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Storylines reveal contrasting
thermodynamic effects of climate change
on 2020/21 East Asian cold extremes

Check for updates

Wenqin Zhuo1,2,3 , Antonio Sánchez-Benítez3, Marylou Athanase3, Thomas Jung3,4, Yao Yao5 &
Helge F. Goessling3

The changing character of mid-latitude cold air outbreaks in a warming climate remains unclear,
primarily due to uncertainty associated with changing atmospheric dynamics. Here, we employ an
event-based storyline approach in which the evolution of the large-scale atmospheric circulation is
nudged to reanalysis data at different global warming levels based on historical andmedium-to-high-
emission scenario simulations. We thereby quantify the thermodynamic climate-change effects of
pre-industrial, 2 °Cand4 °Cwarmer climates compared to present-day climate for three cold surges in
East Asia during winter 2020/21. The strongest warming occurs over northeast Asia, reaching up to
+12 °C in a+ 4 °C warmer climate and caused by the advection of less cold air from winter ice-free
regions in the Arctic, where surface air temperature increases by over +20 °C. In contrast, over
southern China, a moderate cooling is found from pre-industrial to present-day climates, due to the
observed increase in aerosol concentration, peaking by the mid-21st century and altering radiative
balances. This cooling effect is likely to persist well into a+ 2 °C-warmer climate; however, it may
become undetectable at the end of the 21st century (+4 °C warming). Our findings underscore the
important thermodynamic impact associated with Arctic amplification and cooling effect of aerosol-
induced changes in the radiation budget under a high aerosol emission scenario on East Asian cold
extremes.

Howwill climate change impactwinter extremeweather?This question is of
considerable scientific and public interest. In recent decades, despite
ongoing global warming and accelerated Arctic warming, i.e., Arctic
amplification1,2, mid-latitude continents continue to experience frequent
cold extremes inwinter3–5. This inevitably leads us towonder if andhowcold
extremes have already been influenced by climate change and how they
would unfold in a warmer future climate.

The event-based storyline approach provides a framework to
measure the effects of climate change on extreme weather6. A well-
established type of event-based storylines is the pseudo-global warming
(PGW)7,8 method based on regional climate models. In the PGW
approach, typically, factual simulations are generated using initial and
boundary conditions from reanalysis data, while counterfactual story-
lines are generated by adding perturbations (deltas) to the initial and

boundary conditions. The deltas are supposed to capture how climate
change would affect these conditions. The deltas can be highly idealised,
e.g., using a uniform temperature perturbation and assuming that rela-
tive humidity remains unchanged, or more sophisticated, e.g.,
3-dimensionally resolved fields of perturbations for temperature,
humidity, and possibly more variables, derived from CMIP (Coupled
Model Intercomparison Project) type climate model data7–9. However, in
either case, these deltas are not sensitive to the exact atmospheric cir-
culation andmeteorological conditions characterising a simulated event,
although such sensitivities can be substantial10,11. In contrast to PGW,
storyline simulations based on global climate models that nudge only the
large-scale winds from reanalysis data in different background climate
conditions overcome this limitation. They make it possible to estimate a
thermodynamical “climate change signal of the day” given a specific
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evolution of the large-scale atmospheric circulation in a more consistent
way. This is the approach we are following here.

Event-based storyline simulationsmake it possible to explore potential
climate scenarios for a specific circulation pattern with a high signal-to-
noise ratio. This is in contrast to analyses based on free-running simulations
which lack similarly close analogues in different climates due to internal
variability. Moreover, the well-established probabilistic attribution
approach12, basedonobservational or free-running climatemodeldata, does
not distinguish between thermodynamic and dynamic drivers of change,
with the latter being subject to considerable uncertainty because future
dynamical changes remain debated13. Instead, an event-based storyline
approach provides a clear picture of how climate change would affect spe-
cific extremeweather events through thermodynamic processes. The event-
based storyline approach has been used to assess various extreme events in
recent studies, including European heatwaves10,14, marine heatwaves15,
droughts16, Arcticmoist andwarm intrusions17 and precipitation events18,19.
However, how the thermodynamic component of climate change impacts
specific cold extremes remains unexplored.

