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Abstract

In recent decades, rapid Arctic warming has intensified Arctic amplification (AA), and its
potential impacts on mid-latitude extreme weather events have received increasing
attention. Using meteorological station observations and reanalysis datasets from 1979 to
2024, this study investigates the variations of regional extreme cold events (RECEs) over
Northern China and their associated circulation characteristics under different Arctic
amplification periods. The Arctic amplification index (AAI850), Siberian High Index
(SHI), Ural Ridge Index (URI), and multi-scale atmospheric circulation fields are
employed to examine the relationships between Arctic thermal conditions and Eurasian
atmospheric circulation anomalies. The results show that: (1) During the study period,
AAI850 showed a significant upward trend, while the frequency of RECEs in northern
China decreased significantly. At the same time, the cold intensity of the event minimum
temperature and the composite intensity of RECEs were significantly enhanced, reflecting
a shift from a high-frequency/weak-anomaly mode to a low-frequency/high-intensity
mode. (2) In the later Arctic amplification period, the distribution of RECEs shifted toward
lower minimum temperatures, the event center moved northward, and the duration
structure changed modestly, while the affected area showed no significant change. These
findings indicate that the intensification of RECEs is mainly associated with enhanced
cold-anomaly intensity, rather than prolonged duration or expanded spatial coverage. (3)
AAI850 shows significant correlations with Siberian High and Ural ridge anomalies,
suggesting a close association between Arctic amplification and high-latitude circulation
anomalies in Eurasia. (4) The circulation analysis reveals widespread increases in 500 hPa
geopotential height over the Arctic and Eurasia, regional differences in sea-level pressure
changes, and warmer conditions at 850 hPa during the later Arctic amplification period.
Nevertheless, northwesterly or northerly wind components persist over parts of northern
China, suggesting that southward cold-air transport remains possible despite the warmer
thermal background.

Keywords: Arctic amplification; regional extreme cold events; Siberian High; Ural
blocking; northern China

1. Introduction

In recent decades, the global climate system has undergone significant changes,
among which the warming rate in the Arctic region far exceeds the global average, thus
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triggering a typical phenomenon called “Arctic Amplification” (AA) [1-3]. Arctic
amplification is one of the most prominent features of modern climate change, mainly
manifested in the rapid rise of near-surface temperature in the Arctic, accompanied by a
series of climate system responses, including the reduction in sea ice, the reduction in
surface albedo, and the enhancement of atmospheric and ocean feedback processes [2,4—-
6]. Although the indicators that measure the amplification of the Arctic vary in definition
and calculation methods, they all reflect the abnormal warming characteristics of the
Arctic relative to mid- and low latitudes [7]. As an important part of the global climate
system, the rapid warming of the Arctic not only changes the regional thermal condition
and sea ice environment but also may affect the weather and climate of mid-latitudes by
adjusting the temperature gradients in the poles and mid-latitudes, affecting the rapid
structure, and changing the large-scale atmospheric circulation background [1,6,8].
Therefore, Arctic amplification and its impact on mid-latitude climate anomalies have
become an important topic in the field of climate change research.

Previous studies have shown that the signal of the amplification effect of the Arctic
has continued to strengthen in recent decades, and the warming characteristics since the
beginning of the 21st century have been more prominent [3,8]. Chylek et al. (2022) pointed
out that the Arctic amplification index was roughly maintained between 2 and 3 between
1970 and 2000, but the index rose to more than 4 in the first two decades of the 21st century,
indicating that the Arctic amplification was further enhanced after the beginning of the
21st century [9]. Recent studies have further indicated that the Arctic troposphere has
undergone sustained warming since the 1990s, with Arctic amplification (AA) reaching
relatively high levels in the early 2000s. This period coincided with the maximum rates of
sea ice area, thickness, and volume loss [10]. Based on satellite passive microwave
observations beginning in October 1978, Arctic sea ice extent has exhibited a declining
linear trend in all months [11]. Data from the Copernicus Climate Change Service indicate
that the rate of decline in Arctic sea ice extent has varied considerably over time, with the
most rapid decline occurring in the late 1990s and early 2000s. Since 2007, the declining
trend has become less pronounced, but September sea ice extent has consistently
remained below the 1991-2020 reference-period average [12]. The reduction in sea ice is
considered to be an important factor in aggravating the warming of the Arctic, because it
further amplifies the regional warming effect by reducing the surface albedo, changing
the sea-gas heat exchange process and adjusting the atmospheric feedback mechanism
[1,5,13]. Based on the above-mentioned changes in the climate background, this study
chooses around 2000 as the boundary point of inter-annual comparison, and defines 1979-
2000 and 2001-2024 as periods of relatively weak and enhanced Arctic amplification,
aiming to explore how regional extreme cold events change under different Arctic
amplification backgrounds. The changing characteristics of these events under different
AA backgrounds. It should be noted that this division is mainly aimed at building a
comparative framework for climate response in different Arctic amplification contexts,
which does not mean that 2000 is a turning point for the sudden change in the intensity of
Arctic amplification.

Arctic amplification not only changes the average state of the climate but also may
affect the characteristics of extreme weather events in mid-latitudes. Among them,
extreme cold events, as a climate anomaly with a wide impact and significant social
consequences, continue to occur in the context of global warming and have received wide
attention [8,14]. Although the global average temperature has risen, regional extreme cold
events have not completely disappeared; their changes are jointly regulated by climate
background conditions and large-scale atmospheric circulation anomalies [15-17]. Past
studies have shown that Arctic amplification may affect mid-latitude circulation
abnormalities in multiple ways [14,18,19]. Some studies point out that warming in high
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latitudes may affect the conditions of abnormal cold events by changing the background
of winter circulation in Eurasia [20]. However, there is still controversy in the academic
community about the relationship between Arctic amplification and extreme cold events
in mid-latitudes. Some studies believe that Arctic amplification may enhance specific
circulation abnormalities and affect the occurrence of extreme cold events [14,18]; other
studies argue that the change in mid-latitude cold events is mainly controlled by a variety
of climatic factors, and there are significant regional differences in the influence of Arctic
amplification [16,17,21]. Therefore, against the background of the continuous warming in
the Arcticc whether extreme cold events show systematic changes, and how the
corresponding large-scale circulation background is adjusted, still needs to be studied in
depth.

Northern China is located in the mid- and high latitudes of East Asia, which is an
important area affected by winter cold air activity. The extreme cold events in the region
are jointly affected by the cold air activity of Eurasia and the anomalies of atmospheric
circulation at mid- and high latitudes [22,23]. Because this region is located on an
important path of Eurasian cold air southward and is more sensitive to changes in mid-
and high-latitude circulation, it is an ideal area for studying the response characteristics
of regional extreme cold events under the background of Arctic amplification. Previous
studies have shown that winter climate anomalies in East Asia are closely related to the
Siberian High, changes in winter winds in East Asia, and the adjustment of high-latitude
circulation in Eurasia [22]. As an important system affecting the winter wind in East Asia,
the Siberian High can regulate the intensity of the cold air source and the transportation
of cold air to East Asia, thus affecting the cold events in East Asia [22]. In addition, the
Barents—Kara sea ice anomaly can regulate cold events by affecting the background of
winter circulation in Eurasia [20]; while the abnormal blockage of the Ural Mountains can
change the circulation structure of the mid- and high latitudes of Eurasia, affecting the
transmission path and holding of cold air. Over time, it is associated with extreme cold
events in Eurasia [24,25]. Therefore, the formation and development of extreme cold
events in northern China are not controlled by a single circulation system, but by the joint
regulation of high-latitude cold air activity, mid-high-latitude circulation anomalies in
Eurasia and the East Asian winter wind system.

