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Asynchronous abrupt warming across
Eurasia since the 1980s
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Understanding the spatiotemporal dynamics of temperature change is crucial for addressing global
warming, particularly as regional climate systems may have passed critical tipping points. Here, we
examine temperature change characteristics and influencing factors across the Eurasia from 1901 to
2022. We identify a significant abrupt temperature increase in the 1980s, revealing asynchronous
warming patterns across the continent. Abruptwarming occurred after 1970 at 93.6%of Eurasian grid
points, with 78.0%concentrated between 1970 and 1990. This abrupt warming is driven largely by the
Atlantic Multidecadal Oscillation (AMO), explaining 58% of the variation. Early warming hotspots
appeared on the Mongolian Plateau and Central Asia, spreading outward. The most significant
warming occurs in middle and high latitudes. Regional differences in hydrothermal conditions and
cloud cover lead to varying warming timings across Eurasia. Additionally, the warming exhibits
significant seasonal asymmetry, with winter warming predominantly driving the abrupt temperature
increase, accounting for 45% of the variance. This is driven by the dominant positive phase of the
Arctic Oscillation (AO) in winter.

The Eurasian continent is the largest continental plate in the world, span-
ningmultiple climate zones from the polar regions to the tropics, and nearly
encompassing all types of climate. Its geographical complexity and climate
diversity make it a key regulating hub for the global climate system1–4. This
region plays a key role in global energy and water cycles through the
Westerlies and the Asian monsoon5,6. It also provides freshwater for hun-
dreds of millions of people via glacial meltwater from the Tibetan Plateau,
known as the Asian Water Tower7–9. However, its unique geographic and
climatic characteristics also make it highly vulnerable, and its climate issues
have raised significant concerns. For example, the significant temperature
difference between the Arctic warming rate and the mid-latitude arid
regions has weakened the stability of the westerly jet stream10, resulting in
reduced precipitation in the Eurasia11, increased frequency of dust storms12,
and accelerating the expansion of desertification13,14. Furthermore, the
intensity and frequency of heatwave events have increased nonlinearly,
further amplifying the risk of an imbalanced water cycle15,16.

Research has shown that since the Industrial Revolution, the rate
of warming across the Eurasian continent has shown significant

spatiotemporal heterogeneity17–20. Over the past four decades, the
Arctic region has experienced a warming rate 4 times higher than the
global average21–23, whereas mid-latitude areas have frequently
encountered extreme cold wave events24–27, leading to a nonlinear
warming pattern. This uneven warming has not only exacerbated the
vulnerability of ecosystems but also triggered a series of cascading
effects through multi-layered interactions28–30. This continental-scale
anomaly epitomizes the complex spatiotemporal heterogeneity of
global warming that extends beyond greenhouse gas forcing31–33. The
rapid warming since the 1970s remains poorly understood, but is
linked to factors like the North Atlantic Oscillation (NAO) and Pacific
Ocean Oscillation (PDO)34,35. While aerosol effects and ocean-
atmosphere interactions partially explain mid-century cooling and
post-1970s warming36–38, the mechanisms driving regional disparities,
particularly in the Northern Hemisphere’s climate amplifier zones,
remain inadequately resolved. In this context, recent studies have
indicated a shift towards a warmer climate regime over inner East Asia
since the early 2000s39. This warming has led to surface air
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temperatures reaching unprecedented levels. Such trends suggest that
the inner East Asia may have crossed a critical tipping point—a
threshold at which the regional climate could shift abruptly and
irreversibly40–42. This raises a critical question about whether similar
tipping points have been triggered at different times across various
regions of Eurasia, a subject that warrants focused investigation.
Currently, no studies have addressed the specific characteristics and
mechanisms underlying these regional variations.

