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Abstract. Cold extremes have large impacts on human society. Understanding the physical processes domi-
nating the changes in cold extremes is crucial for a reliable projection of future climate change. The observed
cold extremes have decreased during the last several decades, and this trend will continue under future global
warming. Here, we quantitatively identify the contributions of dynamic (changes in large-scale atmospheric cir-
culation) and thermodynamic (rising temperatures resulting from global warming) effects to East Asian cold
extremes in the past several decades and in a future warm climate by using two sets of large-ensemble sim-
ulations of climate models. We show that the dynamic component accounts for over 80 % of the cold-month
(coldest 5 % boreal winter months) surface air temperature (SAT) anomaly over the past 5 decades. However, in
a future warm climate, the thermodynamic change is the main contributor to the decreases in the intensity and
occurrence probability of East Asian cold extremes, while the dynamic change is also contributive. The intensity
of East Asian cold extremes will decrease by around 5 °C at the end of the 21st century, in which the thermody-
namic (dynamic) change contributes approximately 75 % (25 %). The present-day (1986–2005) East Asian cold
extremes will almost never occur after around 2035, and this will happen 10 years later due solely to thermo-
dynamic change. The upward trend of a positive Arctic Oscillation-like sea level pressure pattern dominates the
changes in the dynamic component. The finding provides a useful reference for policymakers in climate change
adaptation activities.

1 Introduction

Extreme events are widely concerning because of their high
destructive power and great social impacts. Cold extremes
have great impacts on agriculture, transportation, and peo-
ple’s health, and can even cripple power supplies and lead
to rolling blackouts (Steponkus, 1979; Andreescu and Frost,
1998; Sheridan and Allen, 2015; Thornton et al., 2016). The
global mean surface air temperature (SAT) has been increas-

ing in the past century due to the increase in anthropogenic
greenhouse gas concentration in the atmosphere (Jones et al.,
2008; IPCC, 2021). While warm extremes continue to attract
considerable attention from the scientific community and or-
dinary people (e.g. Alexander et al., 2006; Rahimzadeh et
al., 2009; Donat and Alexander, 2012; Sun et al., 2014; Ma
et al., 2017b), the cold extremes have also gained wide at-
tention (e.g. Overland et al., 2011; Mori et al., 2014; Li et
al., 2015; McCusker et al., 2016; Sun et al., 2016; Trenary
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et al., 2016; Ma et al., 2018; Qian et al., 2018) due to the
mid-latitude cold extremes that happened in recent years.

A strong cold surge related to the negative phase of the
Arctic Oscillation (AO) and intensified Siberian High at-
tacked northern China during 6–8 January 2021 (Wang et
al., 2021). The temperatures reached or broke the records
in more than 50 cities and counties. Beijing experienced the
third coldest day since 1951 on 7 January, with a daily min-
imum temperature of −19.6 °C. (Wang et al., 2021; Zhou
et al., 2022). The regional mean temperature in Northern
China during 6–8 January 2021 was about 9 °C lower than
the average for the same period between the years 2001 and
2020. North America evidenced a widespread cold extreme
in February 2021, which was caused by the distorted and
weakened polar vortex (Lee, 2021; Lu et al., 2021). The tem-
peratures were 15 to 25 °C lower than normal in large areas
and caused huge impacts on the energy supplies and trans-
portation (Zhou et al., 2022). Cold extremes have occurred
from time to time under global warming in recent years. Will
it continue to occur while global warming continues in the
future?

The model simulations indicate that the anthropogenic in-
fluences have reduced the occurrence probability of cold ex-
tremes over eastern China with intensity stronger than the
record-breaking cold extreme (since modern meteorological
observations started in 1960) on 21–25 January 2016 (Qian
et al., 2018). The wintertime East Asian SAT is projected to
increase significantly as a response to future global warming
(IPCC, 2021). Cold months defined based on the 20th cen-
tury will be rarer under future global warming (Räisänen and
Ylhäisi, 2011), and the future warming will continuously re-
duce the intensity and occurrence probability of the cold ex-
treme events (annual minimum daily minimum temperature)
over East Asia (Kharin et al., 2013, 2018).