Reanalysis datasets provide an important basis for examining winter atmospheric
circulation and its relationship with extreme cold events. Recent studies have used ERA5
to investigate the circulation processes associated with cold extremes over East Asia and
Eurasia. Zhuo et al. combined ERA5 reanalysis with model experiments to examine the
responses of atmospheric blocking and East Asian cold extremes to Arctic sea-ice loss,
highlighting the role of circulation anomalies over eastern Siberia [26]. Ye et al. used ERA5
temperature, geopotential height, sea-level pressure, and wind fields to characterize the
record-breaking cold event over eastern China in December 2023 and quantify the
contribution of large-scale atmospheric circulation to its intensity [27]. Zhang et al.
combined ERA5 and other datasets with numerical experiments to investigate consecutive
extreme cold spells over Eurasia, revealing connections among snow-cover anomalies,
atmospheric circulation, and cold-air accumulation over Siberia [28]. These studies
demonstrate the value of reanalysis data for linking surface cold extremes with their large-
scale circulation backgrounds. Accordingly, the present study combines long-term station
observations with ERA5 reanalysis: station observations are used to identify and
characterize regional extreme cold events over northern China, while ERA5 provides the
atmospheric fields needed to examine the associated mid- and high-latitude circulation
patterns. This complementary use of observations and reanalysis supports an integrated
assessment of event characteristics, statistical relationships with Arctic amplification, and
circulation backgrounds.
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Although previous studies have widely explored the relationship between Arctic
amplification and mid-latitude cold events, there is still a lack of systematic
understanding of the multiple characteristic changes of regional extreme cold events
under the background of Arctic amplification and their circulation links [29]. First of all,
previous studies have focused on the cold wave process or single-station extreme cold
changes, while regional extreme cold events involve the synchronous occurrence and
continuous development of cold anomalies within a certain space, and their characteristics
cannot be fully described by a single site or a single temperature indicator. Research on
extreme climate events shows that comprehensive consideration of multiple
characteristics such as frequency, intensity and duration helps to a more comprehensive
understanding of changes in extreme climate events [30,31]. Gong et al. (2012) proposed
a regional low-temperature extreme event identification method that comprehensively
considers temperature anomalies, spatial continuity and duration, which can effectively
depict regional-scale extreme cold events [32]. Therefore, it is necessary to study the
changing characteristics of regional extreme cold events against the background of Arctic
amplification based on the regional identification method from multiple dimensions such
as frequency, cold anomaly intensity, duration and spatial range.

Secondly, although previous studies have explored the relationship between Arctic
amplification and extreme cold events in mid-latitudes, it is not clear whether the
frequency and intensity changes of regional extreme cold events show consistent
characteristics against the background of the strengthening of Arctic amplification. In the
context of global warming, extreme cold events have not completely disappeared, and
their changes may be affected by changes in the Arctic environment and large-scale
circulation abnormalities [14,17]. Therefore, it is necessary to use long-term observation
datasets to further compare the differences in multiple characteristics of regional extreme
cold events in different Arctic amplification periods. In addition, regional extreme cold
events are closely related to key circulation systems in the mid- and high latitudes of
Eurasia. However, under the background of Arctic amplification, the link between key
circulation anomalies and changes in extreme cold events, as well as the differences in
large-scale circulation backgrounds in different Arctic amplification periods, still needs to
be studied in depth. Therefore, it is necessary to comprehensively use the Arctic
amplification index, key circulation indicators and multi-scale atmospheric circulation
fields to deeply understand the changing characteristics of regional extreme cold events
from the two dimensions of statistical relationship and circulation background.

To address these questions, this study uses station observations and reanalysis
datasets for the cold seasons from 1979/80 to 2023/24 (November to March of the following
year), and applies the regional extreme cold event identification method of Gong et al.
(2012) [32] to northern China. On this basis, the Arctic amplification index (AAI850),
Siberian High Index (SHI), Ural Ridge Index (URI), and multi-scale atmospheric
circulation fields are used to examine regional extreme cold events and their circulation
relationships under different Arctic amplification periods. Specifically, this study aims to:
(1) analyze changes in the frequency, cold-anomaly intensity, duration, and spatial extent
of regional extreme cold events under different Arctic amplification periods; (2) explore
statistical relationships among Arctic amplification indices, key circulation anomalies, and
regional extreme cold event indices; and (3) compare 500 hPa geopotential height, sea
level pressure, and 850 hPa temperature/geopotential-height/wind fields during extreme
cold events under different Arctic amplification periods, thereby revealing large-scale
circulation background changes.
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2. Materials and Methods

Based on meteorological station observation data and ERA5 reanalysis data, this
study explores the spatial and temporal evolution characteristics of regional extreme cold
events (RECEs) in northern China under the background of Arctic amplification (AA) and
their related large-scale circulation anomalies.

2.1. Data and Material Description

This study uses the daily minimum temperature observation data from China’s
meteorological stations. The research period covers the cold seasons from November 1979
to March 2024, with each cold season defined as November of a given year to March of
the following year. In order to identify regional extreme cold events, this study selected
974 weather stations in northern China.

The division of northern China is based on the description of the characteristics of
China’s climate zoning by Zhu and Lu [33]. This study defines the northern region of
China as: 35° N-55° N and 73° E-135° E. The region mainly includes Northeast China,
North China, Inner Mongolia and the eastern part of the northwest. The region is deeply
affected by winter Siberian High activity, East Asian winter wind changes, and winter
southward cold air outbreaks.

The reanalysis data are from ERA5 (https://cds.climate.copernicus.eu/datasets
(accessed on 16 November 2025)) [34]. ERA5 covers the cold seasons from 1979/80 to
2023/24, with each cold season defined as November of the previous year to March of the
following year, and a horizontal resolution of 1° x 1°. This study begins in November 1979,
consistent with previous studies on Arctic amplification that adopted 1979 as the starting
year. Rantanen et al. noted that more accurate remote sensing observations have provided
an important basis for studying Arctic climate change since 1979, a period characterized
by pronounced Arctic warming [3]. The study period extends through March 2024,
primarily based on the temporal coverage of the meteorological station observations and
to ensure the inclusion of the complete 2023/2024 cold season. The ERA5 variables used
in this study include: (1) 500 hPa potential height, which is used to analyze the changes in
large-scale circulation anomalies in mid- and high latitudes, Eurasian wave column
structure and high pressure ridge of the Ural Mountains; (2) 850 hPa temperature, latitude
wind, longitude wind and geopotential height, which is used to study the troposphere
Low-level temperature abnormalities, cold air activity characteristics, and dynamic and
thermal conditions related to the transmission of cold air to northern China; and (3) sea
level pressure (MSLP), which is used to analyze changes in the near-surface pressure
system, especially the activity and abnormality of Siberian High.

2.2. Identification of Regional Extreme Cold Events and Construction of
Atmospheric Circulation Indices

This study adopts the regional extreme cold event identification method proposed
by Gong et al. (2012) [32]. Quality control and station screening were performed on the
daily minimum temperature observations from more than 1200 meteorological stations in
northern China. Stations with anomalous data or incomplete records covering the study
period were excluded to ensure data quality and temporal consistency. After screening,
974 stations with complete records for the cold seasons from 1979/80 to 2023/24 were
retained for the analysis of regional extreme cold events. Based on the daily minimum
temperature observation data of 974 meteorological stations in northern China for the cold
seasons of 1979/80-2023/24, regional extreme cold events in northern China under the
background of Arctic amplification were identified. The method comprehensively
considers the spatial distribution of single-station extreme low-temperature abnormalities,
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low-temperature abnormalities and the continuity of regional low-temperature processes,
and can objectively identify regional extreme cold events with a certain spatial coverage
and duration. Previous studies on extreme cold events have primarily relied on daily
observations from individual meteorological stations. Although these methods can
identify station-level daily extreme events of meteorological significance, the
identification of persistent regional extreme cold events occurring at subseasonal or
seasonal timescales often requires manual judgment, resulting in limited efficiency and
operational applicability [32]. The regional extreme cold event identification method
proposed by Gong et al. (2012) can objectively identify regional events characterized by a
certain degree of spatial coherence and temporal persistence according to predefined
parameters and consistent criteria, thereby reducing the subjectivity associated with
manual identification [32]. In addition, this method provides a relatively comprehensive
set of event indices that quantitatively characterize event characteristics in terms of
extreme intensity, cumulative cold intensity, affected area, duration, and composite
intensity. Therefore, this study adopts this method to identify regional extreme cold
events in northern China, providing a basis for subsequent analyses of changes in event
frequency, intensity, and spatial extent. The objective identification technique for regional
extreme low-temperature events has been applied in studies covering China and Eurasia.
Feng et al. used the objective identification technique for regional low-temperature events
(OITRLTE) to identify and analyze regional extreme low-temperature events across China
during 1960-2013 [35]. Zhang et al. (2021) further applied an improved objective
identification technique to investigate long-lasting regional extreme low-temperature
events across Eurasia during the winters of 1948/1949-2017/2018 [36]. These studies
demonstrate the application of this type of objective identification technique across
different spatial scales. Based on the identified events, the characteristic index of regional
extreme cold events is constructed. The detailed identification process, index definition,
and calculation method are all referred to in the research of Gong et al. (2012) [32]. The
definitions of the indices are as follows.