Here, we aimed to investigate the characteristics and mechanisms of
spatiotemporally-asynchronous abrupt warming across the Eurasian con-
tinent from 1901 to 2022 using reanalysis datasets. We identified abrupt
temperature shifts in different regions, analyzed the warming trends and
magnitudes before and after these shifts, and examined their spatial het-
erogeneity. This study focused on elucidating the dominant drivers of these
asynchronous warming events and uncovering the underlyingmechanisms
governing their regional variability. Our findings enhance the current
understanding of Eurasian climate dynamics and provide critical insights
into the broader global climate system.

Results
Characteristics of abrupt temperature changes in Eurasia
We used the Pettitt test to verify whether an abrupt temperature change
occurred in Eurasia from 1901 to 2022. The results showed that the average
temperature inEurasia underwent a statistically significant abrupt change in
1980s (p < 0.01). Most temperature changes at grid points in Eurasia
occurred abruptly after 1970, representing 93.63%of all grid points. Among
them, 78.05%were concentrated in the period from 1970 to 1990. Results of
abrupt change tests on theEurasian temperature time series indicate that the
warming trend was relatively modest prior to an abrupt shift. In addition to
theCRUdata, comparisonswithERA5andNCEP temperaturedatasets also
suggest that abrupt changes generally emerged across the region in the
1980s.However, the exact timing varied spatially, as indicated by the shaded
areas in Fig. 1a and the regional heterogeneity illustrated in Fig. 1b. Both the
ERA5 and NCEP datasets show a significant increase in temperature, but
ERA5 consistently records higher temperatures than NCEP, diverging
further after the year 2000. In addition, we examined abrupt temperature
changes within the Eurasian region on a grid-point-by-grid-point basis
using an abruptness test. The results showed that the timing of the abrupt
temperature changes in different regions of Eurasia was inconsistent, and
that an obvious sequence of the timing of abrupt temperature changes
existed in different regions. The regions in Eurasia where the earliest abrupt
changes occurred were located in the Mongolian Plateau and parts of
Central Asia (Fig. 1b). Abrupt temperature change in the center of the
Mongolian Plateau occurred between 1960 and 1970, while the earliest

change in Central Asia was observed between 1970 and 1980. In contrast,
Europe, south-central Eurasia, easternRussia, andwesternAsia experienced
relatively later abrupt changes, mostly after 1980. This indicates that abrupt
warming began in central Eurasia and occurred later in surrounding
regions. As shown by the colors and arrows in Fig. 1b, the earliest center of
abrupt temperature changewas located between theMongolian Plateau and
Central Asia. From this central region, the abrupt change propagated out-
ward in all directions. This pattern suggests a central-origin propagation of
abrupt temperature changes across Eurasia, beginning in the Mongolian
Plateau and Central Asia and gradually extending to peripheral regions.

Spatiotemporal differences in Eurasian temperature before and
after the abrupt change
From 1901 to 2022, the annual average temperature of Eurasia exhibited a
significant difference before and after the abrupt change (Fig. S1). The
overall average warming rate for the continent was 0.15 °C/decade, with
marked differences before and after an abrupt temperature change. Before
the abrupt change, Eurasia experienced a modest warming rate of 0.04 °C/
decade (Fig. 2b). In contrast, after the abrupt change, the average warming
rate increased sharply to 0.41 °C/ decade, more than ten times higher
(Fig. 2b). Thewarmingwas particularly pronounced in the northern-central
parts of Eurasia, including the Mongolian Plateau, northern Russia, and
Europe, with some areas experiencing warming rates exceeding 0.5 °C/
decade (Fig. 2a). The total temperature increase during 1901–2022 was
2.08 °C on average, but the increase was much more significant after the
abrupt temperature change (Fig. 2c, d). The increase in the annual average
temperature from 1980 to 2022 ismore than 1 times higher than that before
the abrupt (Fig. 2d). The highest warming occurred in Central Asia,
northern Russia, and western Europe, where the increase exceeded 3 °C,
while the south-central regions experienced minimal warming, with
increases of less than 1 °C (Fig. 2c). These findings highlight the marked
spatial and temporal heterogeneity of warming across Eurasia. The most
pronounced post-abrupt warming occurred in the mid- to high-latitude
regions, driving much of the continent’s overall temperature increase.