Previous studies demonstrated that the SAT is influenced
by both the dynamic (changes in large-scale atmospheric
circulation) and thermodynamic effects (Thompson et al.,
2009; Cattiaux et al., 2010; Wallace et al., 2012; Smoliak
et al., 2015; Deser et al., 2016). The dynamic effect, for ex-
ample, the Arctic amplification, which reduces the pole-to-
Equator temperature gradient, can further modify the atmo-
spheric circulation. There is a positive AO-like SLP (sea level
pressure) change pattern under global warming (Fyfe et al.,
1999; Yamaguchi and Noda, 2006; Kitoh, 2017) and the East
Asian winter monsoon will be weakened in the warmer fu-
ture conditions according to the multi-model simulations of
the CMIP3 and CMIP5 models (Jiang and Tian, 2013; Xu et
al., 2016). However, there is a lack of quantitative research
on the contributions of the dynamic and thermodynamic ef-
fects to the future changes of the East Asian cold extremes if
the global mean SAT continues to increase.

The “dynamic adjustment” approach (Wallace et al., 2012;
Smoliak et al., 2015; Deser et al., 2016) has been proposed to
divide the SAT anomaly into dynamic component (solely as-
sociated with circulation changes) and thermodynamic com-

ponent (associated with thermodynamic processes). The dy-
namic adjustment of the Northern Hemisphere SAT field
based on SLP can be used to investigate both the short-term
climate fluctuations and long-term trends of SAT (Smoliak
et al., 2015). Deser et al. (2016) indicates that the internal
circulation trends account for over 30 % of the North Ameri-
can wintertime warming trend in the past 50 years. The vari-
ability of circulation plays a critical role in the evolution of
the East Asian winter temperature trends during 1961–2018,
and the internally induced dynamic component offsets the
forced warming by over 70 % in northern East Asia over the
time period of 1979–2018 (Gong et al., 2019, 2021). The
dynamic adjustment approach has also been used to inves-
tigate the wintertime precipitation changes and summertime
SAT changes over East Asia (e.g. Guo et al., 2019; Hu et
al., 2019). However, these studies mainly focus on the mean
temperature and mean precipitation changes in the past sev-
eral decades, very few studies have quantified the contribu-
tions of the dynamic and thermodynamic effects to the fu-
ture changes of the East Asian cold extremes associated with
global warming.

By using two sets of grand ensemble simulations com-
bined with observational data and reanalysis data, we aim
to answer the following questions. (1) What are the relative
contributions of the dynamic and thermodynamic effects to
the East Asian cold extremes in the past several decades?
(2) How will the intensity and occurrence probability of East
Asian cold extremes change in the warmer future and what
are the quantitative contributions of the dynamic and thermo-
dynamic effects to the changes of East Asian cold extremes
in the warmer future? (3) How will the circulation change in
the warmer future and how will this change affect cold ex-
tremes in East Asia?

2 Data and methodology

2.1 Model data

The 100-member Grand Ensemble generated by the Max
Planck Institute Earth System Model version 1.1 (MPI-GE;
Maher et al., 2019) with a horizontal resolution of 1.8°× 1.8°
and the 40-member Community Earth System Model Large
Ensemble (CESM-LE; Kay et al., 2015) with a horizontal
resolution of 1°× 1° are applied in this study to investi-
gate the contributions of dynamic and thermodynamic com-
ponents to the East Asian cold extremes in recent decades
and the future warm climate. The historical simulations inte-
grated from 1850 to 2005 in the MPI-GE and from 1920 to
2005 in the CESM-LE were driven by the observed forcings.
The Representative Concentration Pathway 8.5 (RCP8.5)
scenario simulations were performed from 2006 to 2099 in
the MPI-GE and from 2006 to 2100 in the CESM-LE. In ad-
dition, the 2000-year MPI pre-industrial (PiCTL) simulation
and 1800-year CESM PiCTL simulation are also used in this
study. For more detailed information on the MPI-GE and the
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CESM-LE, please refer to Maher et al. (2019) and Kay et
al. (2015), respectively.

2.2 Observation data

The following datasets are used in this study: (1) monthly
mean SAT from the Climatic Research Unit (CRU) version
4 with a horizontal resolution of 0.5°× 0.5° (Harris et al.,
2014). (2) Monthly mean three-dimensional circulation fields
derived from the 20th Century Reanalysis (20CR) version 2
with a horizontal resolution of 2°× 2° (Compo et al., 2011).
The time period for these two datasets used in this study is
from 1920 to 2012.