The daily indicators include daily extreme intensity (Q4, °C), defined here as the
minimum of the daily minimum temperatures recorded at all stations within the daily
event zone; daily cumulative intensity (Ly, °C); daily affected area (4,4, 10* km?); a
composite index (Z,) integrating these three characteristics; and the daily location of the
event center:

Q4 = max(Tj)’j =12, ,my; (1)
Ld = Z(’I} _7}'0)']. = 1,2,"‘,md; (2)
j
Ad=za,-.j=1,2,"',ma; ©)
j
Zg=eQq+eLg+esdy, “)

Here, j denotes a station where the daily temperature reaches the extreme-event
threshold; Tjo is the extreme-event threshold at station j;and j is the number of stations
affected on a given day during a regional extreme event. To calculate the daily affected
area in Equation (3), the station observations are first mapped onto a 1 °C x 1 °C grid. The
variable a; denotes the area represented by each grid point, and m, is the number of
grid points within the maximum daily affected area during the event. In Equation (4), e,
e,, and e; are weighting coefficients. This study adopted an equal-weight additive
approach to combine four standardized indicators representing minimum temperature,
cumulative intensity, affected area, and event duration. Equal weighting is a commonly
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used method for constructing composite indicators, particularly when sufficient empirical
evidence is unavailable to justify assigning different weights to individual components
[37].

These indicators describe the overall characteristics of an extreme low-temperature
event, including event extreme intensity (Q, °C), event cumulative intensity (L, °C),
cumulative affected area (4, 10* km?), duration (N, days), a composite index (Z), and the
location of the center of the event’s maximum affected area.

Q =max(Q,),d =1,2,---,N; (5)
n

L= Z Lg; 6)
i=1

Apax =max(4,),d =12, ,N; 7)
N

A= EAd, (8)
i=1

Z = elQ + eZL + e3N + 64_A. (9)

Here, e;, e, e; and e4 in Equation (8) are weighting coefficients. The composite
index for the entire event is calculated by first standardizing the daily event indicators
and then taking their weighted sum. This study adopted an equal-weight additive
approach to combine four standardized indices.

In order to quantitatively characterize the key atmospheric circulation anomalies that
affect the regional extreme cold events in northern China under the background of Arctic
amplification, this study constructs the Arctic amplification index (AAI850), the Siberian
High index (SHI) and the Ural Ridge Index (URI). These indices describe the large-scale
circulation background associated with regional extreme cold events from three aspects:
abnormal temperature differences between the Arctic and mid-latitudes, near-surface
high-pressure system abnormalities, and abnormal middle and upper troposphere
circulation.

The typical feature of Arctic amplification is that the warming rate in the Arctic is
higher than that in the mid-latitudes. Therefore, previous studies have used Arctic 850
hPa temperature to characterize Arctic amplification and quantified Arctic amplification
using the difference in temperature anomalies between the Arctic and lower-latitude
regions [38,39]. Francis and Vavrus defined the Arctic region as 70-90° N and the
midlatitude region as 30-60° N, and used the difference in near-surface temperature
anomalies between the two regions to characterize the temperature contrast between the
Arctic and midlatitudes [40]. Following these approaches, this study defines the Arctic
amplification index at 850 hPa (AAI850) as the difference between the regional mean 850
hPa temperature anomalies over the Arctic (70-90° N) and the midlatitudes (30-60° N):

AAlgs) = T arctic — T Mid—latitudes (10)

where the first term T, denotes the regional mean 850 hPa temperature anomaly in
the Arctic (70° N-90° N), and the second term T'yg—jaimge denotes that in the mid-
latitudes (30° N-60° N). The increase in AAI850 shows that the temperature increase in
the Arctic is more significant than that in mid-latitudes.

The Siberian High is an important near-surface high-pressure system over the
Eurasian continent during winter, and its intensity variations play an important role in
the East Asian winter monsoon and cold-air outbreak activity. Previous studies have
defined the Siberian High Index using regional mean sea level pressure anomalies over
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the Siberian region [41,42]. Therefore, the SHI was defined as the regional mean sea level
pressure anomaly over 40-60° N and 80-120° E, following the regional domain commonly
used in previous studies [41,43]:

SHI = SLP’49_60°N,30-120°E» (11)

where the term SLP’ denotes the sea level pressure anomaly. The Siberian High region
was defined as 40° N-60° N and 80° E-120° E. A positive SHI indicates an enhanced
Siberian High.

The Ural region is located in a key area of the mid- and high-latitude circulation
system in Eurasia. The 500 hPa geopotential height abnormality in the region can reflect
changes in the Ural high-pressure ridge and blocked circulation. Previous studies have
shown that the abnormal 500 hPa geopotential height in the Ural-Siberian region is closely
related to the abnormal winter circulation in Eurasia [44,45]. Therefore, the URI was
defined as the regional mean 500 hPa geopotential height anomaly over 50-70°N and 40—
80°E. This domain is consistent with that used in previous studies to characterize 500 hPa
geopotential height variations over the Ural region [46]:

URIL = Z'500,50-70°N,40-80°F» (12)
where the term Z'syy denotes 500 hPa geopotential height. The Ural region was defined
as 50° N-70° N and 40° E-80° E. URI is positive, indicating the enhancement of the Ural
high-pressure ridge.

Because AAI850, SHI, and URI are derived from different physical variables and have
different units, all indices were standardized before correlation analysis. The

standardization method commonly used in climate statistical analysis was applied [47]:

X-X
X* = . 13)
c

where the primed symbol denotes the standardized index, and the bar and sigma denote
the mean and standard deviation, respectively.

2.3. Arctic Amplification Period Division and Statistical Significance Tests

Based on previous studies of the interdecadal variability of Arcticamplification (AA),
this study adopts the winter season of 2000/01 as the boundary between the two
comparison periods. Accordingly, the winters of 1979/80-1999/2000 and 2000/01-2023/24
are defined as the early and late periods, respectively. This classification provides a
framework for examining changes in regional extreme cold events under different AA
backgrounds. It should be noted that the boundary is used for comparative analysis and
does not represent a uniquely defined physical turning point in AA or imply that its
evolution is attributable to a single driver. The sensitivity of the main results to alternative
boundary years was examined by shifting the original boundary 5 and 10 years earlier
and later. The results are presented in Supplementary Table S1.

In order to identify change points in the time series, this study adopts the Pettitt non-
parametric change point test method. This method was proposed by Pettitt [48] and can
detect unknown change points in the time series based on rank statistics.

The statistic is defined as:

t
U = ZZ R, — t(n + 1), (14)
i=1

The maximum statistic is:

K = max|U], (15)
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when p < 0.05, the time series was considered to exhibit a statistically significant abrupt
change.

In order to evaluate the statistical significance of the differences in the characteristics
of regional extreme cold events between different AA (Arctic amplification) stages, this
study adopts the Bootstrap resampling method proposed by Efron and Tibshirani [49].
The method constructs the empirical distribution of statistics through random resampling
with replacement, and does not need to make assumptions about the potential probability
distribution of the sample. Specifically, for the two samples to be compared, independent
random resampling is carried out with replacement in their respective samples; the
sample volume after resampling is kept consistent with the original sample size, and the
corresponding statistics (such as the average or median) of each resampling dataset are
calculated. The process is repeated 5000 times to obtain the empirical distribution of the
difference between the two statistics, and then calculate the 95% confidence interval based
on this distribution. If the confidence interval does not contain zero values, the difference
between the two samples is considered to be statistically significant at the 95% confidence
level. All the significance tests in this study adopt the above-mentioned Bootstrap method
and take the annual events as the resampling unit. For the analysis based on the lag
sequence, the significance test results are only used as auxiliary information, and the
analysis and interpretation mainly focus on continuous time changes and cumulative
change trends.

