nature communications

Article

https://doi.org/10.1038/s41467-025-63727-1

Intensification of extreme cold events in East
Asia in response to global mean sea-level rise

Received: 21 November 2024

Accepted: 28 August 2025

Published online: 30 September 2025

Caoyi Dong ®"?, Zhongshi Zhang ® 34°
Stefan Pieter Sobolowski ®2°, Odd Helge Ottera®®, Antonio Bonaduce ®’,
Jiping Xie®”, Roshin P. Raj®’, Yong Liu®"?, Bo Liu'® & Mingna Wu®"?

, Noel Keenlyside ®°”7,

M Check for updates

Today, the global mean sea level (GMSL) stands ~ 20 cm higher than at the

beginning of the last century, and the rate of sea-level rise has been accel-
erating in recent decades. Even a slight, globally uniform sea-level rise can
notably impact atmospheric and oceanic circulations at climatic and poten-

tially synoptic scales. However, the extent to which sea-level rise will influence
extreme weather remains largely unknown. Here, we focus on East Asia and
conduct climate model experiments to investigate the effects of GMSL rise on
winter cold extremes. Our experiments demonstrate that GMSL rise promotes
stronger and more frequent extreme cold events, and this influence is expec-
ted to strengthen significantly in the coming century. This effect is attributed
to weakened mid-high latitude westerly winds and increased occurrence of
blocking events over Eurasia. Our study presents evidence that GMSL rise can
modify synoptic systems and intensify extreme events, suggesting that both

coastal and inland countries are exposed to threats arising from GMSL rise.

Global mean sea level (GMSL) rise is a non-negligible factor in present
and future climate systems. GMSL has risen by ~0.2 m over the past
century and is projected to rise further by 0.38 m (0.77 m) by 2100
under the SSP1-1.9 (Shared Socio-economic Pathways; SSP5-8.5)
scenarios’, reflecting sea-level commitment from past, present and
future emissions’. Observations reveal that the rise of GMSL over the
past century has magnified flooding in coastal regions®. Furthermore,
recent research indicates that this slight (in tens of centimeters)
globally uniform sea-level rise is strong enough to alter large-scale
atmospheric and oceanic circulations®, particularly at mid-high lati-
tudes. As a result, GMSL rise can modulate global climate and poten-
tially impact regional weather systems. However, how sea-level rise
influences synoptic systems or extreme weather/climate events is lar-
gely unknown.

Here, we use winter extreme cold events in East Asia as an
example to address the impact of sea-level rise on synoptic systems. In
recent years, East Asia has experienced unprecedented cold winters
and increased extreme weather events’”. For example, in 2020/2021,
an extreme cold event occurred, resulting in record-breaking low
temperatures at over 60 meteorological stations in China and causing
local transportation and electric systems to break down®™. In 2022/
2023, an extreme cold event killed at least four persons in Japan and
the Korean Peninsula>”. Moreover, in December 2023, numerous
regions in China witnessed the largest recorded temperature drop.
Recent studies suggest that these extreme cold events were linked to
large-scale atmospheric circulation anomalies—such as Ural blocking—
which are modulated by Arctic Sea ice' ' and oceanic variability in the
Atlantic and Pacific®* .
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Considering this context, we conducted eight sea-level sensitivity
experiments with different levels of GMSL rise, encompassing both
recent historical conditions (SL0.15-0.3 m) and projected future sce-
narios (SL0.625 m or more, Methods). Here, GMSL rise is represented
by a globally uniform uplift of the ocean reference surface—an idea-
lized but scientifically justified simplification®. In all SL experiments,
GMSL rise was imposed at the start of the simulation and remained
fixed throughout the integration. We also performed one pre-
industrial (PI) control run and one experiment without sea-level rise
(SLOm). All experiments were run for 2200 model years, with analyses
focusing on the last 200 years of the model output.