2.3 Dynamic adjustment approach

The dynamic adjustment method presented by Deser et
al. (2016) is based on the constructed circulation analogue
using SLP. This method empirically divides SAT variabil-
ity into a dynamic component (associated with atmospheric
circulation changes) and a thermodynamic component (the
residual part). The dynamic adjustment method is summa-
rized below; please refer to Deser et al. (2016) for more de-
tails.

2.3.1 Application to the MPI-GE and CESM-LE

For a given “target” month and year (e.g. December 1990) in
each ensemble member, we rank the 2000 (1800) December
SLP fields in the PiCTL simulation by their similarity with
the target SLP pattern according to Euclidean distance. From
the 150 SLP fields with the smallest Euclidean distances, we
randomly subsample 100 SLP fields to construct the best es-
timation of the target SLP pattern by linear combination. The
same set of linear coefficients is applied to the accompany-
ing SAT fields to obtain the associated linear combination of
SAT. We repeat the subsampling procedure 100 times and av-
erage the 100 linear combinations to derive the dynamically
induced SAT field in the target month. Deser et al. (2016) il-
lustrate the importance of this iterative random selection pro-
cess and the reason for the repeated subsampling procedure
is to take into account the uncertainty related to internal ther-
modynamic variability and to ensure the robustness of the
results. We use the domain 15–90° N, 30–180° E for the SLP
analogues. The sensitivity to the precise region used is small
(figures not shown; e.g. within ±5° latitude and ±10° longi-
tude). To test whether 150 selected SLP fields are sufficient
to estimate the target SLP, a sensitivity analysis is conducted
on the sample size of the selected closest fields. The find-
ings suggest that there is no significant difference when the
number of selected fields exceeds 100.

The multi-member mean of the dynamic component is re-
garded as the forced dynamic component and the internal dy-
namic component is obtained by subtracting the forced part
from the total dynamic component for each ensemble mem-

ber. Thermodynamic components are obtained as residuals
(total minus dynamic) for both forced and internal compo-
nents.

2.3.2 Application to the observation

There is no PiCTL simulation in the observation. There-
fore, before computing the dynamic component of SAT, the
quadratic trend of the SAT during 1920–2012 is first sub-
tracted to obtain SAT series without anthropogenic forcing.
Similar to the application to the model ensembles, for each
month and year in the observation, 40 SLP fields subsam-
pled from 60 closest SLP fields are first selected (excluding
the target month). Following this, the dynamic adjustment
procedure described in Sect. 2.3.1 is applied to derive the dy-
namically induced SAT fields in the observation.

Different from model simulations, there is only one mem-
ber in the observation, and we cannot separate the forced and
internal parts by calculating the ensemble mean or subtract-
ing the ensemble mean. To obtain the internal dynamic con-
tribution to the observed SAT anomaly, a separate dynamic
adjustment based on the internal component of the observed
SLP anomalies is performed. It is worth noting that the in-
ternal component of the observed SLP anomalies is obtained
by subtracting the model ensemble-mean SLP anomaly from
the observed SLP anomaly at each time step.

After we get the internal dynamic component of SAT
anomaly, the forced dynamic component is calculated by
subtracting the internal dynamic component from the total
dynamic component. Thermodynamic components are ob-
tained as residuals (total minus dynamic) for both forced and
internal components.

2.4 Baseline period and the study region

The baseline period of 1986–2005 boreal winter is referred to
as the historical (present-day) climatology to investigate the
SAT anomalies and contributions of dynamic and thermody-
namic effects to future changes of East Asian cold extremes.
The certain region (the black box in Fig. 2) from 20 to 55° N
and from 105 to 130° E is regarded as East Asia in this study.

2.5 The definitions of cold extreme and cold month

The definition of East Asian cold extreme is as follows: in the
models, the regional averaged monthly SAT anomaly of East
Asia is firstly calculated. For a specific period, cold extremes
are defined as the months in which the regional mean SAT is
lower than the statistical fifth percentile of the climatological
monthly SAT series during DJF in this time period. A month
when a cold extreme happens is defined as a cold month.
Similarly, the cold months in the observation are the 8 coldest
months (5 % of 150 winter months) during the 1962–2011
boreal winter (Table 1).
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Table 1. The list of observed cold months in period of 1962–2011
boreal winter.