3. Results
3.1. Changes in Regional Extreme Cold Events over Northern China Under Arctic Amplification

During the study period (cold seasons from 1979/80 to 2023/24), a total of 799 regional
extreme cold events in northern China were identified using the objective method of Gong
et al. (2012) [32]. The mean latitude and mean longitude of the station records associated
with each event were calculated separately, and the resulting coordinates were used to
represent the spatial center of that event. Based on this method, the spatial centers of
extreme cold events exhibit a distinctly non-uniform spatial distribution across northern
China (Figure 1). The center of the incident is mainly concentrated in Xinjiang, central
North China and Northeast China, while the frequency of occurrence in the middle area
is relatively low. The spatial distribution before and after the occurrence of AA (Arctic
amplification) is highly overlapping, indicating that the main areas of the event in the two
stages are basically the same. However, there are obvious regional differences in the
relative frequency of events, which implies a local redistribution of event activities rather
than an overall spatial displacement in a specific direction.

Geometric Centers of Regional Extreme Cold Events

55.0
g T
52.5 5
50.0 4 ? \\_\_
E 415 ' e e
. {2 sl
g 45.0 : ﬂ-'r
% 42.5 ;,\J
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Figure 1. Spatial Distribution of Regional Extreme Low-Temperature Event Centers. Each dot
represents the geometric center of an individual regional extreme cold event. Blue dots denote
events during the pre-AA period (1979/80-1999/2000), whereas red dots denote events during the
post-AA period (2000/01-2023/24). The events were identified based on daily minimum temperature

https://doi.org/10.3390/atmos17111097


https://doi.org/10.3390/atmos17111097

Atmosphere 2026, 17, 1097

10 of 31

records from 974 meteorological stations in northern China during the cold seasons from 1979/80 to
2023/24.

Figure 2a shows that the frequency of regional extreme cold events over northern
China exhibited pronounced interannual variability over the cold seasons of 1979/80-
2023/24. During the pre-AA period, event frequency was generally higher, with several
high-frequency years occurring particularly in the 1980s. During the post-AA period,
substantial interannual variability persisted, but high-frequency years became less
frequent and a clearer downward tendency emerged within the period.

54 (a) Interannual variation of regional extreme cold event frequency in Northern China
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Figure 2. Interannual changes and trends of the frequency and characteristic index of extreme cold
events in northern China. (a) Interannual changes in the frequency of regional extreme cold events
from November 1979 to March 2024. (b) Interannual changes in the event characteristic index,
including the event minimum temperature (Q), cumulative low temperature intensity (L),

maximum impact area (A), event duration (N), cumulative impact area (NA) and composite
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intensity index (Z). In (a,b), the orange and green dotted lines represent the linear trend of the period

before and after AA, respectively, and the blue vertical dotted lines mark the dividing lines of these

two periods. The blue solid line represents the original data.

Different event indicators show completely different evolutionary characteristics in
the period before and after AA (Arctic amplification) (Figure 2b). The minimum
temperature (Q) of the event showed an upward trend before the occurrence of AA, but

turned into a downward trend after the occurrence of AA. As shown in Figure 3a, event

frequency decreased during the pre-AA period, although the trend was not statistically

significant, whereas the decline during the post-AA period was significant (p < 0.05). This

indicates that the reduction in regional extreme cold event frequency became more
evident during the post-AA period. The Pettitt test further identified a significant change
point in 2012 (p = 0.016), after which the mean event frequency was markedly lower than
before the change point (Figure 3(b1)). These results collectively indicate an overall
decline in event frequency, accompanied by a pronounced stepwise reduction during the

later part of the study period.
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(b) Pettitt change-point test for regional extreme cold event frequency and attributes
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Figure 3. Trends and change-point characteristics of the frequency and characteristic index of
extreme cold events in northern China. (a) The linear trend slope of the event frequency and
characteristic index in the period before and after AA (Arctic amplification), including the event
minimum temperature (Q), cumulative low temperature intensity (L), maximum impact area (A),
event duration (N), cumulative impact area (NA) and composite intensity index (Z). The dot
indicates the trend slope per decade, and the error bar represents the 95% confidence interval
calculated based on the bootstrap method. The ns indicates that the trend is not significant (p > 0.05),
while *, ** and *** indicate significance at the levels of p <0.05, p <0.01 and p < 0.001, respectively.
(b) The change point of the event frequency and characteristic index identified by the Pettitt test.
The black solid line represents the time series year by year, the blue and red horizontal lines
represent the average before and after the change point, respectively, and the vertical dotted line
indicates the year of the candidate change point; the red line indicates the statistically significant
change point (p <0.05), and the gray line indicates the non-remarkable candidate change point. The
ns indicates that the trend is not significant (p > 0.05), while *, ** and *** indicate significance at the

levels of p <0.05, p <0.01 and p < 0.001, respectively.

It can be seen from Figure 3a that the trend of the minimum temperature (Q) before
the occurrence of AA is not statistically significant, while the downward trend after the
occurrence of AA is significant (p < 0.05), indicating that the minimum temperature
associated with the regional extreme cold event decreased significantly after the
occurrence of AA. The Pettitt test further identified a significant change point in 2009 (p <
0.001), and the average minimum temperature after the mutation was significantly lower
than before the mutation (Figure 3(b2)), which further confirmed the trend of the change
in the lowest temperature of the event to a lower value after AA.

The linear trend of cumulative low temperature intensity (L) in each period is not
statistically significant; however, the Pettitt test identified a significant change point (p =
0.001) in 1999, and the average cumulative low temperature intensity increased
significantly after the mutation (Figure 3(b3)). Similarly, the composite intensity index (Z)
did not show significant linear trends in various periods, but a significant change point (p
=(0.004) was detected in 2000, and the average after mutation was higher (Figure 3(b7)).
These results show that the changing characteristics of L and Z are more expressed as step
changes in the average state than continuous linear trends. In contrast, although the
maximum affected area (A), event duration (N) and cumulative affected area (NA)
identified potential change points in 1993, 2012 and 1988, respectively, according to the
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Pettitt test, these change points are not statistically significant (p-values of 0.095, 0.207 and
0.314, respectively; Figure 3(b4-b6)). Therefore, these indices should not be interpreted as
obvious mutations; in contrast, it is more appropriate to describe their time-change
characteristics with interannual fluctuations and insignificant trends.

Overall, Figures 2a and 3b show that there is obvious decoupling between event
frequency and intensity-related characteristics during the period after AA (Arctic
amplification). The frequency of events decreased significantly and showed a significant
step-by-step decrease around 2012; at the same time, the lowest temperature (Q) of events
also decreased significantly, and a significant mutation occurred in 2009. Although the
cumulative low-temperature intensity (L) and the composite intensity index (Z) did not
show a significant linear trend during this period, the average state of the two showed a
significant upward leap around 1999 and 2000, respectively. In contrast, no significant
change points were detected in the maximum affected area, event duration and
cumulative affected area. Overall, these results show that in the period after the
occurrence of AA, the frequency of regional extreme cold events decreased, but its
minimum temperature tended to be lower, accompanied by the enhancement of other
intensity-related indicators or the improvement of the state level.

Figure 4 shows the frequency distribution characteristics of the main attribute
indicators of extreme cold events in the early and later regions of the Arctic amplification
(AA) effect. These indicators include the lowest temperature of the event (Q), the latitude
of the center of mass of the event, the maximum impact area (A_max) and the duration
(N). In general, the attribute indicators showed a relatively stable distribution pattern in
these two periods, but their responses to different stages of the AA effect differed
significantly, indicating that not all characteristics of the evolution of regional extreme
cold events changed synchronously.
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(b) Distribution of regional extreme cold events (Later)
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Figure 4. The frequency distribution and differences in regional extreme cold event characteristics
before and after the Arctic amplification (AA) in northern China. (a) The frequency distribution of
the event characteristics of the period before the occurrence of AA. (b) The frequency distribution
of the period after the occurrence of AA. Specifically, (al, bl) represent minimum event temperature
(Q); (a2, b2) represent event centroid latitude; (a3, b3) represent maximum affected area (Amax);

and (a4, b4) represent event duration (N).

