account for the impact of non-local climate signals when assessing
Arctic wildfire risk.

Discussion

The Arctic was warming at a rate far exceeding the global average, leading to
a marked increase in extreme weather events, particularly wildfires. These
fires not only release large amounts of greenhouse gases directly through
forest combustion but also increase the risk of carbon release from per-
mafrost and tundra®*’.

Our analysis reveals that, beyond local meteorological conditions, cli-
mate signals from mid-low latitudes could also be strongly linked to Arctic
wildfires. A mid-summer precipitation dipole anomaly over the TP was
strongly associated with increased wildfire activity in CSB and decreased
activity in ESB (Fig. 6). Evidence for this relationship comes from both
observational analyses and numerical simulations. Our study also high-
lighted the important contribution of this connection to the annual varia-
bility in carbon emissions from Arctic wildfires. Given the predictability of
summer precipitation over the TP”', it may serve as a potentially effective
indicator of Siberian wildfires.

Previous studies have shown that wildfires were influenced by both
current climate conditions and pre-fire-season factors such as soil moisture,
snowmelt, and vegetation cover’>***. Therefore, the combined effects of
these pre-existing conditions and TP precipitation require further investi-
gation. Additionally, although TP precipitation was closely related to the
East Asian subtropical jet stream, the interaction between TP precipitation
and the jet stream was complex and cannot be simply characterized as one-
way ). As a key component of internal atmospheric variability, changes in
the jet stream itself may simultaneously impact precipitation over the TP
and boreal wildfires. Therefore, a large number of ensemble simulations will
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Fig. 6 | Physical mechanisms of the mid-summer
dipole TP precipitation pattern affecting the
wildfires in Siberia. The large-scale latent heating
released by the mid-summer dipole pattern in TP
precipitation triggers anticyclonic anomalies in the
upper-level troposphere to the northeast of the TP,
leading to a northward shift of the subtropical jet
stream. The vorticity forcing on the northern flank
of the jet induces cyclonic anomalies, creating
atmospheric conditions favorable for wildfires in
Central Siberia (CSB), while suppressing wildfire
occurrence in Eastern Siberia (ESB). The results
were derived from composing the differences
between cases with high and low PC1 of TP
precipitation.
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need to be performed in the future to quantify the relative contribution of TP
precipitation further.

Data and methods

Data

The observed active fire data were derived from the Fire Information for
Resource Management System; this distributes near real-time active fire
data from the Moderate Resolution Imaging Spectroradiometer aboard the
Aqua and Terra satellites, and the Visible Infrared Imaging Radiometer
Suite aboard S-NPP, NOAA 20, and NOAA 21. The original data records
the location (in latitude and longitude coordinates) and date of each active
fire. To facilitate spatiotemporal analysis from a climatic perspective, we
counted the frequency of daily active fires with a horizontal resolution of
1°x 1°. Therefore, the daily AFF is measured as the frequency of fires
(number of ignition points) occurring within each grid cell per day. This
method can, to some extent, reflect the fire area and intensity within the
grid cell.

The GPCC and CRU precipitation data were available from the
National Oceanic and Atmospheric Administration Physical Sciences
Laboratory and the Centre for Environmental Data Analysis Archive,
respectively.

The ERA5 reanalysis products were available from the Climate Data
Store. The dataset contains geopotential heights (Z), zonal and meridional
winds (U and V), relative humidity at different levels, and surface air tem-
perature (Tas). The FWI used in this study is based on the Canadian FWI
system*, which has been widely recognized and applied in global fire weather
research. The FWTI can be calculated using ERA-5 reanalysis (including daily
total precipitation, surface air temperature, wind speed, and relative
humidity), incorporating both the initial spread index and the build-up
index; this provides a numerical rating of potential frontal fire intensity. The
calculation of observed and simulated FWI can be implemented through the
following code storage (https://github.com/steidani/FireDanger).

The fifth version of the Global Fire Emissions Database (GFED5) was
also used to determine wildfire emissions caused by Tibetan Plateau (TP)
precipitation anomalies. The monthly gridded estimates of burned area and
emissions including C, CO,, and CH,, from 2002 to 2022 with a horizontal
resolution of 0.25°.