Time Total Dynamic Thermo- Dynamic
(yyyymm) (°C) (°C) dynamic ratio

(°C) (%)

196402 −5.63 −3.30 −2.33 58.6
196902 −5.02 −2.77 −2.25 55.1
197701 −4.51 −2.52 −1.98 56.0
196802 −4.35 −1.16 −3.19 26.6
196712 −4.01 −2.02 −2.00 50.3
201101 −3.47 −3.81 0.34 109.9
197202 −3.39 −0.45 −2.93 13.4
196612 −3.30 −2.55 −0.75 77.1

All the anomalies shown in this study are calculated rel-
ative to the climatological values of the 1986–2005 boreal
winter unless mentioned otherwise. Student’s t test is applied
to indicate the 5 % significance level.

2.6 The intensity and occurrence probability ratio of cold
extreme

The intensity of a cold extreme is the SAT deviation relative
to the present-day boreal winter SAT climatology.

The occurrence probability ratio of the present-day cold
extremes is calculated as follows (Ma et al., 2017a):

PR=
P 1
P 0

, (1)

where PR is the occurrence probability ratio. The value of P 0
is 5 %, and P 1 is the probability of monthly SAT lower than
the present-day cold extreme threshold in other time periods.
For example, if the value of P 1 is 2 % during a future period,
then the value of PR is 0.4. For the calculation of the oc-
currence probability ratio, we pull all the members together
rather than calculate it for each member.

3 Results

3.1 Dynamic and thermodynamic processes to East
Asian cold extremes in recent decades

The observed winter temperature in East Asia shows obvi-
ous variability during the 1962–2011 boreal winter (Fig. 1a).
According to the correlation coefficients calculated between
each component of the SAT anomaly and the original SAT
anomaly, the SAT variability is mainly caused by the dynam-
ically induced internal component (Fig. 1b–g). The fluctu-
ations of forced dynamic and thermodynamic components
are much smaller than those of internal dynamic and ther-
modynamic ones (Fig. 1c, d, f and g). Internal variability is
the main cause of cold extremes over East Asia in the past 5
decades (Fig. 1).

The decomposition of the observed East Asian cold-month
SAT anomalies during the 1962–2011 boreal winter is shown
in Fig. 2a–c. The SAT is significantly lower than the present-
day winter SAT climatology (more than 3 °C) across the East
Asian landmass (Fig. 2a). The decomposition of the SAT
anomaly indicates that the cold extremes in recent decades
are mainly caused by the dynamic component (Fig. 2b and c).
The dynamic component accounts for approximately 55 %
of the total East Asian cold-month SAT anomaly during the
1962–2011 boreal winter. Compared to cold extremes in the
1960s and 1970s, the percentage contribution of dynamic
components to the cold extreme in January 2011 is higher
(Table 1). The East Asian regional mean SAT anomaly in
January 2011 is −3.47 °C, in which the dynamic component
is −3.81 °C, accounting for up to 110 % of the total SAT
anomaly (Table 1). It is worth noting that these cold extremes
are mainly caused by the internally generated components,
and the forced dynamic component has shown little trend in
the past 5 decades and has little contribution to the observed
cold extremes (Fig. 1c and d).

The two sets of large-ensemble model simulations can
generally capture the spatial distributions of total SAT
anomaly and the dynamic component of cold extremes dur-
ing 1962–2011 boreal winter (Fig. 2d, e, g and h), with pat-
tern correlation coefficients higher than 0.7 in both model en-
sembles. However, the thermodynamic component is much
weaker in the model simulations than in the observation, es-
pecially in the northern parts of East Asia (Fig. 2f and i). The
dynamic component is the main contributor to the cold ex-
tremes, accounting for up to 85 % and 82 % of the total East
Asian cold-month SAT anomaly during the 1962–2011 bo-
real winter in the MPI-GE and the CESM-LE, respectively.
Compared with the observation, the contribution of the dy-
namic component to the cold extremes is larger in the two
model ensembles (Fig. 2). One possible reason is that there
are only eight cold extreme samples in the observation, and
the relative contributions of dynamic and thermodynamic
components cannot be fully reflected by these samples. An-
other possible reason may be the uncertainty of local thermo-
dynamic processes (Röthlisberger and Papritz, 2023).