Results

Increased winter extreme cold events in East Asia

Our sensitivity experiments have revealed that as GMSL rises, East Asia
experiences a greater intensity and higher frequency of extreme cold
days (ECDs) (Fig. 1a, b). ECDs are defined as days with mean tem-
peratures below the 10th percentile (Methods). When GMSL rise is
below 0.3 m, the intensification of ECDs remains limited (Fig. 1a, b large
dots). A GMSL rise of 0.625 m marks the onset of significant increases
in both cumulative intensity and frequency (Fig. 1a, b small dots). When
GMSL rise exceeds 1.25 m, the increases in both metrics remain con-
sistently significant (Fig. 1c, d). However, it is important to note that the
relationship between the response of ECDs and sea-level rise is non-
linear (Supplementary Fig. 1-3).

b Frequency

Synoptic-scale atmospheric responses to GMSL
Extreme cold events in mid-high latitudes are often associated with the
generation and maintenance of blocking anticyclones characterized by
aweakening of mid-latitude westerly winds on sub-seasonal timescales
(10-20 days). Here, our experiments reveal that the sea level rise can
cause prolonged persistence of blocking circulation and associated
cold extremes in East Asia. Analyses utilizing Self-Organizing Maps®®
(SOM, Methods) show that a specific synoptic pattern (SOMI, Fig. 2a)
in winter favors the ECDs occurrence in East Asia (Fig. 2b). The SOM1
field exhibits a north-positive/south-negative dipole at 500 hPa geo-
potential height, similar to a blocking circulation (compare Fig. 2a and
Supplementary Fig. 4). Compared to the SLOm, the frequency and max
persistence of SOMI increases in almost all sea-level experiments
(Fig. 2c). The increase in max persistence can be significant (90%
confidence level) even when the GMSL uplift is only tens of cen-
timeters (Fig. 2c asterisk). Although the behavior in SOML1 is non-linear,
the consistent increase in frequency and max persistence provides
robust evidence showing the influence of GMSL rise on the synoptic
scale. Meanwhile, the other two patterns (SOM2 and SOM3), which
reduce East Asian winter ECDs, have their frequency and max persis-
tence declining in most sea-level experiments (Supplementary Fig. 5).
Further SOM analyses demonstrate the SOM1 field consists of
three clusters related to blocking, with a positive geopotential height
anomaly appearing over Northern Europe in SOML1 (Supplementary
Fig. 6d), over the Ural Mountains in SOM1.2 (Supplementary Fig. 6e),
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Fig. 1| Intensification in extreme cold events due to global mean sea level rise.
a The number of sea-level experiments that generate increased cumulative inten-
sity of winter (DJF) extreme cold days at each land model grid. All results are based
on the 200-year mean of each experiment. b As in (a), but for frequency. The large
dots indicate that in the SL0.15 m/0.3 m, significant changes are simulated in each
land model with a confidence level greater than 90% (t-test). The small dots indicate
additional regions where significant changes emerge in the SL0.625 m. The stip-

pling indicates that at least one (small dots) and two (large dots) sets of low sea level
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rise experiments (SL0.15-0.625 m) simulate a significant change with a confidence
level greater than 90% (t-test) at each land model. ¢, d display the cumulative
intensity and frequency, regionally averaged in the deep blue regions within the
box surrounded by black dash lines in (a) and (b). The solid (hollow) dots indicate
the mean change is significant (insignificant) at a 90% confidence level (t-test)
compared to the SLOm experiment. Note the cumulative intensity and frequency
from our pre-industrial experiment are 17.6 °C and 9 days; the cumulative strength
results are taken as absolute values for better demonstration.
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Fig. 2 | Specific atmospheric circulation field favoring extreme cold days in
East Asia. The Eurasian winter circulation patterns in the sea-level experiments are
divided into three clusters (SOM1, SOM2, SOM3) at a synoptic scale. a The winter
(DJF) anomalies in geopotential height (shade, gpm) and wind (arrows) fields at
500 hPain SOML. b The changes in frequency of extreme cold days (shading, %) and
surface air temperature (contours of =2 and —4 °C) under SOML. ¢ The variations in
the frequency and max persistence (days) of SOML1 in the sea-level rise experiments
relative to SLOm. The asterisk indicates a significant change (90% confidence level
with t-test) in the mean value compared to SLOm. All results are based on the
200-year mean of each experiment.

and over Eastern Russia in SOM1.3 (Supplementary Fig. 6f). They cor-
respond to three important typical blockings: high-latitude European
blocking®, Ural blocking®, and Okhotsk blocking®. These blockings
reinforce the trough-ridge structure over Eurasia for an extended
period—a week or even longer—thus allowing more transport of cold
air masses from the Arctic into East Asia****. Compared to the SLOm,
the frequency of SOML1 and SOMI1.3 enhances in most sea-level
experiments, whereas the appearance of SOM1.2 is more dominant in
the SLO.3 m and SL2.5 m experiments (Supplementary Fig. 6g).