In the winter of 2020/21, three striking and impactful cold-air out-
breaks successively burst acrossEastAsia20–23. Eachof these three cold events
was more intense than the previous one, and the third event set a new low
temperature record inmost of the observation stations in northern China20.
It has been suggested that the low Arctic sea ice extent in 2020 favored the
occurrence of these three cold outbreaks through stratosphere-troposphere
dynamic processes21. In addition, some external forcing such as SSTs have
important synergistic effects22,23. Thus, the occurrence of successive cold air
outbreaks may have been facilitated by preconditioned atmospheric
dynamic settings. Blocking, a critical influence system of extreme
weather24–26, especially for cold events, can act as a bridge linking warm
Arctic and cold continent27. However, as an important dynamic part of
atmospheric internal variability, blocking is challenging to simulate due to
itsnonlinearity28 and is usually underestimated inmodel simulations29–32On
the other hand, the link betweenArctic sea ice loss and themid-latitude cold
extreme weather is controversial and debated33–37, due to limited under-
standing and apparent inconsistency between observations and model
simulations38. Given the large uncertainty related to possible dynamical
changes, it is worth exploring how the Arctic sea ice variation, under the
same observational dynamic circulations in different climate backgrounds,
would impact these cold extremes in a thermodynamic way. In event-based
coupled storyline simulations, the circulation systems that lead to the
observed cold events are retained to isolate the thermodynamic effect of
climate change.

During the winter season, the state of the Arctic sea ice in future
projections is closely linked with the level of anthropogenic forcing39. Even
under low emissions SSP scenarios, Arctic amplificationmay continue to be
enhanced by the inertia of the still-existing sea ice albedo feedback40.
Therefore, in the context of continued global warming, the effects of Arctic
amplification on cold extremes in winter over the mid-latitudes is expected
to be an important factor. On the other hand, the variation of radiative
forcing since pre-industrial periods, induced by increased aerosol emissions
over East Asia41,42, is also an important thermodynamic component of cli-
mate change. Therefore, in this work, we aim to examine three questions by
employing storylines:
1. How would the three cold events in East Asia in 2020/21 winter have

unfolded in a colder preindustrial era?
2. How would these cold events unfold in possible future (e.g.,+2 °C or

+4 °C relative to preindustrial) warmer climates?
3. What causes possible differences in the spatio-temporal patterns of the

warming, and in how far do possible future changes resemble past
changes?

Here the evolution of atmospheric circulation patterns leading to these
three cold air outbreaks are reproduced in different climates via spectrally
nudged experiments10, thereby measuring the thermodynamic effects of
climate change on the cold event.

Results
We use storyline simulations performed with the coupled climate model
AWI-CM-1-1-MR43. These simulations, previously used to analyse heat-
waves over land10 and in the ocean15, are used here to analyse the winter
2020/21 East Asian cold events. Previous studies have evaluated the per-
formance of the AWI-CM-1-1-MR model, demonstrating reliable and
robust performance within the CMIP6 ensemble43,44. In the storyline
simulations, the observed free troposphere large-scale circulation (diver-
gence and vorticity, 100-700hPa) fromERA5 reanalysis data45 is imposed to
the model via spectral nudging in different background climates, following
historical forcings followed by the Shared Socioeconomic Pathway scenario
ssp370, which is a high greenhouse gas and high aerosol emission scenario.
All other parameters (small scale, thermodynamics, ocean-ice-atmosphere
interactions) are left to evolve freely according to themodel’s physics. Here,
we present storylines of thewinter 2020/21 cold events in four climate states:
Preindustrial (PI), present-day (PD), and2 °Cand4 °Cwarmerworlds,with
each time slice comprising five ensemble members to sample remaining
small-scale variability. See Methods for detailed information.