The asymmetric seasonal temperature warming in the Eurasia
Analysis of the temperature increase after the abrupt change revealed a
significant temperature increase after the abrupt change in all four seasons in
Eurasia (Fig. 3). The highest warming occurred in spring (2.16 °C), and a
majority of the regionwarmedby>2 °Cduringwinter, except for someparts
of the south-east where warming was less pronounced (Fig. 3a). The next
highest season was winter (Fig. 3d), with average warming of 2.14 °C.
Warming was less pronounced in the southern part of Eurasia, and a vast
majority of the other regions warmed by >3 °C during spring. In addition,

Fig. 1 | Spatiotemporal characteristics of abrupt temperature changes in Eurasia.
a The abrupt change test of annual mean temperatures on the Eurasian continent
from 1901 to 2022. The gray shading represents the overlapping period of the abrupt
change points in the annual mean temperatures from the three datasets. The orange
dashed line represents the abrupt change time point of the CRU dataset. b The
abrupt change test results at individual grid points across the Eurasian continent are
shown. Different colors represent the timing of abrupt temperature changes in

different periods. Arrows indicate the temporal sequence of these changes: each
arrow points from a grid cell where the abrupt change occurred earlier toward an
adjacent cell where it occurred later. An illustrative example is provided in the inset
(bottom-left), showing one grid point and its neighboring areas. The arrow direction
reflects the chronological progression of abrupt temperature changes across the
continent. The pie chart in the bottom right corner represents the percentage of time
that abrupt temperature changes occurred in the Eurasian continent.
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warming in autumn and summer was less pronounced than in winter and
spring, with average temperature increases of 2.09 °C and 1.62 °C, respec-
tively (Fig. 3b, c). Regions with stronger warming during these two seasons
were also concentrated in Central Asia, Europe, and the north‒central
region of Eurasia. The strongest warming in Eurasia occurred in winter and
spring, and regions with the highest temperature increases were also con-
centrated in Central Asia, Europe, and north‒central Eurasia. In summary,
these regions contributed themost towarming inEurasia, andwarmingwas
mainly concentrated in winter and spring. To determine which season
dominates the abrupt warming in the Eurasian continent, we applied the
temperature difference decomposition-normalized weight method to cal-
culate the contribution rate of each season. The results show that winter
warming is the primarydriverof the abrupt temperature increase inEurasia,
with a contribution rate of 45% (Fig. 3d).

Influence of climate mode on temperature
Several previous studies have shown that atmospheric circulation plays a key
role in regional climate by transporting heat andmoisture between land and
sea, and by significantly influencing temperatures in major regions35,43,44. To
identify which atmospheric circulation patterns had the strongest influence
on Eurasian temperatures—particularly the significant abrupt warming
around the 1980s—we analyzed the correlations between 22 major atmo-
spheric circulation indices and regional temperatures across Eurasia (Sup-
plementary Table 1 and Note 1). Pearson correlation analyses showed that
the Atlantic Multidecadal Oscillation (AMO, R = 0.76, p < 0.01) and Indian
Ocean Dipole (IOD, R = 0.72, p < 0.01) over 122 years from 1901 to 2022
were strongly correlated. Significant positive correlations (p < 0.01) were
noted between temperature and the AMO and the IOD (Fig. 4a, c) over
almost the entire Eurasian continent. Pearson correlation coefficients of

temperatureswith these twocirculation factors in theMongolianPlateauand
Central Asia, where the temperature increased early, were >0.7 (p < 0.01).