Due to data limitations, the results related to wildfire emissions are
based on 2002-2022, while all other results are based on 2001-2023.

Leading mode of TP precipitation and East Asian jet stream index
In this study, “TP precipitation” refers to precipitation within the broader
extent of the TP, consistent with the commonly used definition in previous
studies. The leading mode of mid-summer (July-August) TP precipitation
was obtained via EOF analysis. The results of the EOF analysis were not
sensitive to the choice of domain™.

A jet stream was traditionally defined as a high-speed wind belt in the
upper troposphere with wind speeds >30 m s™'. However, owing to the
relatively lower intensity of jet streams in summer, a threshold of 25 ms™
was commonly used for detection”*".

Previous studies have typically used the regional average wind speed in
a fixed region to describe the intensity or other features of jet streams, while
some have employed EOF to capture the intensity and displacement var-
iations of jet streams***’. However, both approaches have limitations: the
former fails to adequately describe jet stream characteristics in years with
substantial shifts in jet stream position, while the latter was overly dependent
on the available dataset. To address these limitations, we here used self-
adaptive jet stream indices to describe the key characteristics of the East Asia
jet stream’. These indices include key features such as intensity, displace-
ment, and width, where the width was calculated as the difference between
the northern and southern edges of the jet stream.

To identify the northern (JSNE) and southern edges of the jet stream at
each longitude in 70- 130°E, the average latitude at point i was defined as the
south (north) edge if the wind speed ws;>25ms™ (<25ms™") and
ws;_; <25ms ' (225 ms™"). The meridional displacement of the jet stream
was defined as the average latitude of the points corresponding to the
maximum wind speed along each longitude line from 70°E to 130°E. The jet
stream intensity was calculated from the average wind speed between its
northern and southern edges. The horizontal jet stream core was identified
as a grid point where the wind speed was >25 ms™' and greater than the
surrounding eight grid points.

Numerical simulations

Control and sensitivity experiments based on the Community Atmosphere
Model version 5.3 (CAMS5.3) were conducted to verify the physical
mechanism by which mid-summer TP precipitation affects Siberian wildfire
patterns. CAM5.3 is the atmospheric component of the Community Earth
System Model version 1.2.2 and was widely used to verify the response of the
atmosphere to heat source variations on the TP'**>*’, We use the finite-
volume dynamic core configured with a horizontal resolution of 1.9° lati-
tude x 2.5° longitude (f19_gl16 scheme) and 30 vertical hybrid levels. For
more details of this model, see the official tutorial®™.

Following the experimental scheme designed by previous studies™,
we first performed a series of control experiments (global sea ice and sea
surface temperature are maintained at the climatological levels of
1979-2023 interpolated from Hadley Centre HadISST dataset to match the
model resolution; emissions and radiation levels are fixed at the levels of the
year 2000) under the default settings to derive different initial fields. The
model was spun up for 5 years and then integrated forward for 20 years.
Simulations of the 1st January of the last 20 years were used as the initial field
for sensitivity ensemble simulation, and the sensitivity experiments with 20
members were integrated from the beginning of January to the end of
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August. A 20-member sensitivity ensemble experiment was sufficiently
robust and reliable to eliminate uncertainties brought about by differences in
the initial conditions™. In mid-summer, latent heat released from pre-
cipitation was the dominant contributor to the total diabatic heating over
the TP (Duan and Wu, 2005), which can be calculated as follows:

1 (3T
=- —_—— V.VT
& g "(Bt wot )