Assessment of nudged simulations in present-day climate over
East Asia
Before we examine the cold events storylines in various climate states, we
compare the nudged simulations in the present-day (PD) climate with the
ERA5 data to establish the skill of the storyline system in capturing the
essence of the observed extreme events (Fig. 1).Wefind similar temperature
and circulation patterns in our simulations and ERA5. Note that, although
we have nudged the dynamic part, here we are applying a relatively “soft”
nudging where not all wavenumbers and levels are constrained and where
the relaxation timescale is 24 hours, hence some discrepancies remain
between the PD and ERA5 atmospheric circulation, reflected by differences
in the 500hPa geopotential height fields (contour lines in Fig. 1). In the 2m-
temperature anomaly fields, the warm anomalies over the northern Eur-
asian continent in the nudged experiments are weaker than in ERA5 (Fig.
1a–f), which may be related to a cold bias over the Arctic region in the
nudged simulations which is also present in the free-runs43.

Fromthe timeseries of the 2m-temperature averagedover three regions
(Fig. 1g), three cooling events can be identified over southChina andmiddle
East Asia, each marked by temperature drops of increasing intensity. These
events align with a progressively strengthening 500-hPa blocking ridge and
downstream trough (Fig.1f), reflecting stronger dynamical forcing in the
later cases. Specifically, during the second and third cold case, Northeast
Asia diverges in its temperature evolution from the patterns observed in the
other two regions, indicating that it is located outside the core cooling
regions during these two events, while still experiencing relatively low
temperatures. Overall, despite some minor discrepancies with the reana-
lysed values, the temperature evolution over the three regions generally
exhibits a consistent evolution with high correlation, especially during the
periods of the three cold events. Therefore, the dynamic features and their
associated response at the surface are overall well captured by the nudged
simulations. The realistic representation of these extreme events justifies
examining potential alterations of these three cold events due to thermo-
dynamic effects of climate change with our methodology, by comparing
how these events unfold in the different climate background states.

Storylines of East Asian cold events in winter 2020/21
We examine the temperature change of cold events in different climate
states by comparing 4 °C warmer, 2 °C warmer and preindustrial (PI) cli-
mates with PD climate (Fig. 2). The degree of flow-dependence can be
inferred by comparisonwith the correspondingdifferences derived from the
free-running simulations (Fig. 2d, h, l). The 2m-temperature anomalies for
each climate relative to PD is shown in Supplementary Fig. 1, and the
amplitude of these changes compared to climatological changes (storylines
minus free-runs) in Supplementary Fig. 2. Twoprominent signals standout.
First, there is a strong warming over northeast Asia in the 4 °C-warmer
climate state, especially on 30 Dec (Fig. 2b), which is weaker in the free-run
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simulations (Fig. 2d), suggesting the presence of a flow-dependent signal
specific to this cold extremeevent (SupplementaryFig. 2b). Second, there is a
weak but consistent cooling over South China between PI and PD (Fig. 2i, j,
k), with additional cooling between PD and 2 °C for the first event (Fig. 2e).
Third, over central East Asia, where the cold events have their peak, no
further warming or cooling amplification appears when compared with
free-run changes (Supplementary Fig. 2), meaning that the changes are in
linewith the average regional and seasonal climatewarming patterns, that is
flow-dependent climate change seems toplay aminor role in this area.Based
on these three features, we examine three regions more closely: northeast
Asia (rectangle C), which is outside of themain region of the cold event but
exhibits strong warming and flow-dependent amplification; middle East
Asia (rectangle B) with changes close to the climatological regional changes;
and South China (rectangle A) with weak cooling between PD and PI.

Consistent with the regional pattern (Fig. 2a–c), in a 4 °C warmer
climate, the ensemble-mean temperature exhibits much stronger warming
in Northeast Asia (Fig. 3a) compared to the more southern regions
throughout December and January (Fig. 3b–c), with the timeseries closer to
the free-runs warming. This phenomenon is consistent with a stronger
influence of Arctic amplification in the North. Specifically, over Northeast
Asia (Fig. 3a), on 30 Dec 2020 the 2m-temperature in PI, PD and 2 °C
warmer climate remains well below the free-run climatology. But when it

comes to the 4 °C warmer climate the anomaly is minimal. This is a con-
sequence of a warming anomaly locally above 12 °C, with a high signal-to-
noise ratio and amplified relative to the mean warming (Fig. 2d). Thus, this
warmingamplificationbeyond the climatologicalwarmingderived fromthe
free-runs (Figs. S2b) in fact turns the second event, characterised by cold
anomalies in thePI, PDand2 °Cwarmer climates, intoa situationwith close
to neutral anomalies in a 4 °C warmer climate (Fig. 3a) for the same large-
scale circulation. This suggests that what used to be cold-air intrusions from
the Arctic over Northeast Asia might bring rather milder conditions in a
4 °C warmer climate. In the third cold case, however, the warming is rela-
tively weak and similar to the free-run (Fig. 2c, d, Supplementary Fig. 2c and
Fig. 3).