The frequency distribution of the lowest temperature Q of the event (Figure 4(al,bl))
showed broad unimodal characteristics in both periods, mainly in the range of —40 to
-25 °C, and the peak frequency appeared around —30 °C. Compared with the earlier
period, the Q distribution in the later period shifted to the low-temperature direction,
showing an increase in the frequency of events in the low-temperature range (about —45
to =35 °C), while the frequency of relatively warm events decreased. The distribution of
the latitude of the center of the event (Figure 4(a2,b2)) shows multi-peak characteristics,
and the center of the event is mainly distributed between 37° and 48° north latitude.
Relatively high-frequency regions occur at 38—40° and 45-48° north latitudes, indicating
that regional extreme cold events have obvious latitude aggregation. This distribution
pattern reflects the differences in the background of cold air activity and climatic
conditions in different latitudes in northern China.

The distribution of the maximum impact area (A_max) (Figure 4(a3,b3)) shows
significant right-skewed characteristics; that is, as the impact area increases, the event
frequency decreases rapidly. Small-area events dominate, while large-scale events are
relatively rare. This shows that although regional extreme cold events have a certain
spatial continuity, events with a wide range of impact are still low-probability events. The
distribution of A_max remains basically the same in the two periods before and after. The
duration (N) distribution (Figure 4(a4,b4)) also shows significant right-bias features, and
the frequency of events decreases rapidly with the extension of duration. Most regional
extreme cold events are concentrated in the short duration of 2-3 days, while long
duration events occur less frequently. Compared with the early period, the duration
distribution of the later period shows a certain adjustment.
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Figure 5a further shows that compared with the early stage, the frequency of cold
events in the later stage has generally increased (the average difference is —2.98), and the
difference has passed the significance test. This shows that the intensity distribution of
extreme cold events in the later period has changed significantly, showing the
characteristics of increasing extreme low-temperature intensity. Figure 5b shows that the
average mass center latitude in the later period moved 0.87° north, and the difference
passed the significance test. This indicates that in the later AA period, the activity center
of regional extreme cold events shifted to high latitudes. Figure 5c shows that the mean
difference between the two periods is —1.63, and the Bootstrap test does not reach the
statistical significance level, indicating that the spatial scale of regional extreme cold
events has not changed substantially between the two periods. Figure 5d shows that the
average frequency difference is +0.18 days, and the difference has passed the significance
test, indicating that the frequency distribution between different duration categories has
changed to a certain extent; that is, the proportion of relatively long-lasting events in the
later stage has increased. However, combined with the results of the average duration in
Figure 4a, the average duration of the event has not changed significantly; this shows that
the adjustment of the duration distribution mainly reflects the redistribution of the
proportion of the event between different duration categories, rather than the systematic
extension of the overall duration of the event.

Frequency difference of event characteristics between two periods
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Figure 5. The frequency differences in regional extreme cold event characteristics before and after
the Arctic amplification (AA) in northern China. The difference in the frequency distribution of the
period after the occurrence of AA and before the occurrence of AA (the latter minus the former).
Specifically, (a) represent minimum event temperature (Q); (b) represent event centroid latitude; (c)
represent maximum affected area (Amax); and (d) represent event duration (N). The red and blue
columns indicate the increase and decrease in the frequency of events, respectively. The picture

provides the average difference, the Bootstrap 95% confidence interval and the Bootstrap p-value to
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evaluate the significance of the distribution change. The ns indicates that the trend is not significant
(p 2 0.05), while *, ** and *** indicate significance at the levels of p < 0.05, p < 0.01 and p < 0.001,

respectively.

In general, regional extreme cold events show non-uniform distribution
characteristics in various attributes, among which Q, the latitude of the center of mass of
the event, A_max and N, respectively characterize the differences in thermal intensity,
spatial position, scope of influence and duration characteristics. Compared with the
previous period, the attribute distribution of regional extreme cold events has shown a
certain adjustment. Specifically, in the later stage, the distribution of the lowest
temperature of the event shifted to a lower value, the center of the event moved to high
latitudes, and the distribution of the duration category changed to a certain extent, while
the maximum impact range was not significantly adjusted. In summary, in the later stage
of significant Arctic amplification, the changes in regional extreme cold events are mainly
manifested in the enhancement of low-temperature intensity, the shift of the event
position, and the adjustment of the duration distribution, rather than the systematic
expansion of the impact range.

In order to explore the changing characteristics of regional extreme cold events in
northern China during different Arctic amplification (AA) periods, this study compares
the early and late periods (Earlier period and Later period) from multiple aspects such as
event frequency, extreme intensity, duration, scope of influence and spatial distribution.
Period) regional extreme cold event (Figure 6).

Temporal differences of regional extreme cold events between Arctic Amplification periods
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Figure 6. Time changes of regional extreme cold events in northern China during different Arctic
amplification periods. The comparison of the characteristics of regional extreme cold events in the
early and late stages of the Arctic, including (a) event frequency, (b) minimum temperature (Q), (c)
cumulative intensity (L), (d) maximum impact area (A), (e) duration (N), (f) cumulative impact area
(NA) and (g) composite index (Z). The error bar represents the 95% confidence interval obtained by
Bootstrap resampling. A indicates the difference between the later stage and the early stage. The
statistical significance is evaluated by the Bootstrap double-sample significance test. The ns indicates
that the trend is not significant (p > 0.05), while *and ** indicate significance at the levels of p < 0.05
and p <0.01, respectively.

https://doi.org/10.3390/atmos17111097


https://doi.org/10.3390/atmos17111097

Atmosphere 2026, 17, 1097

17 of 31

Figure 6 shows the differences in the indicators of regional extreme cold events in the
two periods. First of all, the frequency of later events decreased significantly (Figure 6a).
The average frequency of regional extreme cold events decreased from about 21
times/year in the early stage to about 14 times/year in the later stage, with a change of
-7.13 times/year, and the change passed the significance test. The results show that in the
late stage of Arctic amplification, the frequency of regional extreme cold events in
northern China decreased significantly.

However, in contrast to the decrease in the frequency of events, the indicators related
to the intensity of extreme cold events show a significant increasing trend. The minimum
temperature indicator Q decreased further in the later stage, from about —29.5 °C in the
early period to about -33.5 °C, with a change of -3.98 °C (Figure 6b); the cumulative
intensity index L increased significantly, with a change of +207.98 °C-station-day (Figure
6c). Both intensity indicators passed the significance test, indicating that the later extreme
cold event has a lower extreme temperature and a stronger cumulative cold anomaly
intensity. The comprehensive index Z constructed by multiple indicators further confirms
this change: the Z value rises from about —0.6 in the early stage to about 0.3 in the later
stage; the change is +0.90 (Figure 6g), and the change passes the significance test. This
shows that in terms of overall intensity, regional extreme cold events show an increasing
trend in the later stage.

In contrast, indicators related to event lifecycle and spatial scale did not show
significant changes. The maximum affected area A changed by only -0.01 x 106 km? (Figure
6d), the event duration N changed by +0.04 d (Figure 6e), and the cumulative affected area
NA changed by -0.02 x 10¢ km?>d (Figure 6f). None of these indicators passed the
significance test. These results indicate that the enhanced intensity of extreme cold events
during the later period was not caused by prolonged event duration or expanded affected
area, but mainly resulted from stronger cold anomalies during individual events.

Therefore, from the temporal perspective, regional extreme cold events over
Northern China exhibited a clear shift in their overall characteristics during the later AA
period, shifting from relatively high-frequency and relatively weaker cold anomaly events
during the earlier period to relatively low-frequency and relatively high-intensity cold
anomaly events during the later period.