M
where C, is the specific heat capacity at a constant pressure of dry air, T
denotes the air temperature, w represents vertical velocity, o is the static
stability, and V is the horizontal wind. Therefore, we simulated the effects of
precipitation variations by modifying the 3-dimensional Q, profile within
the model. In the sensitivity simulations, a value of 1.5 times the observed
July-August Q, anomaly in the TP region (22-42°N, 65-105°E) in the
abnormal TP precipitation years (2006, 2010, 2013, 2016, 2019, and 2022;
selected based on a threshold of 0.5 times the standard deviation) between
2001 and 2023 was added to the model. Therefore, the spatial distribution of
the Q1 difference between the sensitivity experiment and the control
experiment is consistent with that in Supplementary Fig. 9c, with the values
amplified by a factor of 1.5. The purpose of magnifying anomalies is to
highlight the results driven by specified forcings. The total atmospheric
apparent heat source during high PC1 years, and normal years, as well as
their differences, were displayed in Supplementary Fig. 8. The only
difference between the sensitivity simulations and the control simulations
lies in the non-adiabatic heating profile over the key region of the TP
precipitation. Therefore, the ensemble difference between the sensitivity and
control experiments was taken as the simulation result, which indicates the
atmospheric circulation response to the identified precipitation pattern.

Data availability

The observed active fire data was accessible via https://firms.modaps.eosdis.
nasa.gov/. The GPCC and CRU precipitation data were available from the
https://psl.noaa.gov/data/gridded/data.gpcc.html and https://crudata.uea.
ac.uk/cru/data/hrg/cru_ts_4.09/, respectively. The ERA5 reanalysis pro-
ducts were available from https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-land-monthly-means?tab=form. The GFED5
dataset can be obtained from https://www.globalfiredata.org/.

Code availability

The code of the CESM1 model used here is available from (http://www.
cesm.ucar.edu/models/cesm1.2/). Other codes used in the present study are
available from the corresponding author on request.

Received: 6 January 2025; Accepted: 19 June 2025;
Published online: 16 July 2025

References

1. Justino, F. et al. Estimates of temporal-spatial variability of wildfire
danger across the pan-arctic and extra-tropics. Environ. Res. Lett. 16,
044060 (2021).

2. Post, E. &Mack, M. C. Arctic wildfires at a warming threshold. Science
378, 470-471 (2022).

3. Loranty, M. M. et al. Spatial variation in vegetation productivity trends,
fire disturbance, and soil carbon across arctic-boreal permafrost
ecosystems. Environ. Res. Lett. 11, 095008 (2016).

4. Irannezhad, M., Liu, J., Ahmadi, B. & Chen, D. The dangers of arctic
zombie wildfires. Science 369, 1171-1171 (2020).

5.  Knorr, W. et al. ACP—air quality impacts of European Wildfire
Emissions in a changing climate. Atmos. Chem. Phys. 16, 5685-5703
(2016)

6. Mack, M. C. et al. Carbon loss from an unprecedented arctic tundra
wildfire. Nature 475, 489-492 (2011).

7. McCarty, J. L. et al. Reviews and syntheses: Arctic fire regimes and
emissions in the 21st century. Biogeosciences 18, 5053-5083 (2021).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Popovicheva, O. B. et al. Siberian Arctic black carbon: gas flaring and
wildfire impact. Atmos. Chem. Phys. 22, 5983-6000 (2022).

Witze, A. The arctic is burning like never before—and that’s bad news
for climate change. Nature 585, 336-337 (2020).

Zhu, X., Jia, G. & Xu, X. Accelerated rise in wildfire carbon emissions
from arctic continuous permafrost. Sci. Bull. 69, 2430-2438 (2024).
Descals, A. et al. Unprecedented fire activity above the arctic circle
linked to rising temperatures. Science 378, 532-537 (2022).

Zhu, X., Xu, X. & Jia, G. Recent massive expansion of wildfire and its
impact on active layer over pan-arctic permafrost. Environ. Res. Lett.
18, 084010 (2023).

European Forest Institute. Russian Forests and Climate Change. vol.
11 (European Forest Institute, 2020).

Chen, Y., Lara, M. J., Jones, B. M., Frost, G.V. & Hu, F. S. Thermokarst
acceleration in arctic tundra driven by climate change and fire
disturbance. One Earth 4, 1718-1729 (2021).

Overland, J. E. Rare events in the arctic. Clim. Chang. 168, 1-13
(2021).