Over Middle East Asia (rectangle B in Fig. 2), the storyline-based
warming is similar to the climatological warming of the free-runs in all
climate states, including for the three progressively intensifying temperature
drops.Therefore,despite beinga core regionof cold events,MiddleEastAsia
does not exhibit the strongly flow-dependent temperature amplification
beyond the regional warming that we find for northeast Asia.

In contrast, over southern China (rectangle A in Fig. 2), where there is
partly weak cooling instead of warming in PD climate compared to PI, the
nudged simulations in PI, PD and 2 °C overlap for most of the time period
(Fig. 3c), indicating that the cold anomalies (Fig. 2i–k) are not a temporal
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Fig. 1 | Comparison between ERA5 and AWI-CM1 present-day simulations with
nudging. a–c ERA5 Daily mean 2 m air temperature anomalies (shading, °C) and
500-hPa geopotential height (contour, m) for three days corresponding to cold
events in East Asia. d–f Same as in a–c but for present-day nudged simulations. The
rectangles A, B, C denote South China, Middle East Asia and Northeast Asia,
respectively. g Domain-averaged time series of 2m-temperature over the three

regions during winter 2020/21. The shading for the nudged simulations shows the
five-member ensemble spread. The correlation coefficients between ERA5 and
the nudged simulations for each region are shown in the top left in
corresponding colour, with * indicating significance at the 99% confidence level.
Vertical dashed lines indicate the representative days of the three cold events
depicted in a–f.
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exception. In fact, significant warming in South China in PD relative to PI
climate is largely absent also in the free-runs (Fig. 2l). Comparing the
storyline-based temperature change to the climatological change based on
the free-runs reveals a weak warming dampening over South China in a
4 °C-warmer scenario (Supplementary Fig. 2a–c). As a consequence, even in
a 4 °C-warmer climate, the temperature over south China during these
events may remain below the PD climatology.

In the above analysis, we have shown the thermodynamic effects of
climate changes on the winter 2020–2021 cold events, with a strong
warming over Northeast Asia and a global warming dampening or even a
slight cooling over South China. In the following, we examine processes
driving these two contrasting responses.

The role of Arctic sea ice decline
The state of Arctic sea ice in the coupled nudged storyline simulations has
been examined in a previous study10. Overall, the nudged experiments
effectively capture the mean distribution of Arctic sea ice (Supplementary
Fig. 3), although there are positive sea-ice concentration biases over parts of
the ice-edge region that appear also in the free-running model43. Never-
theless, the simulations alsobroadly capture the observed internal variability
of the sea-ice distribution10.

According to the storyline simulations, dramatic sea ice loss occurs in a
4 °C-warmer climate (Fig. 4). The seasonal ice near theEurasian continent in
the Kara, Laptev, East Siberian and Chukchi Seas, and parts of the perennial
ice are completely absent in early winter (Fig. 4a), which is a more pro-
nounced reduction compared to the free-runs (Supplementary Fig. 4). The
difference in sea ice reduction between nudged simulations and free-runs is
closely related to the warming pattern under specific circulation (Supple-
mentary Fig. 5). A strong warming by up to +20 °C occurs in regions that
were formerly ice-covered but open ocean in a 4 °C warmer climate

(Supplementary Fig. 5a–d). This is consistent with the key role of sea ice
retreat inArctic amplification.Many studies have pointed out that theArctic
is projected tobecome seasonally ice-free in summer in thenear future39,46. In
the late winter season, only the Barents Sea is expected to be completely ice-
free by the end of the century under high emission scenarios46, but the
seasonal recovery of the ice in the Eurasian shelf seas occurs later as the
warming proceeds, as simulated in the free-runs (Supplementary Fig. 4).
Therefore, the prospect of occasionally ice-free conditions in the Arctic shelf
seas in thewinter seasonmight have strong impacts onEurasian cold events.