The results shown above indicate that the observed cold
extremes in the past decades are mainly caused by the inter-
nal variability of atmospheric circulations. The cold extremes
are often associated with strong East Asian winter monsoon
flows, which are often accompanied by the blocking in the
Urals and the intensified Siberian High (Francis and Vavrus,
2012; Ma et al., 2018). The composite circulation anoma-
lies in the cold months during the 1962–2011 boreal winter
are further investigated (Fig. 3). A ridge–trough pattern is
seen over the Eurasian continent in the upper troposphere,
and there is southeastward propagation of wave activity flux
(Fig. 3a). The westerlies are weakened in the whole tropo-
sphere around 45–75° N, and there is an enhanced meander-
ing flow pattern (Fig. 3b; Walsh, 2014; Simmonds, 2015; Ma
et al., 2018). The weakened westerlies may favour the block-
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Figure 1. Time series decomposition of winter monthly surface air temperature (SAT) anomalies averaged over East Asia (20–55° N and
from 105–130° E) from the observation into internal, forced, dynamic, and thermodynamic components: (a) total, (b) dynamic, (c) internally
dynamic, (d) forced dynamic, and (e) thermodynamic components. The blue dots represent the cold months in the period of 1962–2011
boreal winter. The numbers in the upper right corner of panels (b) to (g) represent the correlation coefficient between each component of
SAT anomaly and the original SAT anomaly shown in panel (a).

ing events, which have a strong relationship with the cold ex-
tremes over East Asia (Luo et al., 2017). The surface Siberian
High is intensified, and low-level northerly winds lead cold
Arctic air to spread southward to East Asia (Fig. 3c).

This typical type of circulation anomaly in cold months
mentioned above is also well captured in the MPI-GE and
the CESM-LE (Fig. 3d–f). Namely, there is a ridge–trough
pattern in the upper troposphere over the Eurasian continent
and the surface Siberian High is enhanced. The westerlies are
weakened in the whole troposphere and the cold air from the
Arctic regions causes cold extremes over East Asia.

3.2 Dynamic and thermodynamic contributions to the
projected changes in East Asian cold extremes

In the observations, the dynamic component is the main
contributor to the East Asian cold extremes in the past 5
decades. The human-induced global warming had little ef-
fect on the changes in dynamically induced SAT anomalies

during 1962–2011 (Fig. 1). How will the dynamic and ther-
modynamic effects contribute to the future changes in cold
extremes over East Asia?

We first examine the changes in the intensity of East Asian
cold extremes (Fig. 4a and c). The SAT anomaly will contin-
uously increase along with global warming under the RCP8.5
scenario. Compared with the present day, the East Asian re-
gional mean cold-month SAT will increase by approximately
4.7 °C at the end of the 21st century according to the best
estimation of MPI-GE (Fig. 4a). The large centre is located
in northeastern China over 6 °C (Fig. 5a). The dynamic and
thermodynamic components will also continually increase
under the RCP8.5 scenario. It is worth noting that the dy-
namic component explains a larger part of the total SAT
anomaly in cold months before approximately 2040. There-
after, the thermodynamic component is the main driver in
both model ensembles (Fig. 4a and c). The increases in the
dynamic and thermodynamic components are approximately
1.3 and 3.4 °C at the end of the 21st century, respectively,
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Figure 2. The composites of the cold-month SAT anomaly (rela-
tive to the 1986–2005 boreal winter climatology) in the observation
during the period of 1962–2011 boreal winter: (a) total, (b) dynam-
ically induced, and (c) thermodynamically induced. Panels (d)–(f)
and (g)–(i) correspond to panels (a)–(c) but for the results in the
MPI-GE and the CESM-LE, respectively. The dotted areas are sta-
tistically significant at the 5 % level according to Student’s t test.
The cold months are defined as months in which SAT is lower than
the statistical fifth percentile of all the monthly SAT samples during
1962–2011 boreal winter.