To avoid overfitting, we used a stepwise regression method to identify
the most important factors affecting temperature in Eurasia, and the model
was set at a 0.05 significance level. We included AMO and IOD data in the
regressionmodel, as they showed the highest correlations with temperature
across Eurasia. The two indices explained 58% and 4% of the temperature
variation, respectively. These results indicate that the AMO was the most
dominant factor influencing temperature change in Eurasia, followed by the
IOD; however, its explanation rate was much lower than that of AMO.
Figure 4b presents the time series of observed Eurasian temperatures and
those simulated by a stepwise regressionmodel based on theAMOand IOD
from 1901 to 2022. The simulated temperatures closely tracked the CRU
observations, highlighting the significant influence of AMO and IOD on
temperature variability in Eurasia.

Finally, we trained a binary linear regression model using the time
series of theAMO, IOD, and temperature in Eurasia, and applied thismodel
to simulate the complete time series of temperature from1901 to 2022based
on the AMO and IOD. The results showed that the simulated values of the
model accurately reproduced the temperature variations in Eurasia, and the
correlation between simulated and actual temperatures was significant
(R = 0.81, p < 0.001) (Fig. 4d). These results further support a solid causal
relationship between the AMO and IOD and temperature changes in
Eurasia. However, due to the low explanatory power of IOD in the stepwise
regression model, we ultimately concluded that AMO is the most critical
factor influencing the temperature in Eurasia. To further test the robustness
of our findings, we analyzed simulations from the CESM Large Ensemble
(CESM-LE). The analysis revealed a consistent and statistically significant
positive correlationbetween surface temperatureoverEurasia and theAMO

Fig. 2 | Temperature difference patterns in Eurasia before and after the abrupt
change. a The trend difference of the temperature at each grid point in Eurasia after
the abrupt change compared to before the change. Black dots represent significance
at the p < 0.05 level. b Comparison of the annual average temperature regression
trends before and after the abrupt change. The blue dots represent the regression
scatter points of the annual average temperature from 1901 to 1980, and the blue

dashed line indicates the regression trend. The red dots represent the regression
scatter points of the annual average temperature from 1980 to 2022, and the red
dashed line indicates the regression trend. c The temperature increase difference at
each grid point in Eurasia after the abrupt change compared to before the change.
d Frequency distributions of the mean temperature anomalies (relative to the
1950–1980 mean) over the Eurasia for different time periods from 1901 to 2022.
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Fig. 3 | Spatial characteristics of temperature increase in four seasons following
an abrupt temperature change in Eurasia. Magnitude of temperature increase at
grid points across Eurasia during spring (a), summer (b), autumn (c), andwinter (d),
from the abrupt change point to 2022. The pie charts in the bottom right corners of

the four graphs (a–d) represent the contribution rate of the corresponding seasons to
the overall abrupt warming. The blue, green, brown, and yellow colors in the pie
chart correspond to spring, summer, autumn, and winter, respectively.

Fig. 4 | Spatiotemporal patterns of temperature and atmospheric circulation.
a Spatial pattern of correlation between temperatures on the Eurasian continent and
the Atlantic Multidecadal Oscillation (AMO) from 1901 to 2022. Black dots
represent significance at p < 0.05. b Temporal pattern of Eurasian continental
temperatures and temperatures simulated by stepwise regressionmodel based on the

AMO and Indian Ocean Dipole (IOD). c Spatial correlation pattern between tem-
peratures on the Eurasian continent and the IOD from 1901 to 2022. Black dots
represent significance at p < 0.05. d Temporal pattern of temperatures on the Eur-
asian continent after the abrupt change and temperatures simulated by a binary
linear regression model based on the AMO and IOD.
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index, with an ensemble-mean correlation coefficient of 0.57 (Fig. S2). This
supports the hypothesis that the AMO plays a primary role in modulating
abrupt warming events in the region.