According to the air flows in the lower troposphere over the Arctic
region, we can identify three distinct cold air paths during the considered
events. In the first case, cold air is advected mainly from the west (Fig. 4a).
These airflows partly come from a cyclonic system over northern Eurasia
and partly originate from a ridge over theUralMountains. Since only a part
of the air flow passes through the Arctic region, Northeast Asia exhibits
relatively mild warming in this case (Fig. 2a). In the second case, a blocking
ridge extends into the Arctic region and brings cold air mainly from the
north (Fig. 4b), passing through the Laptev Sea area which is ice free in the
4 °C warmer climate. These airflows are due to the strong blocking that
persisted for several days (Fig. S6). Meanwhile, the air masses mainly came
from the ice-free Chukchi sea. The air-mass origin can explain the pro-
nounced warming over Northeast Asia during the second event, as much
milder cold air comes from regions of theArcticOcean (Supplementary Fig.
5) that used to be ice covered but may become ice-free in a 4 °C warmer
climate.During the third case, which exhibits theweakestwarming (Fig. 2c),
air is advected mainly by northwesterly flow that originates partly in the
Central Arctic (Fig. 4c). This event occurred later in winter, when most of
the Arctic Ocean is frozen even in the 4 °Cwarmer climate, and the air does
not pass regions with reduced sea-ice cover as much as during the second
event.Therefore, the cold air transportedby the airflow in the third casedoes

Fig. 2 | Changes in 2m-temperature (°C) of storylines scenarios in the three cold
events. a–c +4 °C minus the present-day (PD), e–g +2 °C minus PD, and i–k PD
minus preindustrial. The right panel (d, h, l) denotes the average of December and
January of the smoothed free-run simulations. The rectangles A, B, C in (a) denote

South China, Middle East Asia and Northeast Asia, respectively. Dotted regions
denote non-overlapping ensembles, indicating a high signal-to-noise-ratio and
statistical significance (p < 0.008).
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notwarmup to the same extent as in thefirst and second cases, resulting in a
less pronouncedwarming over northeastAsia. For the PDand 2 °C-warmer
climates, however, the seasonal sea ice over high latitudes is almost unaf-
fected (Supplementary Fig. 7), hence the warming amplification is not that
clear during the three cold events (Fig. 2).

Shortwave radiative effects
While greenhouse gases primarily warm the surface through interaction
with longwave radiation, transient aerosols and thermodynamic feedbacks
in particular related to clouds canmodify the surface response also through
interaction with shortwave (solar) radiation. We find that the preindustrial

Fig. 3 | Evolution of 2m-temperature in three East Asian regions. 2m-temperature
time series (°C) domain-averaged over (a) northeast Asia (48°N-63°N,115°E-140°E),
(b) middle East Asia (30°N-48°N,102°E-122°E), and (c) South China (21°N-
30°N,102°E-122°E), as outlined by the three rectangles in Fig. 2. Shading spans the

range from the minimum to maximum values obtained from the five-member
ensembles, and the solid (dashed) lines denote ensemble-mean values of the nudged
storylines (free-runs). The vertical dashed lines denote the central days of the three
cold events.
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climate exhibits the highest downward net solar radiation over South China
in both the nudged and the free-runs (Fig. 5a). In contrast, the 2 °C warmer
and PD climates exhibit mostly lower net solar radiation, which is also
noticeable in the free-runs (dashed lines in Fig. 5a). This reduced net solar
radiation in PD and 2 °Cwarmer climates compared to PI periods coincides
and therefore most likely drives the cooling over southern China.

Given that the surface net shortwave radiation is closely related to the
cloud density, which can directly block the incoming solar radiation, we
further examine the state of the total cloud cover (Fig. 5b). In the free-runs,
warmer climates feature a reduction of the cloud cover (dashed lines in Fig.
5b); in the nudged simulations, however, except for the first case (14 Dec),
there is no robust difference. Cloud reductions may thus explain some

Fig. 4 | The role of reduced Arctic sea ice concentration. a–c Sea ice concentration
difference fields between 4 °C and PD (shading) and 850-hPawind vectors in the PD
climate storyline simulations (vectors, m/s). Purple contours denote the

climatological 15% sea ice concentration. The black box denotes the Northeast Asia
region. Streamlines that have passed through the Arctic region and reached
Northeast Asia are highlighted by orange vectors.