in the MPI-GE (Fig. 4a). Therefore, the contribution of the
increase in dynamic component to the total SAT increase is
27 %. The dynamic and thermodynamic components also in-
crease faster in northern parts of East Asia than in other re-
gions (Fig. 5b and c). The faster increase in the thermody-
namic component in northern East Asia may be caused by
the snow–albedo feedback (Fischer et al., 2011), while the
reason for the faster increase in dynamic component in this
region is that the influence of East Asian Winter Monsoon on
northern East Asia is more evident than on other subregions
(He et al., 2017). The results in the CESM-LE are gener-
ally consistent with those in the MPI-GE. The East Asian re-
gional mean SAT anomalies in cold months will increase by
approximately 5.2 °C at the end of the 21st century (Fig. 4c).
The corresponding increases in the dynamic and thermody-
namic components are 1.3 and 3.9 °C, respectively. Statisti-
cally, the contribution of the increase in dynamic component
to the total SAT increase is about 25 %. From the perspective
of spatial distribution, total SAT and its dynamic and ther-
modynamic components show similar changing patterns in

the two sets of large-ensemble model simulations, with large
increases occurring in northern parts of East Asia (Fig. 5).
However, there are some local differences between the two
models. Compared with MPI-GE, the end of the 21st century
increase in cold-month regional mean SAT is approximately
0.5 °C higher in CESM-LE, primarily due to the thermo-
dynamic component. The larger increase in thermodynamic
component in northeastern and southeastern China in CESM-
LE than in MPI-GE may be attributed to differences in ther-
mal feedback processes, such as the snow–albedo feedback
and land surface fluxes (Seneviratne et al., 2010; Fischer et
al., 2011; Röthlisberger and Papritz, 2023).

We extend the analysis from the changes in the intensity
of cold extremes to the changes in the occurrence probability
ratio of the present-day cold extremes in the future warm cli-
mate (Fig. 4b). The 20-year running occurrence probability
ratio of the present-day cold extremes will rapidly decrease
under the RCP8.5 scenario in both sets of the large-ensemble
model simulations. In the MPI-GE, the occurrence proba-
bility ratio of the present-day cold extremes will decrease
to 0.05 in the period from 2036 to 2055 (Fig. 4b), which
means the present-day cold extremes will almost never oc-
cur after 2036. We isolate the dynamic and thermodynamic
contributions to the changes in the occurrence probability ra-
tio of the present-day cold extremes. If we hold the dynamic
component constant at the present-day level and allow the
thermodynamic component to evolve according to the model
projection, the year when the occurrence probability ratio of
the present-day cold extremes will decrease to 0.05 is ap-
proximately 10 years later than the time mentioned above
(Fig. 4b). Correspondingly, if we hold the thermodynamic
component constant at the present-day level and allow the
dynamic component to evolve according to the model pro-
jection, the occurrence probability ratio of the present-day
cold extremes will decrease to about 0.3 at the end of the
21st century. From the perspective of spatial distribution, the
occurrence probability ratio of the present-day cold extremes
will be decreased to 0.05 before 2040 in parts of southeast-
ern China, northeastern China, and the Korean Peninsula
(Fig. 6a). The results in the CESM-LE are generally con-
sistent with those in the MPI-GE (Figs. 4d and 6b). The oc-
currence probability ratio of the present-day cold extremes
will decrease to 0.05 in 2035–2054 (Fig. 4d), and the occur-
rence probability ratio also decreases faster in southeastern
China, parts of northeastern China, and the southern Korean
Peninsula (Fig. 6b). Different from the MPI-GE, the occur-
rence probability ratio of the present-day cold extremes will
decrease to 0.05 after 2060 in parts of northern China in the
CESM-LE (Fig. 6b).

The thermodynamic component dominates the future de-
crease in the intensity and occurrence probability of East
Asian cold extremes, while the dynamic component is also
contributive. Dynamic change accounts for approximately
one-quarter of the total change in the intensity of cold ex-
tremes by the end of the 21st century. We further examine the
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Figure 3. Observed composite circulation anomalies (relative to the 1986–2005 boreal winter climatology) for East Asian cold extremes
during the period of 1962–2011 boreal winter: (a) geopotential height (shading; unit: m) and horizontal components of the wave activity flux
(m2 s−2) at 250 hPa. (b) Zonal mean zonal wind over the vertical cross section (zonally averaged over 70–120° E; unit: m s−1;). (c) Sea level
pressure (shading; unit: Pa) and horizontal wind at 850 hPa (m s−1). The contours in panels (a)–(c) represent the 1986–2005 boreal winter
climatology of geopotential height at 250 hPa, zonal mean zonal wind over the vertical cross section, and sea level pressure, respectively.
Panels (d)–(f) and (g)–(i) correspond to panels (a)–(c) but for the results in the MPI-GE and the CESM-LE, respectively.

changes in SLP anomalies associated with East Asian cold
extremes (Figs. 7 and 8).