Pérez-Invernén, F. J., Gordillo-Vazquez, F. J., Huntrieser, H. & Jockel,
P. Variation of lightning-ignited wildfire patterns under climate
change. Nat. Commun. 14, 739 (2023).

Veraverbeke, S. et al. Lightning as a major driver of recent large fire
years in north American boreal forests. Nat. Clim. Chang. 7, 529-534
(2017).

Luo, B. et al. Rapid summer russian arctic sea-ice loss enhances the
risk of recent eastern siberian wildfires. Nat. Commun. 15, 5399
(2024).

Chen, Y. et al. Future increases in arctic lightning and fire risk for
permafrost carbon. Nat. Clim. Chang. 11, 404-410 (2021).

Robinne, F.-N. et al. Global fire challenges in a warming world. https://
www.iufro.org/news/article/2019/01/23/occasional-paper-32-
global-fire-challenges-in-a-warming-world/ (2018).

Yasunari, T. J. et al. Relationship between circum-arctic atmospheric
wave patterns and large-scale wildfires in boreal summer. Environ.
Res. Lett. 16, 064009 (2021).

Zhao, Z., Lin, Z., Li, F. & Rogers, B. M. Influence of atmospheric
teleconnections on interannual variability of arctic-boreal fires. Sci.
Total Environ. 838, 156550 (2022).

Scholten, R. C., Coumou, D., Luo, F. & Veraverbeke, S. Early snowmelt
and polar jet dynamics co-influence recent extreme siberian fire
seasons. Science 378, 1005-1009 (2022).

Duan, A. M. & Wu, G. X. Role of the tibetan plateau thermal forcing in
the summer climate patterns over subtropical asia. Clim. Dyn. 24,
793-807 (2005).

Wu, G.,He, B.,Duan, A,, Liu, Y. & Yu, W. Formation and variation of the
atmospheric heat source over the tibetan plateau and its climate
effects. Adv. Atmos. Sci. 34, 1169-1184 (2017).

Jiang, X,, Li, Y., Yang, S., Yang, K. & Chen, J. Interannual variation of
summer atmospheric heat source over the tibetan plateau and the role
of convection around the western maritime continent. https://doi.org/
10.1175/JCLI-D-15-0181.1 (2016).

Lai, H.-W., Chen, D. & Chen, H. W. Precipitation variability related to
atmospheric circulation patterns over the tibetan plateau. Int. J.
Climatol. 44, 91-107 (2024).

Schiemann, R., Lithi, D. & Schér, C. Seasonality and interannual
variability of the westerly jet in the Tibetan Plateau region. https://doi.
org/10.1175/2008JCLI2625.1 (2009).

Wang, Z., Yang, S., Luo, H. & Li, J. Drying tendency over the southern
slope of the tibetan plateau in recent decades: role of a CGT-like
atmospheric change. Clim. Dyn. 59, 2801-2813 (2022).

Zhu, Q., Liu, Y., Shao, T., Luo, R. & Tan, Z. Role of the tibetan plateau in
northern drought induced by changes in the subtropical westerly jet.
https://doi.org/10.1175/JCLI-D-20-0799.1 (2021).

Hu, S. & Zhou, T. Skillful prediction of summer rainfall in the tibetan
plateau on multiyear time scales. Sci. Adv. 7, eabf9395 (2021).

Communications Earth & Environment| (2025)6:559


https://firms.modaps.eosdis.nasa.gov/
https://firms.modaps.eosdis.nasa.gov/
https://psl.noaa.gov/data/gridded/data.gpcc.html
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.09/
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.09/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=form
https://www.globalfiredata.org/
http://www.cesm.ucar.edu/models/cesm1.2/
http://www.cesm.ucar.edu/models/cesm1.2/
https://www.iufro.org/news/article/2019/01/23/occasional-paper-32-global-fire-challenges-in-a-warming-world/
https://www.iufro.org/news/article/2019/01/23/occasional-paper-32-global-fire-challenges-in-a-warming-world/
https://www.iufro.org/news/article/2019/01/23/occasional-paper-32-global-fire-challenges-in-a-warming-world/
https://www.iufro.org/news/article/2019/01/23/occasional-paper-32-global-fire-challenges-in-a-warming-world/
https://doi.org/10.1175/JCLI-D-15-0181.1
https://doi.org/10.1175/JCLI-D-15-0181.1
https://doi.org/10.1175/JCLI-D-15-0181.1
https://doi.org/10.1175/2008JCLI2625.1
https://doi.org/10.1175/2008JCLI2625.1
https://doi.org/10.1175/2008JCLI2625.1
https://doi.org/10.1175/JCLI-D-20-0799.1
https://doi.org/10.1175/JCLI-D-20-0799.1
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02505-9