Fig. 5 | Effect of shortwave radiation on changes in
the East Asian cold events. Time series of (a)
downward net surface solar radiation (W/m²) and
(b) total cloud cover over South China. Shading
spans the range of the minimum/maximum values
obtained from thefive-member ensembles, and solid
(dashed) lines denote the ensemble-mean from the
nudged runs (free-runs). (c–e) Difference fields of
surface downward solar radiation (W/m²) in clear-
sky conditions between different climates, averaged
between December and January. Black rectangles
denote the South China region.
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shortwave-relatedwarming in the free-runs, but the overall reduced surface
shortwave heating does not seem to be related to clouds.

The downward solar radiation under clear-sky conditions (Fig.
5c–e, averaged for December and January) reveals a strong negative
difference over the whole of South China in present-day compared to
preindustrial conditions (Fig. 5c). The shortwave radiation continues to
decrease towards a 2 °C warmer climate (Fig. 5d), and slightly recovers
towards a 4 °C warmer climate (Fig. 5e), although remaining at lower
values than in PI. The striking change of the clear-sky shortwave
radiation in the PD compared to the PI climate suggests a strong direct
aerosol effect. The spatial pattern of the decreasing downward solar
radiation is consistent with the change pattern of aerosol optical depth
over South Asia over the last decades42,47–49. Many studies have high-
lighted the non-negligible offsetting cooling effect of aerosols on
greenhouse gas-induced global warming, especially over China41,50. It
should be noted that the ssp370 scenario is a high aerosol emission
scenario51, where the emission of aerosols is expected to peak in the mid-
21st century. In the 1980s, the aerosol-induced cooling effect could offset
up to 80% of greenhouse gas-induced warming, whereas, according to
ssp370 scenarios, this counterbalancing effect is expected to decrease to
only 5-10% by the end of this century50. This is consistent with the
positive changes in the downward solar radiation in the 4 °C warmer
climate (Fig. 5e) relative to PD, when warming clearly dominates also in
South China (Fig. 2a–d). Our results corroborate that the altered
shortwave radiation balance between PD and PI climates induced by
direct aerosol forcing has overcompensated the otherwise expected
warming in this area, not only in general but also during the specific cold
events 2020/21 considered here. This cooling effectmight persist in a 2 °C
warmer climate, but in a 4 °C warmer climate with reduced air pollution,
cold events in winter over South China associated with circulation pat-
terns like those in 2020/21 would experience a pronounced ubiquitous
warming.

Discussion and conclusions
In this work, we develop storylines of three successive cold events in East
Asia during the winter 2020/21 using nudged climate model simulations.
This relatively newmethod allows us to quantify the thermodynamic effects
of climate change on cold extremes, by fixing the dynamical component of
the atmospheric circulation to the observed one through spectrally nudged
experiments10. The storylines reveal how this series of cold events might
haveunfolded in a colder preindustrial era, andhow the eventsmight unfold
in warmer climates undergoing 2 °C and 4 °C global-mean temperature rise
relative to preindustrial conditions. Future alterations of East Asian cold
extremesmayhave important socio-economic impacts given their relevance
for agricultural production and human health.

We find two distinct and contrasting thermodynamic effects of climate
change that influence cold events in East Asia. One is the prominent Arctic
amplification effect in a 4 °C warmer climate, which could result in the
strongest warming, locally exceeding +12 °C over Northeast Asia. This is
related to reduced Arctic sea-ice cover in a 4 °C warmer climate. Conse-
quently, when the northerly winds of a strong blocking ridge pass through a
newly sea ice-free region, where the near-surface warming would exceed
+20 °C, the previously very cold air entering East Asia would becomemuch
warmer. This leads to pronouncedwarming amplification inNortheastAsia
and greatly diminishes the amplitude of the temperature drop during such
an event. In the 2 °Cwarmer scenario, the seasonal sea ice and the associated
lower temperatures in the relevant regions still tend to return earlier in
winter, so the event-specific warming amplification in East Asia beyond the
climate background warming is more modest. These results highlight the
key influence of seasonal sea ice retreat and Arctic amplification on
downstream land regions under strong warming scenarios.