The increased occurrence of blocking events (BE) over Eurasian
mid-high latitudes explains much of the intensification in East Asian
ECDs. As sea-level rise, winter background westerly winds weaken
(Fig. 3a), allowing larger-scale eddies to become stationary®, which
favors the development of BE (Fig. 3b and Supplementary Fig. 7).
Meanwhile, the mid-latitude potential vorticity gradient weakens with
rising sea-level, suggesting a more non-linear response of BE*. The
heightened occurrence of BE in these regions can explain up to -45% of
enhanced ECDs cumulative intensity (R> = 0.45, Fig. 3c), as well as ~49%
of the heightened ECDs frequency (R*=0.49, Supplementary Fig. 8).
Notably, even when excluding the effect of high sea-level rise
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Fig. 3 | Relationships between blockings and extreme cold events. a The
anomalies in geopotential height (shading, gpm) and wind (arrows) fields at

500 hPa, composited in the sea-level experiments in winter, relative to SLOm. The
stippling on shading and black arrow indicate that all sea-level experiments agree
with the sign of the ensemble mean anomalies. The results of each experiment are
shown in Supplementary Fig. 9. b The number of sea-level experiments that gen-
erate an increased blocking frequency at each land model grid in winter (DJF). The
increase in blocking frequency in Northern Europe and Eastern Siberia consistently
corresponded with the increase in SOM1.1 and SOML.3 across all sea-level experi-
ments. ¢ The linear regression between the frequency of blocking events in
0-150°E, 55-75°N, and cumulative intensity of extreme cold days in East Asia. The
light/deep blue lines show the linear fits by the SL0O-2.5/0-20 m experiments, and
the shadows show a 90% confidence interval. All results are based on the 200-year
mean of each experiment.

experiments (0-2.5m), our conclusion is still robust (light blue lines
in Fig. 3¢).

Hemispheric-scale atmospheric responses

The weakening of westerly winds in Eurasian mid-latitudes is closely
connected to the significant warming in the North Pacific (Supple-
mentary Fig. 10), driven by rising sea-level. This surface warming can
generate significant positive geopotential height anomalies through
both thermal and eddy forcing (Supplementary Fig. 11), thereby trig-
gering an eastward-propagating Rossby waves—a mechanism sup-
ported by prior studies””. As a result, wave-train-like anomalies
appear at the Northern Hemisphere mid-high latitudes (Fig. 4a). A
positive geopotential height anomaly extends from Northern Europe
to Eastern Russia, while a negative anomaly develops over East Asia,
indicating a weakening of both the westerly winds and the meridional
potential vorticity gradient in the mid-high latitudes. These anomalies
exhibit an equivalent barotropic structure (compare Fig. 3a and
Fig. 4a), consistent with previous results due to the North Pacific sur-
face warming®.
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Fig. 4 | Adjustments in large-scale atmospheric circulation. a The anomalies in
the 200 hPa geopotential height (shading, gpm) and horizontal wave activity flux
(arrows, using the climatological wind of SLOm as the background wind), com-
posited in the sea-level experiments in winters, relative to SLOm. b As in (a), but for
the average temperature (shading, °C) and atmosphere energy transport (ET,
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arrows) between 850 hPa and 500 hPa. ¢, As in (a), but for the geopotential height at
53 hPa. The stippling on shading and black arrow indicate that all sea-level
experiments agree with the sign of the ensemble mean anomalies. The results of
each experiment are shown in Supplementary Figs. 12-14. All results are based on

the 200-year mean of each experiment.

Meanwhile, such responses in large-scale atmospheric circula-
tions strengthen the poleward atmospheric energy transport, con-
tributing to the regional warming of the Arctic. When sea-level rises,
the anticyclonic anomaly over Eastern Siberia transports more energy
into the Arctic near 100°E (Fig. 4b black arrows). This enhanced
poleward energy transport can warm the Arctic troposphere while
cooling the East Asian troposphere* (Fig. 4b shading), which reduces
poleward temperature gradient, thus favoring the weakened westerly
wind as well as the enhanced occurrence of BE.