Article

32. Li, F. et al. Important role of north atlantic air-sea coupling in the
interannual predictability of summer precipitation over the eastern
tibetan plateau. Clim. Dyn. 56, 1433-1448 (2021).

33. Li, Q. et al. A zonally-oriented teleconnection pattern induced by
heating of the western Tibetan Plateau in boreal summer. Clim. Dyn.
57, 2823-2842 (2021).

34. Huang, J. et al. Global climate impacts of land-surface and
atmospheric processes over the Tibetan Plateau. Rev. Geophys. 61,
€2022RG000771 (2023).

35. Jiang, J. et al. Precipitation regime changes in high mountain asia
driven by cleaner air. Nature 623, 544-549 (2023).

36. Jiang, X. & Ting, M. A dipole pattern of summertime rainfall across the
Indian subcontinent and the Tibetan Plateau. https://doi.org/10.1175/
JCLI-D-16-0914.1 (2017).

37. Wang, Z. et al. Tibetan plateau heating as a driver of monsoon rainfall
variability in pakistan. Clim. Dyn. 52, 6121-6130 (2018).

38. Luo,H.,Wang, Z.,He, C.,Chen, D. &Yang, S. Future changes in south
asian summer monsoon circulation under global warming: role of the
tibetan plateau latent heating. Npj Clim. Atmos. Sci. 7, 1-9 (2024).

39. Liang, X.-Z. & Wang, W.-C. Associations between China monsoon
rainfall and tropospheric jets. Q. J. R. Meteorol. Soc. 124, 2597-2623
(1998).

40. Hoskins, B. J. & Ambrizzi, T. Rossby wave propagation on a realistic
longitudinally varying flow. J. Atmos. Sci. 50, 1661-1671 (1993).

41. Yasui, S. & Watanabe, M. Forcing processes of the summertime
circumglobal teleconnection pattern in a dry AGCM. https://doi.org/
10.1175/2009JCLI3323.1 (2010).

42. Crippa, M. etal. Insights into the spatial distribution of global, national,
and subnational greenhouse gas emissions in the Emissions
Database for Global Atmospheric Research (EDGAR v8. 0). Earth Syst.
Sci. Data 16, 2811-2830 (2024).

43. Crippa, M. et al. GHG Emissions of All World Countries (Publ. Off. Eur.
Union, 2021).

44. Forkel, M. et al. Extreme fire events are related to previous-year
surface moisture conditions in permafrost-underlain larch forests of
siberia. Environ. Res. Lett. 7, 044021 (2012).

45. Huang, X. et al. Escalating wildfires in siberia driven by climate
feedbacks under a warming arctic in the 21st century. AGU Adv. 5,
€2023AV001151 (2024).

46. van Wagner, E. Development and Structure of the Canadian Forest
Fire Weather Index System. Technical Report (Canadian Forest
Service, 1987).

47. Dong, B., Sutton, R. T., Shaffrey, L. & Harvey, B. Recent decadal
weakening of the summer eurasian westerly jet attributable to
anthropogenic aerosol emissions. Nat. Commun. 13, 1148 (2022).

48. Wu, C.-H., Shiu, C.-J., Chen, Y.-Y,, Tsai, |.-C. & Lee, S.-Y.
Climatological changes in east asian winter monsoon circulation in a
warmer future. Atmos. Res. 284, 106593 (2023).