Another thermodynamic effect explored here is associated with
decreased net downward solar radiation over South Asia, resulting in a
moderate cooling over South China in present-day climate compared to
preindustrial for the considered events. This altered radiation balance is

related to an increase in aerosol precursor emissions42,48,49, which is projected
to peak around the mid-21st century50, a few years after the 2 °C-warmer
climate is reached in AWI-CM with the ssp370 scenario. Therefore, this
cooling effect may still largely compensate for the warming by greenhouse
gases when similar cold events occur in amid-century 2 °C-warmer climate,
but would bemuchweaker than the warming by greenhouse gases in a 4 °C
warmer climate. Given that the magnitude of aerosol forcing has been
shown to be strongly model and scenario dependent52, this aspect merits
attention in future studies and model developments.

In conclusion, we have identified Northeast Asia as a region prone to a
strong flow-dependent climate warming in winter. This is consistent with
previous finding11 which suggests that the acceleratedwarming of northerly
winds caused by Arctic amplification is faster than that of the southerly
winds, thereby decreasing the temperature variance in the cold season.
Additionally, the weakening of the wintermonsoon due to enhanced sea ice
decline, neglected here by the prescribed atmospheric circulation, may
further warm winters in East Asia53. We have quantified how mechanisms
related to Arctic amplification and the associated temperature variance
would affect cold extremes analogous to the winter 2020/2021 events.
Among the three cold events, the second case, characterised by a northerly
cold air path, experiences the strongest influence fromArctic warming. As a
common and most influential cold wave path over East Asia, the northerly
path is projected to continue causing future Arctic air intrusions54. The
global warming level at which these air intrusions become much warmer is
linked to the timing of the seasonal ice retreat near the Eurasian continent.
The ice in these regions is dramatically reduced in a 4 °C-warmer climate,
which leads to the warming cold air intruding into northeast Asia. This
highlights the potential influence of seasonal ice variations on Eurasian
extreme winter weather.

Asdemonstrated inprevious studies6,19, storylines donot showchanges
in theprobability of cold events as in conventionalmodel simulation studies,
but rather help understanding the thermodynamic effects of climate change.
Through the cold-event storylines examined here, we underscore the key
role of Arctic amplification in a 4 °C-warmer climate in high-latitude
regions, and aerosol-related radiation balance alterations under present-day
and 2 °C-warmer climate states in lower latitudes under specific circulation
conditions, at least in a high aerosol emission scenario. While the storyline
approach does not account for potential dynamic responses of atmospheric
circulation to climate change and their effects on extreme weather, our
findings provide critical insights into how the thermodynamic effects of
Arctic amplification and radiation budget change induced by aerosol
emissions may influence extreme cold events through a storyline-based
perspective.

Methods
Storyline simulations
Weuse simulationdata basedonAWI-CM-1-1-MR43,which contributed to
the Coupled Model Intercomparison Project Phase 6 (CMIP6)55 and
employs the ECHAM6.3.04p1 atmospheric model56,57 coupled to the Finite
Element Sea Ice–Ocean Model (FESOM) v.1.456. We have extended the
simulations from previous work10 until 2021, which cover the East Asian
cold events in 2020/21. The model’s atmospheric circulation is constrained
by nudging the vorticity and divergence based on the ERA5 dataset with a
relaxation timescale of 24 h and a spectral truncation of 20 on zonal
wavenumbers. Only vertical levels between 700-hPa and 100-hPa are
nudged. We select four simulated climate conditions in which 2017–2021
dynamics are imposed: Preindustrial (PI) climate, branched from the 1851’s
of historical CMIP runs58,present-day (PD) climate, branched from the
Shared Socioeconomic Pathway scenario ssp370 runs43 on 1st January 2017,
and 2 °C and 4 °C warmer climates relative to preindustrial branched from
the ssp370 scenario when these warming levels are reached (i.e., 1st January
2038 and 1st January 2093, respectively). Accordingly, the target time of
2020/21 cold events in the nudged simulation corresponds to the winter of
1854/55, 2020/21, 2041/42, 2096/97, when a stabilization has been reached
after a certain spin-up period. For each different time slice we use five
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ensemble members of nudged runs, branched from the five CMIP6
ensemble members available from AWI-CM-1-1-MR.