In addition, another response due to the North Pacific warming
appears in the polar vortex (Fig. 4c). Due to the weakened zonal
wavenumber-1 waves in response to North Pacific warming (Supple-
mentary Fig. 15), the polar vortex shifts towards North America and
away from the Eurasian continent* *, further promoting blocking
events and enhancing cold air intrusion in East Asia***>**,

Atmosphere-only experiments
Our atmosphere-only experiments affirm the significant influence of
North Pacific warming on ECDs in East Asia (Methods, Supplementary
Table 1). When winter sea surface temperature (SST) anomalies from
the North Pacific are introduced without additional modifications in
these atmosphere-only experiments, a notable intensification of ECDs
emerges (Fig. 5). Remarkably, these responses remain significant even
when utilizing winter SST anomalies from coupled experiments fea-
turing small GMSL rise in centimeters (Fig. 5 white dot).
Furthermore, our atmosphere-only experiments confirm the key
mechanisms driving the intensification of ECDs. The experiments
reveal a decrease in westerly winds and an increase in BE in the mid-
high latitudes of Eurasia (Fig. 6), resulting in intensification of ECDs.

These changes are closely linked to tropospheric wave-train-like
anomalies, Arctic warming, and polar vortex shift, driven by North
Pacific warming (Supplementary Fig. 18).

Discussion

Our study highlights the effect of GMSL rise on synoptic systems. Even
a small uniform sea-level uplift - one aspect of GMSL rise - can pro-
mote stronger and more frequent winter extreme cold events in East
Asia. Furthermore, this study suggests that the responses of winter
extreme cold events are probably nonlinear within the magnitude of
current and projected GMSL change by the end of this century. The
non-linear relationship is related to the variable circulation pattern,
partly stemming from the inherent complexity of the climate system,
such as the nonlinear changes in SST*** and blocking events*°.

Considering the GMSL rise, the potential significance of North
Pacific warming in influencing winter extreme cold events in East Asia
in the future becomes evident. In our coupled sea-level experiments,
the simulated North Pacific warming correlates with enhanced north-
ward oceanic heat transport and a linear increase in water flow through
the Bering Strait* (Supplementary Fig. 20). These simulated changes
appear robust and are further supported by recent data indicating a
rising net water flux through the Bering Strait in ~0.010 Sv/year"’.

At the same time, several limitations of our simulations should be
acknowledged. First, our coupled sea-level experiments have been
conducted over a span of 2200 years, a duration sufficient to induce
substantial warming in the North Pacific. In the upcoming century, the
warming in this region due to sea-level rise may exhibit a slower rate
and a smaller magnitude. Second, while our simulations effectively
capture the long-term responses to GMSL rise, they do not account for
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Fig. 5 | Intensification in extreme cold events due to North Pacific warming.
a, b Similar to Fig. 1a, b. Here, we conducted nine atmosphere-only experiments
(corresponding to sea-level rise 0-20 m, Methods). By applying the winter monthly
average sea surface temperature anomaly to CAM4, we obtained the consistent

intensification of extreme cold over East Asia. The results of each experiment are
shown in Supplementary Figs. 16-17. These experiments run for 45 years, with
analysis focusing on the final 40 years.
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Fig. 6 | Atmospheric circulation anomaly due to North Pacific warming.

a, b Similar to Fig. 3a, b, but for the result of atmosphere-only experiments. We
observe that North Pacific warming leads to a uniform increase in the blocking
frequency across Eurasian mid-high latitudes. This suggests that the reduced
blocking frequency in the Ural region under sea-level rise (Fig. 3b)—less favorable
for extreme cold events in East Asia—may be influenced by other factors, such as
the cooling in North Atlantic and Barents-Kara Seas’. The results of each experi-
ment are shown in Supplementary Fig. 19. All results are based on the 40-year mean
of each experiment.

transient responses. Third, we used a uniform sea-level rise and did not
account for regional differences (Supplementary Fig. 21). Results from
our additional atmosphere-only experiment suggest that regional sea-
level variations may also influence winter extreme cold events in East
Asia, although the effects appear minor and less significant (Supple-
mentary Fig. 22). Fourth, in scenarios with much higher GMSL rise (e.g.,
greater than 2.5 m, which is unlikely to occur within the next century),
atmospheric CO, concentrations are expected to far exceed 400 ppm.
The warming caused by high CO; levels and the associated increase in
climate system variability could potentially offset the effects of sea-
level rise. Nevertheless, ongoing concerns regarding the influence of
sea-level rise cannot be dismissed. As time progresses, the enduring
impacts of GMSL rise are likely to become increasingly prominent.
Our study underscores that the threats arising from rising sea
levels are not limited to coastal regions alone but extend to inland areas.