49. Huang, D., Liu, A., Zheng, Y. & Zhu, J. Inter-model spread of the
simulated east asian summer monsoon rainfall and the associated
atmospheric circulations from the CMIP6 models. J. Geophys. Res.
Atmos. 127, €2022JD037371 (2022).

50. Zhang, Y., Yan, P, Liao, Z., Huang, D. & Zhang, Y. The winter concurrent
meridional shift of the east asian jet streams and the associated thermal
conditions. https://doi.org/10.1175/JCLI-D-18-0085.1 (2019).

51. Zhou, B. et al. Quantitative evaluations of subtropical westerly jet
simulations over east asia based on multiple CMIP5 and CMIP6
GCMs. Atmos. Res. 276, 106257 (2022).

52. Li, X. &Liu, X. Numerical simulation of tibetan plateau heating anomaly
influence on westerly jet in spring. J. Earth Syst. Sci. 124, 1599-1607
(2015).

53. Li, Y. & Zhang, M. The role of shallow convection over the tibetan
plateau. https://doi.org/10.1175/JCLI-D-16-0599.1 (2017).

54. Neale, R. B. et al. Description of the NCAR community atmosphere
model (CAM 4.0) (2010).

55. Zhang, R., Zhang, R. & Zuo, Z. Impact of Eurasian spring snow
decrement on east asian summer precipitation. https://doi.org/10.
1175/JCLI-D-16-0214.1 (2017).

56. Boos, W. R. & Pascale, S. Mechanical forcing of the north American
monsoon by orography. Nature 599, 611-615 (2021).

Acknowledgements

This research is supported by Tsinghua University (100008001), Swedish
Research Council (2021-02163 and 2022-06011), and the Swedish
Foundation for International Cooperation in Research and Higher Education
(STINT: CH2020-8767). It is also a contribution to the Swedish national
strategic research program MERGE. Z.Z. was supported by the VAPOR
project (101154385), funded by the Horizon Europe, MSCA Postdoctoral
Fellowships 2023. G.Z. was supported by the National Key Research and
Development Program of China (grant no. 2022YFF0801704). C.H. is
supported by Korea Meteorological Administration Research and
Development Program (RS-2023-00236880).

Author contributions

X.Y. performed this study, plotted the figures, and wrote the preliminary
manuscript. H.L. and Z.Z. participated in the revision and partial writing. C. H.,
G.Z,H.-W.L, T.O.,and W. W. provided valuable suggestions and discussions
on the improvement of this manuscript. D.C. supervised this study. All the
authors contributed to the writing and reviewing of the manuscript.

Funding
Open access funding provided by University of Gothenburg.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-025-02505-9.

Correspondence and requests for materials should be addressed to
Deliang Chen.

Peer review information Communications Earth and Environment thanks

Aoxing Zhang and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editors: Yongqiang Liu and

Mengjie Wang [A peer review file is available].

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Communications Earth & Environment| (2025)6:559


https://doi.org/10.1175/JCLI-D-16-0914.1
https://doi.org/10.1175/JCLI-D-16-0914.1
https://doi.org/10.1175/JCLI-D-16-0914.1
https://doi.org/10.1175/2009JCLI3323.1
https://doi.org/10.1175/2009JCLI3323.1
https://doi.org/10.1175/2009JCLI3323.1
https://doi.org/10.1175/JCLI-D-18-0085.1
https://doi.org/10.1175/JCLI-D-18-0085.1
https://doi.org/10.1175/JCLI-D-16-0599.1
https://doi.org/10.1175/JCLI-D-16-0599.1
https://doi.org/10.1175/JCLI-D-16-0214.1
https://doi.org/10.1175/JCLI-D-16-0214.1
https://doi.org/10.1175/JCLI-D-16-0214.1
https://doi.org/10.1038/s43247-025-02505-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Arctic wildfire carbon emissions strongly influenced by midsummer Tibetan Plateau precipitation
	Results
	Discussion
	Data and methods
	Data
	Leading mode of TP precipitation and East Asian jet stream index
	Numerical simulations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