Free-run simulations
We use the ensemble mean of the five historical CMIP6 simulations and
ssp370 scenario based on themodel AWI-CM-1-1-MR, referred to as “free-
run’, for comparison with the nudged simulations43,59,60. The free-runs
contain their own randomrealisation of internal variabilitywithout external
dynamic forcing. Consistent with the nudged simulations, the target time of
2020/21 cold events in the free-run simulations corresponds to thewinter of
1854/55, 2020/21, 2041/42, 2096/97, with a 31-day running mean to the
multi-year climatologyderivedby averagingover thefive available ensemble
members. Previous studies have systematically evaluated the performance
of CMIP6 models and identified AWI-CM-1-1-MR as a relatively realistic
model44,61. Themodel climatology is not strongly affectedby thenudging10,15,
enabling direct comparisons between the nudged simulations and the
free-runs.

Reanalysis data
We use daily 2m-temperature and 500-hPa geopotential height from ERA5
reanalysis data to conduct results comparison between present-day climate
in nudging experiment and observational dataset.

Anomalies and climatology
The 2m-temperature anomalies of the nudged data in all scenarios are
determined by subtracting the climatology for the period 1985–2014.
The climatology is calculated as the ensemble mean of the five historical
free run simulation. To minimise sampling effects, we apply a 31-day
running mean to the multi-year climatology derived by averaging over
the five available ensemblemembers. The same time-filtering way is used
for the ERA5-based climatology required to calculate ERA5-based
anomalies. When comparing the different climate periods, the free-run
climatology is calculated using an 11-yr centered moving window
average from the free-runs.

Storyline, event-specific change and study regions
The storyline of cold events denotes the changes of a given parameter in
winter 2020/21 at 4 °C, 2 °C warmer world and PI climate compared to
PD climate. An event-specific change refers to a warming or cooling
feature observed when baseline global warming extent, i.e., the clima-
tology background, is subtracted from the storyline warming. Warming
amplification indicates a greater warming in storyline compared to the
climatological mean10,15. Accordingly, we divided the study regions into
three areas according to regional event-specific change characteristics:
Northeast Asia (48 °N-63 °N,115 °E-140 °E), which shows strongest
warming amplification in a 4 °C-warmer climate (Fig. 2a–c); middle East
Asia (30 °N-48 °N,102 °E-122 °E), similar to the climatological warming
of the free-runs results (Fig. 2e–g); and South China (21°N-30 °N,102 °E-
122 °E), which has weak cooling in PD and 2 °C-warmer climate com-
pared to PI world (Fig. 2i–k).

High signal-to-noise-ratio
When analysing the storyline simulations, we quantify climate change
signals by comparing each climate state (e.g., PI or 4 °C-warmer cli-
mate) to the PD baseline. For a given grid point, we define statistically
robust signals as regions where the five-member ensemble ranges of
two compared climates show no overlap. ‘No overlap’ means, for
example, that the minimum value across all members in a 4 °C-warmer
climate is greater than the maximum value across all members of the
PD climate. This strict non-overlap criterion (equivalent to a two-sided
Wilcoxon test p-value of 0.008) identifies areas with high signal-to-
noise ratios, indicating event-specific amplification where warming
signals consistently dominate internal variability across all ensemble
members15.

Data availability
The data of the nudged experiments are stored in the supercomputer
Levante atDKRZand are available online (Zenodo: https://doi.org/10.5281/
zenodo.13984784). Data from the AWI-CM-1-1MR free-runs are available
fromtheEarth SystemGridFederation (ESGF)datanodes (e.g., https://esgf-
data.dkrz.de/search/cmip6-dkrz/). ERA5 reanalysis data used in this study
can be accessed from the Copernicus Climate Data Store (C3S).

Code availability
The source codes for the analysis of this study are available from the cor-
responding author upon reasonable request.
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