Similar to the previous studies (Fyfe et al., 1999; Cai
et al., 2017; Kitoh, 2017), the projected changes in SLP
exhibit a positive AO-like pattern, especially in MPI-GE
(Fig. 7). The pattern correlation coefficients between the SLP
changing patterns and the positive phase of AO in MPI-GE
and CESM-LE are approximately 0.7 and 0.4, respectively
(Fig. 7a and c). The winter-mean SLP will be reduced in
the Arctic regions and enhanced in the mid-latitude regions.
The AO shows a highly positive correlation with the winter
SAT anomaly over East Asia, especially the northern part,
and the positive phase of AO is favourable for warm winter
over East Asia (Gong et al., 2019; Wang et al., 2019). The
SLP changing patterns in cold months (Fig. 7b and d) are
similar to those in winter mean (Fig. 7a and c), and this is
possibly the reason for the positive contribution of dynamic
effects to the increase in SAT anomaly in cold months. We
also construct the changes in the dynamic component of SLP
(Fig. 8). Changes in the dynamic component of SLP also cor-
roborate that the circulation changes are not favourable for
the occurrence of East Asian cold extremes. There are some

differences in the SLP changing patterns between the two
model ensembles, particularly during cold extremes over the
Eurasian region. This could be one of the possible reasons for
the differences in local dynamic changes in the two model
ensembles.

4 Summary and discussion

4.1 Summary

Based on the dynamic adjustment approach, we utilized two
sets of large-ensemble model simulations in the MPI-GE and
CESM-LE to investigate the contributions of the background
warming (thermodynamic effect) and circulation changes
(dynamic effect) to the East Asian cold extremes. The con-
tributions of the two components to the East Asian cold ex-
tremes are quantitatively evaluated in the recent decades and
under future warming. The main conclusions are summarized
as follows.

1. The observed cold extremes in the past decades are
mainly caused by the internal variability of atmospheric
circulations. Compared to cold extremes in the 1960s
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Figure 4. (a) Time series of the 20-year running average cold-
month SAT anomaly (black) and its dynamically induced (blue) and
thermodynamically induced (red) components over East Asia rela-
tive to the 1986–2005 boreal winter climatology in the MPI-GE.
The shading shows the range of 2 standard deviations among the
model members. (b) Time series of the occurrence probability ratio
of the present-day East Asian cold extremes in the MPI-GE: both
dynamic and thermodynamic components change (black), only dy-
namic component changes (blue), and only thermodynamic compo-
nent changes (red). Panels (c) and (d) correspond to panels (a) and
(b) but for the results in the CESM-LE. Cold months are defined
as the months in which the regional mean SAT is lower than the
statistical fifth percentile of the climatological monthly SAT series
during DJF in a certain time slice.

and 1970s, the percentage contribution of dynamic com-
ponent to the cold extreme in recent years is higher.
Both MPI-GE and the CESM-LE are consistent in
revealing the typical circulation anomalies associated
with the East Asian cold extremes. Compared with the
observation, the contribution of the dynamic component
to the cold extremes is more evident in the two model
ensembles, and the dynamic component accounts for
more than 80 % of the total cold-month SAT anomalies
in the past 5 decades.

2. In the future warm climate, the decreases in the inten-
sity and occurrence probability of East Asian cold ex-
tremes are dominated by thermodynamic component,
while the dynamic component is also contributive. Ac-
cording to MPI-GE and CESM-LE, compared with the
present day, the mean intensity of the East Asian cold
extremes will decrease by approximately 5 °C at the end
of the 21st century under the RCP8.5 scenario, and the
dynamic component contributes to a quarter of this de-
crease. The occurrence probability ratio of the present-
day cold extremes will almost never occur after around
2035, and if we hold the dynamic component constant
at the present-day level, this will happen approximately
10 years later.