In addition to extreme cold events, adjustments to ocean circulation
prompted by sea-level rise may affect natural variability (such as Pacific
Decadal Oscillation) associated with other extreme weather events.
Meanwhile, sea-level rise contributing to warming at high latitudes,
particularly over Greenland, could expedite the onset of climate tipping
points. Thus, the risks associated with sea-level rise are global in scope.
Moreover, the processes through which sea-level rise influences the
global climate are more complicated than simply lifting the sea-level
datum. Further studies on sea-level rise require the development of a
new generation of climate models. Given that sea-level rise will continue
to rise throughout this century, an urgent assessment of the global
disaster risk stemming from sea-level rise is imperative.

Methods

Introduction to NorESM1-F

NorESMI-F is a computationally efficient version of the Norwegian
Earth System Model family*S, It was built upon the Community Climate
System Model, version 4, and developed based on the version for the
fifth phase of the Coupled Model Intercomparison Project (CMIP5),
NorESMI-M. Like NorESM1-M, NorESMI-F uses the same atmosphere-
land grid with a horizontal resolution of 2° but has a new tripolar grid
with a nominal 1° horizontal resolution for the ocean-sea-ice compo-
nents. The tripolar grid provides a higher horizontal resolution
(-40 km) and is more isotropic at high northern latitudes. There are 26
vertical levels in the atmosphere and 53 vertical layers in the ocean
component, respectively.

Experimental design
We designed ten simulations, PiControl, CO,400, C0,400sl0.15m,
C0,400s10.3m, C0,400sl0.625m, C0,400sl1.25m, CO,400sI2.5m,
C0»400sI5m, CO0,400sl10m and CO0,400sI20m (Supplementary
Table 1, use abbreviations in the main text). Sea-level rise is imple-
mented by lowering topography and increasing bathymetry (Supple-
mentary Table 1). In all sea-level experiments, CO, concentration and
sea-level rises are imposed at the start of the simulation and remain
fixed throughout the integration. In all SL experiments, atmospheric
CO, concentration was fixed at 400 ppm (close to current levels) to
isolate the impact of GMSL rise. All sea-level experiments run for 2200
model years, and we analyze the model output for the last 200 years.
Here, we only introduce the three newly added experiments: CO,400,
C0,400sl0.15m, and CO,400sl0.3m. For more other experiments,
please see Zhang et al.".

In CO»400, the atmospheric CO, level is 400 ppm, and all other
boundary conditions (including orbital parameters, CH, level, bathy-
metry, and topography) are identical to the PiControl experiment.
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C0,400 is initialized from the Levitus*’ temperature and salinity and
run for 2200 model years, which is different from the original 1700-
year-long CO»400 experiment’ initialized from the PiControl experi-
ment. Due to different initialization and integration lengths, CO,400
and CO,400original exhibit differences in the simulated SST. But no
matter which CO,400 experiment is used, the key mechanism that
intensifies extreme cold events over East Asia—North Pacific warming—
remains robust (Supplementary Fig. 23).

In CO,400s10.15m and CO,400s10.3m, we consider a GMSL rise
of 0.15,0.30 m (close to present) in sea level experiments. Except for
the ocean bathymetry and topography height, all other boundary
conditions are identical to the previous sea level experiments®.

Atmosphere-only experiments

We designed nine atmosphere-only simulations to verify the effect of
warming North Pacific. The control run is forced by climatological SST
annual cycle of the C0,400 experimental. In the sensitive run, monthly
North Pacific SST anomalies obtained from the 200-year mean (Sup-
plementary Fig. 10 red box) of SL0.15-20 m are added onto the cli-
matological SST from December to February. In addition, we
conducted an atmosphere-only experiment to assess the influence of
regional sea-level (rsl) anomalies. These anomalies were derived from
satellite altimetry-based sea surface height data over 1993-2023, with
the global mean removed to isolate spatial patterns, and imposed as
changes in surface geopotential height (PHIS). All experiments are
integrated for 45 model years. We analyze the model outputs in the last
40 model year. For the threshold of extreme cold events, we use the
same values as the coupled experiments analysis.

Extreme cold event
We define the temperature threshold by the 10th percentile of the
winter daily surface air temperature (SAT) distribution of the PiControl
experiment (following Kolstad et al.)®. An extreme cold day is identi-
fied for each grid point when the SAT is below the threshold.

For the intensity of extreme cold events, we use the cumulative
intensity, which refers to the integration of SAT anomaly at each grid
point:

day
cumulative intensity = (SA Ta,,o,,,a,y> @
3

The cumulative intensity is helpful as it integrates intensity and per-
sistence in a single number. Note that we count extreme cold events
lasting 3/5 days or longer, the results are taken as absolute values for
better demonstration. In the main text, we show the results of the
3 days, and the results of the 5 days are shown in the Supplemen-
tary Fig. 3.