Figure 7 further shows the spatial distribution and differences in regional extreme
cold events in different regions of northern China in two periods. In the previous period
(Figure 7a), the high incidence areas of regional extreme cold events were mainly
distributed in northeast China, eastern Inner Mongolia and northern North China. Among
them, the northeast region presents the most prominent high-value centers, especially in
southern Heilongjiang, Jilin and northern Liaoning. These areas have high latitudes, a
prominent cold background in winter, and are deeply affected by cold air activity at mid-
and high latitudes, resulting in a high frequency of extreme cold events. In addition, from
eastern Inner Mongolia to northern North China, there is also a high frequency of events,
reflecting the important impact of cold air activity on the Mongolian plateau on regional
extreme cold events in northern China.

https://doi.org/10.3390/atmos17111097


https://doi.org/10.3390/atmos17111097

Atmosphere 2026, 17, 1097

18 of 31

Spatial distribution and period difference of regional extreme cold events in Northern China
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Figure 7. Spatial distribution of regional extreme cold events in northern China during different
Axrctic amplification periods. Spatial distribution and period differences in regional extreme cold
events in northern China. The first line (a—c) shows the frequency of events, the second line (d-f)
shows the number of extremely cold days, and the third line (g-i) shows the mean cold anomaly.
The first, second and third columns represent the difference between the early stage, the late stage
and the late stage minus the early stage, respectively. The difference chart shows the changes in the
later period relative to the early stage. Blue and red indicate decrease and increase, respectively.
(The shaded area in (i)) indicates that the change in the mean cold anomaly level in the later and
early stages passed the grid point of the Bootstrap double sample significance test (corrected by
Benjamini—-Hochberg false discovery rate [FDR]).

In the later period (Figure 7b), the spatial distribution pattern of the frequency of
events remained generally stable. The high-frequency zone is still mainly located in the
area of “Northeast—Eastern Inner Mongolia—Northern North China”, but the overall
intensity has weakened. The distribution of the difference between the later period and
the previous period (Figure 7c) shows that most areas show negative anomalies,
indicating that the frequency of extreme cold events in the later period has generally
decreased. This downward trend is particularly obvious in the south-central part of the
northeast, eastern North China and eastern Inner Mongolia, which is consistent with the
overall downward trend of the frequency of events shown in Figure 6.

The spatial distribution of the number of extreme cold days broadly corresponds to
the spatial pattern of event frequency (Figure 7a—f). In the previous period (Figure 7d), the
areas with more extreme cold days were mainly concentrated in Northeast China and
eastern Inner Mongolia, overlapping with the major high-frequency areas of extreme cold
events shown in Figure 7a. This spatial correspondence indicates that the two indicators
share similar spatial patterns in these regions. In the later period (Figure 7e), the spatial
distribution pattern of extreme cold days remained broadly stable, although the overall
number of extreme cold days decreased. The difference map (later minus earlier; Figure
7f) shows predominantly negative anomalies across the study area, indicating a general
reduction in the number of extreme cold days. This result is consistent with the overall
decrease in event frequency shown in Figure 7c. However, the consistency between the
two indicators does not necessarily mean that their spatial distributions or changes are
identical at every location.
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Unlike the frequency of events and the number of days of extreme cold, the average
low temperature abnormality shows an increasing trend (Figure 7g—i). The average low
temperature anomaly reflects the deviation of the lowest temperature relative to the
threshold temperature during extreme cold events. The higher the value, the stronger the
degree of low temperature anomaly. In the early stage (Figure 7g), strong low-
temperature abnormalities were mainly distributed in Northeast China, eastern Inner
Mongolia and northern North China, which is consistent with the high-incidence areas of
extreme cold events; this indicates that the above-mentioned areas are not only areas with
frequent extreme cold events, but also areas with a strong degree of low-temperature
abnormalities. In the later stage (Figure 7h), the average low temperature abnormality
increased as a whole, especially in Northeast China, eastern Inner Mongolia and central
and eastern North China. The results of the difference between the late stage and the early
stage (Figure 7i) show that most areas show positive abnormalities, and some areas have
passed the significance test, indicating that the extreme cold event in the later stage shows
a more significant temperature deviation. The areas with significant enhancement are
mainly concentrated in Northeast China, eastern Inner Mongolia and central and eastern
North China, which implies that the enhancement of late extreme cold events in these
areas is statistically significant and not caused by random interannual changes.

By combining the temporal variations and spatial distributions, it can be found that
regional extreme cold events over Northern China during the later AA period did not
exhibit a simple enhancement or weakening pattern but instead showed clear
asynchronous changes.

On the one hand, the frequency of a wide range of events and the number of days of
extreme cold in the research area have decreased, indicating that the frequency of regional
extreme cold events has decreased; on the other hand, the minimum temperature, the
cumulative low temperature intensity and the average low temperature abnormality have
all increased significantly, showing that the extreme cold events that occur in the later
stage show stronger low-temperature abnormal characteristics.

In terms of spatial distribution, Northeast China, eastern Inner Mongolia and
northern North China are still key areas affected by regional extreme cold events.
However, the areas with increased intensity in the later stage are mainly concentrated in
Northeast China and central and eastern North China, and some areas have passed the
significance test. In general, during the later AA period, the regional extreme cold events
in northern China showed the characteristics of “reducing the frequency of events, but
increasing the abnormal intensity of the low temperature of a single event”.

3.2. Relationships Between Arctic Amplification, Key Circulation Anomalies, and Regional
Extreme Cold Events

To further explore the relationship between extreme cold events in northern China
and key circulation anomalies under Arctic amplification (AA), this study constructed the
Arctic amplification index (AAI850), the Siberian High Index (SHI), and the Ural Ridge
Index (URI), and analyzed their interannual changes and correlations with regional
extreme cold event indices (Figure 8). Here, AAI850 characterizes Arctic warming relative
to mid-latitudes, whereas SHI and URI depict near-surface pressure anomalies over the
Siberian-Mongolian region and 500 hPa geopotential height anomalies over the Ural
region, respectively.
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Figure 8. The statistical relationship between the Arctic amplification index and the characteristics
of regional extreme cold events in northern China. (a) Standardized interannual changes between
AAI850 and regional extreme cold event index from 1979 to 2024, including Arctic amplification
index (AAI850), event frequency (F), minimum temperature cold intensity (-Q) and composite
intensity index (Z). The solid line represents the linear trend, and the trend significance is evaluated
by the residual moving-block bootstrap method. (b) The correlation between AAI850 and various
regional extreme cold event indices: (bl) event frequency (F); (b2) minimum-temperature cold
intensity (-Q); (b3) cumulative cold intensity (L); and (b4) composite intensity index (Z). Each dot
represents an annual observation, and the solid line indicates the linear regression fit. The figure
shows the Pearson correlation coefficient of the original sequence and the detrended time series,
and the significance is evaluated by the Bootstrap method. While **and *** indicate significance at
the levels of p <0.01 and p < 0.001, respectively.
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Figure 8a shows the standardized interannual variations in AAI850 and the regional
extreme cold-event indices from 1979 to 2024. During the study period, AAI850 exhibits a
statistically significant upward trend, indicating enhanced Arctic warming relative to the
midlatitudes. Meanwhile, regional extreme cold-event frequency (F) shows a significant
downward trend, whereas minimum-temperature intensity (—Q) and composite intensity
(Z) exhibit significant upward trends. All four trends are statistically significant according
to the bootstrap test. These results indicate that strengthening Arctic amplification
coincides with decreasing event frequency and increasing intensity as measured by -Q
and Z in northern China. This pattern is consistent with the transition from more frequent,
weaker events to less frequent, stronger events across the Arctic amplification periods
identified in Figure 4. However, these concurrent long-term changes alone do not
establish a causal relationship.

Figure 8b further illustrates the correlations between AAI850 and the different
regional extreme cold-event indices. Pearson correlation coefficients were calculated for
both the original and detrended time series, and their statistical significance was assessed
using a bootstrap method. For event frequency F (Figure 8(b1)), the correlation with
AAI850 is weak and statistically insignificant in the original time series, but becomes
stronger and statistically significant after detrending. This indicates a positive association
between their interannual variations after the long-term trends are removed.

For minimum-temperature intensity —Q (Figure 8(b2)), the correlations with AAI850
are positive in both the original and detrended time series, but neither is statistically
significant. Thus, although -Q exhibits a significant upward trend in Figure 8a, the
correlation analysis does not establish a significant linear association between its
interannual variability and AAI850. For cumulative cold intensity L (Figure 8(b3)) and
composite intensity Z (Figure 8(b4)), the correlations with AAI850 are also statistically
insignificant. The corresponding coefficients for the original and detrended time series are
0.08 and -0.09 for L, and 0.15 and 0.01 for Z, respectively. These results provide no
statistically significant evidence of linear associations between AAI850 and these two
indices over the study period.