Figure 5. Changes in East Asian cold-month SAT in the MPI-GE
in 2079–2098 boreal winter relative to 1986–2005 boreal winter:
(a) total, (b) dynamic component, and (c) thermodynamic compo-
nent. Panels (d)–(f) correspond to panels (a)–(c) but for the results
in the CESM-LE.

Figure 6. The year when the occurrence probability ratio of the
present-day (1986–2005 boreal winter) East Asian cold extremes
decreases to 0.05 in (a) the MPI-GE and (b) the CESM-LE.

3. Positive AO-like sea level pressure pattern upward trend
is projected in both of the model ensembles, which is
unfavourable to the occurrence of East Asian cold ex-
tremes. There are a few differences between the two en-
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Figure 7. Changes in SLP for (a) total winter months and (b) cold
months in 2079–2098 boreal winter relative to 1986–2005 boreal
winter in the MPI-GE. Panels (c) and (d) correspond to panels (a)
and (b) but for the results in the CESM-LE.

semble projections, particularly in the Eurasian region
during cold extremes, and this could be one of the pos-
sible reasons for the local differences of dynamic com-
ponents in the two model ensembles.

4.2 Discussion

Substantial efforts have been devoted so far to understand-
ing the response of climate extremes to global warming (e.g.
Alexander et al., 2006; Sanderson et al., 2017; Zhang et al.,
2018; AghaKouchak et al., 2020; Li et al., 2021), as well as
their physical mechanisms (Cattiaux et al., 2010; Peings and
Magnusdottir, 2014; Westra et al., 2014; Boschat et al., 2015;
Horton et al., 2015; Qian et al., 2018). In particular, the ther-
modynamic processes (i.e. direct results of global warming)
of changes in climate extremes have been well demonstrated.
However, it remains ambiguous regarding how the dynamic
processes will change under global warming, which is an im-
portant source of projection uncertainty for climate extremes
(Shepherd, 2014; Norris et al., 2019). Hence, it is of vital im-
portance to understand the dynamic changes of climate ex-
tremes, in order to improve the reliability of extreme climate
projections.

In this study, we used two sets of large-ensemble simula-
tion data and a dynamic adjust method to investigate the fu-
ture change of cold extremes in East Asia, with a focus on un-
derstanding the thermodynamic and dynamic processes. Our

Figure 8. Changes in the dynamic component of SLP for (a) total
winter months and (b) cold months in 2079–2098 boreal winter rel-
ative to 1986–2005 boreal winter in the MPI-GE. Panels (c) and (d)
correspond to panels (a) and (b), but for the results in the CESM-
LE.

results consistently show that the thermodynamic process is
the dominant factor of future changes in East Asian cold ex-
treme, with the contribution of dynamic process accounting
for approximately one-quarter of the total change. In addi-
tion, the change in the dynamic component is attributed to
the upward trend of a positive AO-like sea level pressure pat-
tern, and this has been supported by previous studies (Fyfe et
al., 1999; Cai et al., 2017; Kitoh, 2017).

AO is the main circulation mode in the non-tropical re-
gions of the Northern Hemisphere in winter (Thompson and
Wallace, 1998) and has a significant impact on the winter cli-
mate in East Asia (Gong et al., 2001). However, it is worth
noting that future winter temperature changes in East Asia
may also be impacted by other large-scale circulation factors
(Zhou et al., 2007; Cheung et al., 2012; He and Wang, 2013).
The quantitative impacts of potential future changes of differ-
ent circulation factors on cold extremes in East Asia remain
unclear and require further investigation in future research.

Data availability. The MPI-GE experiment products can be down-
loaded from https://esgf-data.dkrz.de/search/mpi-ge/ (Maher et al.,
2019). The specific experiments or variables can be selected through
the navigation bar on the left-hand side. The monthly sea level
pressure (psl), surface air temperature (tas), three-dimensional wind
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field (ua, va, wap), and geopotential height (zg) from the piControl,
historical, and rcp85 experiments are used in this work.

The CESM-LE experiment products can be downloaded from
https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLE.
html (Kay et al., 2015).
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