Atmospheric blocking

Following Scherrer et al.” and Davini et al.*>, we adopt gradient-reversal
(REV) indices to identify blocking events. A 2D extension of the
blocking index is defined by:

ZA, @) —ZA ¢s)

GHos o, ¢) = 2082 o
GHGN (4, ¢) = W )
GHGs2 (1, ¢y = 2 Ps) 1Z'5 A 5 -15) "

Py=0+15, ps=¢ — 15 ©)

where A (¢) is the longitude (latitude) at a given grid point. A (¢) ranges
in longitudes from 0°-360° (latitudes 45°-70°N); and Z(4, ¢) is the daily
500 hPa geopotential height at the grid point (4, ¢). It is considered as
an instantaneous blocking when the grid point (A, ¢) satisfies the fol-
lowing formula:

GHGS (A, )>0m/1° ©6)
GHGN (A, ¢)< —10m/1° %)
GHGS2 (A, )< — 5m/I° ®)

The blocking frequency at a given grid is defined as the percentage of
the days of instantaneous blocking divided by the total number of days
for the winter.

For the blocking events, we define the area of the instantaneous
blocking in the region (0-150°E, 55-75°N) that exceeds at least
5.0 x 10°km? within a 10° x 10° sliding window and lasts at least 5 days
(similar to Woollings et al.)**.

SOM

Self-Organizing Maps* (SOM) projects a non-linear mapping of a high-
dimensional input vector onto a regularly arranged topological low-
dimensional array. This method, extensively used in atmospheric sci-
ences in recent decades, is effective in characterizing large-scale cir-
culation patterns and identifying their possible impacts on weather
and climate extremes®**. The SOM program used here is the Python
miniSOM library.

We carry out SOM clustering in two rounds. For the first round, we
select winter (DJF) daily 500 hPa geopotential height from C0,400 and
eight sea-level experiments over the domain 0-150°E, 35-85°N in the
data pool to carry out SOM analyses, obtaining three clusters (cold East
Asia SOMI, warm East Asia SOM2, and general East Asia SOM3). Then,
we only select the 500 hPa geopotential height chosen into the SOM1
cluster in the data pool to conduct SOM clustering for the second round
(Supplementary Fig. 5). We have tested several SOM arrays, including 1 x
2,1x3,and 2 x 2. The 1 x 3 node is sufficient to represent the range of
large-scale circulation patterns and is easily distinguishable.

Due to the inherent stochasticity of the SOM, multiple random
runs are recommended. Here, we use 10 random runs to select the
SOM array that better represents the input data. The similarity of the
SOM clusters to the contained data vectors is expressed using the
quantization error®:

o 1
quantization error = < >l —my || )

where N is the number of data-vectors and my, is the best matching
prototype of the corresponding x; data-vector.'

Atmospheric energy transport
The total energy transport in a unit air column from 1000 hPa to
500 hPa follows the equation given by Graversen et al*’.

1 /500
ET==
8 J1000

V% (CpT+Lq+gz+k)dp (10)

The atmospheric energy includes the internal energy (C,7), the latent
energy (Lg), the potential energy (gz), and the kinetic energy (k). Here,
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v is wind velocity vector, C, is specific heat capacity for constant
volume, T is absolute temperature, L is the specific heat of condensa-
tion of sublimation, g is specific humidity, g is gravity, and z is
height; while ps and p, represent surface pressure and upper-level
pressure.

Potential vorticity gradient
Potential vorticity gradient (PVy) is a key influence on blocking
activity*’. Under the lower-PV, background condition, the blocking
event has weaker energy dispersion and stronger nonlinearity so that it
exhibits longer persistence, slower decay and weaker eastward
movement. The PVy in the barotropic atmosphere is expressed as:
PV, =B — i, +Fu an
where S is the meridional gradient of planetary vorticity, u is the basic
zonal wind, and F is the barotropic Froude number.

Data availability

The winter mean data including frequency and cumulative intensity of
extreme cold events, blocking frequency, air temperature, wind, geo-
potential height, and sea surface temperature from the sea-level
experiments are publicly available on Zenodo (https://zenodo.org/
records/16909285). More model output can be provided, upon
request, from the author C.D. (caoyi@cug.edu.cn).

Code availability
The NorESM code is available on GitHub (https://github.com/
NorESMhub/NorESM).
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