Taken together, Figure 8a,b highlight the distinction between long-term changes and
detrended interannual relationships. Over 1979-2024, AAI850 increases while event
frequency decreases and the —(Q and Z intensity indices increase. After detrending,
however, AAI850 exhibits a significant positive correlation with event frequency, whereas
its correlations with all three intensity indices remain statistically insignificant. Thus, the
opposing long-term trends in AAI850 and event frequency coexist with positive
interannual covariability. These results emphasize that relationships between Arctic
amplification and regional extreme cold events depend on the temporal component
examined, and that concurrent long-term trends should be distinguished from
interannual associations.

Figure 9 shows the detrended correlation between AAI850, SHI, URI, and regional
extreme cold event indices. All correlation coefficients are calculated based on the
detrended time series, and the significance test is carried out by the Bootstrap method.
The results show that there is a significant positive correlation between AAI850 and SHI,
indicating that the abnormal changes in the Siberian High are consistent with the change
trend of Arctic amplification. AAI850 and URI also have a significant positive correlation,
suggesting that there is a synergistic change between Arctic amplification and high-
altitude circulation anomalies in the Urals. In addition, there is also a significant
correlation between SHI and URI, indicating that there is a certain degree of synchronous
variability between the two key circulation anomalies at high latitudes in Eurasia.
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Detrended correlation structure among AAlgsg, SHI, URI
and regional extreme cold-event metrics
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Figure 9. The statistical relationship between the Arctic amplification index, the circulation anomaly
index and the characteristics of regional extreme cold events in northern China. The detrended
correlation matrix between AAI850, circulation anomaly index (SHI and URI) and regional extreme
cold event index. All correlations are calculated based on the detrended time series and tested by

the Bootstrap method. ** and *** indicate proot < 0.01 and proot < 0.001, respectively.

Among extreme cold event indices, cumulative cold intensity L is significantly
positively correlated with the composite intensity index Z, indicating that Z mainly
reflects the cumulative characteristics of cold anomalies. At the same time, the circulation
anomaly index is positively correlated with the event frequency F, suggesting that there
is a statistical correlation between the high-latitude circulation anomaly in Eurasia and
the occurrence characteristics of regional extreme cold events.

Taken together, Figure 8a,b distinguish long-term changes from relationships
between the detrended time series. Over 1979-2024, AAI850 exhibits a significant upward
trend, while event frequency shows a significant downward trend and the -Q and Z
intensity indices show significant upward trends. After detrending, AAI850 is
significantly positively correlated with event frequency, whereas its correlations with all
three intensity indices are statistically insignificant. Thus, the opposing long-term trends
in AAI850 and event frequency coexist with significant positive covariability in their
detrended variations. These findings underscore the need to distinguish concurrent long-
term changes from correlations between detrended variations when interpreting the
associations between AAI850 and regional extreme cold-event characteristics.

To further understand differences in regional extreme cold events over northern
China under different Arctic amplification (AA) periods, this study examined the large-
scale circulation background during extreme cold events, including 500 hPa geopotential
height, sea level pressure, and 850 hPa temperature, geopotential height, and wind fields
(Figure 10).
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(c) 850-hPa temperature, geopotential height and wind
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Figure 10. Characteristics of atmospheric circulation synthesis during regional extreme cold events
in northern China during different Arctic amplification periods. (a) Composite diagram of the 500
hPa potential height field during regional extreme cold events: early stage (al), late stage (a2) and
the difference between the two (late stage minus early stage) (a3). (b) Synthesis diagram of sea-level
pressure field during regional extreme cold events: early (b1), late (b2) and the difference between
the two (late minus early) (b3). (c) Composite diagram of 850 hPa temperature, potential height and
wind field during regional extreme cold events: early stage (c1), late stage (c2) and the difference
between the two (late stage minus early stage) (¢3). The shaded area represents 850 hPa temperature
in (c1,¢2), and the temperature difference in (c3); the equivalent line represents the 850 hPa potential
height; the vector arrow represents the horizontal wind field. The shaded slash area in the difference

chart represents the area where the change is statistically significant at the 95% confidence level.

The 500 hPa geopotential height field characterizes the large-scale mid-tropospheric
circulation during cold seasons. In the earlier period (Figure 10(al)), geopotential height
generally decreases with increasing latitude across Eurasia, with lower values at high
latitudes and higher values at middle and lower latitudes. Northern China lies within this
pronounced meridional geopotential height gradient. In the later period (Figure 10(a2)),
the broad spatial pattern remains similar, while regional changes become evident in the
later-minus-earlier difference field. Figure 10(a3) shows predominantly positive
geopotential height differences across the plotted domain. Widespread statistically
significant increases occur over the Arctic and northern Eurasia, as well as across
substantial parts of lower- to midlatitude Eurasia, including parts of China, and the
western North Pacific. In contrast, a band extending through parts of central and eastern
Eurasia around 45-60° N exhibits comparatively small differences that are generally
statistically insignificant. Localized weak negative differences also occur within this band
and over parts of western Europe. These results indicate widespread but spatially
nonuniform increase in cold-season 500 hPa geopotential height, rather than an
adjustment confined mainly to high latitudes.

The mean sea-level pressure field reflects the characteristics of the large-scale near-
surface pressure system during cold seasons. In the earlier period (Figure 10(b1)), a
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pronounced continental high-pressure system extends across interior Eurasia, with high
sea-level pressure over the Siberian-Mongolian region. Northern China lies along the
southern to southeastern flank of this high-pressure system. In the later period (Figure
10(b2)), high pressure persists over the Siberian-Mongolian region, and the broad spatial
pattern remains similar to that of the earlier period. The later-minus-earlier difference field
(Figure 10(b3)) shows a broad band of positive sea-level pressure differences across
northern Eurasia, although much of this band does not reach statistical significance.
Significant positive differences occur over parts of the Tibetan Plateau and a broad area
of the western North Pacific, while significant negative differences occur in parts of
Europe. Over much of northern China outside the Tibetan Plateau, the differences are
comparatively small and generally statistically insignificant. These results indicate that
the broad continental high-pressure pattern persists between the two periods, while
changes in cold-season mean sea-level pressure exhibit marked regional differences rather
than being confined to high latitudes.

The temperature, geopotential height, and wind fields at the 850 hPa pressure level
characterize the lower-tropospheric thermal and circulation conditions during cold
seasons. In the earlier period (Figure 10(cl)), relatively cold conditions prevail over
northeastern China and eastern Inner Mongolia, with temperatures generally decreasing
northward. The wind field exhibits northwesterly or northerly components over parts of
northern China, consistent with the potential for southward transport of colder air. In the
later period (Figure 10(c2)), the broad spatial patterns of temperature, geopotential height,
and wind remain similar to those in the earlier period. The later-minus-earlier difference
field (Figure 10(c3)) shows predominantly positive temperature differences, with
statistically significant warming indicated by hatching across extensive high-latitude
areas and substantial parts of lower- to midlatitude Eurasia, including parts of China. In
contrast, portions of central and eastern Siberia exhibit comparatively small temperature
differences that generally do not reach statistical significance. These results indicate a
generally warmer cold-season lower-tropospheric background in the later period. The
geopotential height contours and wind vectors also exhibit regional differences between
the two periods. Northwesterly or northerly wind components remain evident over parts
of northern China in the later-period mean field. The persistence of northwesterly or
northerly wind components over parts of northern China is consistent with the possibility
of continued southward cold-air transport in the later period. Thus, despite the warmer
cold-season thermal background, the mean circulation retains features potentially
conducive to cold-air incursions into northern China.

Taken together, the circulation fields at different levels in Figure 10 reveal changes in
the cold-season thermal and circulation background between the earlier and later periods.
At 500 hPa, geopotential height increases over extensive areas of the Arctic and Eurasia,
with substantial regional differences in the magnitude and statistical significance of these
changes. The spatially nonuniform increase may modify regional height gradients and the
background flow that steers cold air, potentially affecting its southward pathways into
northern China. At sea level, the broad Siberian-Mongolian high-pressure pattern persists
in both periods, while significant pressure differences occur in selected regions rather than
indicating a uniform strengthening of the continental high. These regional pressure
changes may alter pressure gradients and low-level flow patterns, potentially influencing
the pathways and strength of cold-air transport into northern China. At 850 hPa,
predominantly positive temperature differences indicate a warmer lower-tropospheric
background in the later AA period. Nevertheless, northwesterly or northerly wind
components remain evident over parts of northern China, consistent with the possibility
of southward cold-air transport. Thus, the later period combines a warmer seasonal-mean
thermal background with circulation features that may still permit cold-air incursions.
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These background changes provide context for the reduced frequency and enhanced cold-
anomaly intensity of regional extreme cold events reported in Figure 6.

4. Discussion

This study systematically examines changes in regional extreme cold events over
northern China under Arctic amplification using long-term station observations and
reanalysis data. From the perspectives of event characteristics, statistical relationships,
and large-scale circulation backgrounds, the results show that Arctic amplification is
associated with reduced event frequency and enhanced cold intensity. Circulation
composites further suggest that residual extreme cold events occur under specific mid-
and high-latitude configurations. Given regional differences in the response of
midlatitude climate to Arctic amplification, future work should expand the domain and
compare response characteristics across regions.

Compared with previous observational and modeling studies, the present results
emphasize that regional extreme cold events over northern China did not disappear under
Arctic amplification; instead, their statistical structure changed from high-
frequency/weak-anomaly events to low-frequency/high-intensity events [14,16-21]. This
is consistent with arguments that warming reduces the frequency of threshold-exceeding
cold processes, whereas residual events remain controlled by strong circulation anomalies
such as Siberian High intensification and Ural blocking [20,22,24,25].

By jointly examining changes in the frequency, intensity, and circulation background
of regional extreme cold events over northern China, this study provides regional
observational evidence for understanding the relationship between Arctic amplification
(AA) and midlatitude cold extremes. The identified transition from more frequent,
weaker-anomaly events to less frequent, stronger-anomaly events also offers a regional
perspective on the evolution of cold extremes under Arctic warming. Existing studies
provide different interpretations of the midlatitude impacts of AA. Cohen et al. identified
associations between anomalous Arctic warmth and severe winter weather over Northern
Hemisphere continents [50]. Other studies place greater emphasis on natural climate
variability in shaping the warm Arctic—cold Eurasia pattern. Zhou et al. found that winter
cooling over central Eurasia was mainly associated with enhanced cold-air advection
driven by Ural blocking, highlighting the roles of internal atmospheric variability and the
North Atlantic Oscillation [51]. Furthermore, Ku et al. distinguished the contributions of
AA and internal circulation variability to this pattern, finding that AA contributed to
Arctic warming during 19902014, whereas the negative phase of the Arctic Oscillation
contributed to Eurasian cooling, while also emphasizing interactions between these
components [52]. ENSO may also influence East Asian winter climate and the circulation
background associated with cold events. Geng et al. showed that ENSO impacts on East
Asian winter climate vary within the season, including a temporary breakdown in mid-
January associated with changes in North Atlantic circulation [53]. Cold-season averages
may therefore obscure subseasonal differences in ENSO influences. Although these
studies differ in geographical coverage, temporal scales, and diagnostic measures, they
collectively highlight the need to consider Arctic influences alongside natural climate
variability. The frequency and intensity changes identified here cannot yet be attributed
exclusively to AA, as internal atmospheric variability and other factors, including ENSO,
may also contribute. Building on the regional observational evidence established here,
future research could undertake targeted attribution analyses to further clarify the relative
contributions of AA and other climate processes.

Background warming and individual cold outbreaks describe different aspects of
climate variability. A warmer seasonal mean does not eliminate transient circulation
configurations capable of transporting colder air southward. Blocking and amplified
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trough-ridge patterns can favor meridional flow, while continental high-pressure systems
can support cold-air accumulation and subsequent southward movement [20,22,24,25]. In
Figure 10, northwesterly or northerly wind components remain evident over parts of
northern China at 850 hPa despite the warmer thermal background. Spatially nonuniform
changes in geopotential height and sea-level pressure may further modify the background
flow and transport pathways. These features are consistent with the possibility of
southward cold-air transport, but do not determine whether transport has strengthened
or weakened. These features provide a possible physical context for the persistence of cold
outbreaks. One hypothesis is that events producing pronounced cold anomalies in the
later period involve particularly favorable circulation configurations for cold-air transport
and accumulation. Future work could test this hypothesis using event-based circulation
composites, temperature-advection diagnostics, and analyses of circulation persistence.

The present correlation analysis does not, by itself, establish that Arctic amplification
caused the observed changes in extreme cold events. Alternative drivers cannot be
excluded, including the Arctic Oscillation/North Atlantic Oscillation, El Nifio—Southern
Oscillation, volcanic forcing, and changes in station siting or urban heat-island effects on
station minimum temperature. Future work should therefore combine observational
attribution, coupled model experiments, and station homogenization tests.

Several methodological limitations should be noted. First, AAI850 is only one of
many Arctic amplification metrics, and conclusions may be sensitive to the chosen latitude
bands. Second, the period division around 2000 is a comparative framework rather than
a unique physical transition. Third, regional event detection depends on thresholds and
spatial-temporal continuity criteria that may bias frequency trends if station density or
quality changes over time. Fourth, composite circulation maps describe mean states and
do not quantify causal pathways or predictability.

Future work will also assess how station latitude, elevation and spatial distribution
influence the results through sensitivity analyses, alongside event-based diagnostics of
cold-air transport and analyses of other climate drivers.

In terms of practical implications, the shift toward fewer but more intense regional
extreme cold events suggests that risk assessment for northern China should emphasize
intensity and concurrent multi-region cold-air outbreaks rather than event counts alone.
Because the maximum affected area and mean duration show no robust changes in this
dataset, design standards that depend mainly on exposure duration may need
complementary information from other event types.

Finally, these results support the view that the Arctic-midlatitude linkage is region-
dependent and asymmetric [14-19,21]. Extending the analysis to other Eurasian sectors
and to subseasonal-to-seasonal prediction frameworks would help determine whether the
frequency—intensity decoupling identified here is a general feature of midlatitude extreme
cold events under Arctic amplification.

5. Conclusions

This study identified extreme cold events in northern China for the cold seasons of
1979/80-2023/24 using the Arctic amplification index (AAI850), Siberian High Index (SHI),
Ural Ridge Index (URI), and atmospheric circulation data to examine their changes and
associated circulation characteristics under different Arctic amplification (AA) periods.
The main conclusions are as follows:

During the research period, AAI850 showed a significant upward trend, while the
frequency of regional extreme cold events decreased significantly, and the low-
temperature intensity and composite intensity of the lowest temperature were
significantly enhanced. Compared with the earlier AA period, extreme cold events in the
later period shift from a “high-frequency, weak-anomaly” state to a “low-frequency, high-
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References

intensity” state. During the later AA period, the minimum temperature of extreme cold
events shifts toward colder conditions, the event centers move toward higher latitudes,
and the duration structure changes, while the affected area shows no significant change.
These results indicate that the intensification of extreme cold events is mainly associated
with enhanced cold anomalies rather than an expansion of affected areas.

AAI850 shows significant correlations with some extreme cold event indices as well
as SHI and URI, suggesting coordinated variations between Arctic amplification and
Eurasian mid-high latitude circulation anomalies. During the later AA period,
adjustments are observed in the 500 hPa geopotential height field, sea level pressure field,
and 850 hPa lower-tropospheric temperature-wind field. Under an overall warmer
background, cold air can still influence Northern China through specific circulation
configurations, resulting in stronger cold anomalies.

In summary, under the background of Arctic amplification, the extreme cold events
in northern China did not show a simple trend of intensification or weakening, but
showed an asynchronous response characteristic; that is, the frequency of events
decreased, but the intensity of a single event increased. This change is related to the
abnormal adjustment of high-latitude circulation in Eurasia.
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