Causes of asynchronous temperature increases in Eurasia
Enhancement of the AMO dominated the abrupt change in mean tem-
perature in Eurasia in 1980s. However, a clear sequence in the timing of
abrupt temperature changes existed in regions within Eurasia, and sig-
nificant differences in temperature increases were noted in different regions
and seasons. This was influenced by different factors and cannot be
explained by changes in a single element. The region where the abrupt
warming first occurred was located in the Mongolian Plateau and Central
Asia. First, the relatively small heat capacity of this region,with relatively low
soil and atmospheric moisture contents, was an important reason for the
first warming in this region (Fig. S3a, b). This change was also due to the
enhancement of theAMOsince 1980s,which stimulatedRossbywave trains
from the Atlantic Ocean to the Eurasian continent. These led to an
anomalous high-pressure circulation over the Mongolian Plateau
(Fig. 5a, b).This caused significantdecrease in cloudcover in this region, and
the reduction trend was significantly higher than that in other regions of
Eurasia (Fig. 5c). The decrease in cloud cover resulted in a significant
increase in solar radiation reaching the surface, leading to the abrupt tem-
perature increase in this region. Moreover, according to the “water‒heat
coupling”45 theory, in areaswhere the temperature is >0 °C, a decrease in soil
moisture will increase temperature (Fig. S3c, d). Soil moisture in Central
Asia and the Mongolian Plateau has decreased significantly since 1970,
which is also an important reason for the temperature increase in this region
(Fig. 5d). In contrast, an abrupt temperature increase in theEuropean region
occurredduring1980‒1990, slightly later than that in theMongolianPlateau
and Central Asia. According to the linear quasi‒geostrophic theoretical
framework, surface low pressure balances excess heat by driving cooler
subpolar winds towards temperate heat sources through horizontal tem-
perature advection46. Thus, the Atlantic Ocean, as a temperate heat source,

was relatively delayed from warming in western Europe owing to cooler
subpolar winds balancing some of the heat. In addition, western Europe is a
typical temperate oceanic climate zone, and receives more precipitation
throughout the year, which dampens warming. Therefore, the combination
of these two factors led to a relatively late warming period in the European
region. In the Mediterranean region, abrupt warming occurred later,
approximately during the 1990‒2000 period. This is because winter and
spring contributed most to the warming in Eurasia, and the region in
question belongs to the Mediterranean climate zone. This climatic pattern
coincides with a period of high precipitation, which helps to moderate the
warming trend in the region. Furthermore, the increase in cloudiness in the
region also contrastedwith the decrease in cloudiness in central Eurasia and
Europe (Fig. 5c), leading to a weakening of solar radiation reaching the
surface of the region and having a dampening effect on warming. The
combination of increased cloudiness and precipitation generally delayed
warming in the region.

The reasons for the abrupt warming dominated by winter
To explore the reasonswhywinterwarming dominates the abruptwarming
in the Eurasian continent, we analyzed the variability of the Arctic Oscil-
lation (AO), a phenomenon closely linked to temperatures in the Northern
Hemisphere. Our analysis revealed that from 1950 to 2023, the decadal
moving average of theAOexhibited a clear alternation between positive and
negative phases. The negative phase dominated before 1975; after that, the
positive phase prevailed (Fig. S4). To investigate how changes in the AO
phase affect winter temperatures, we analyzed the spatial patterns of global
winter wind and temperature anomalies during both positive and negative
AO phases. The results showed that during the positive AO phase, surface
pressure in the Arctic was lower, and the polar vortex was more compact,
restricting cold air to the polar region. At the same time, the westerly jet
stream was stronger, and zonal circulation prevailed in mid-latitudes, pre-
venting cold air from invading lower latitudes, resulting in relativelywarmer
winter temperatures across Eurasia (Fig. 6a, b). In contrast, during the

Fig. 5 | Drivers of temperature change across atmospheric and land surface
processes. a During the AMO positive phase, spatial patterns of the energy pro-
pagation direction of the Rossby wave (black arrows) and the anomalous intensity
of high/low pressure systems (shading) at 300 hPa. b During the AMO negative
phase, spatial patterns of the energy propagation direction of the Rossby wave
(black arrows) and the anomalous intensity of high/low pressure systems

(shading) at 300 hPa. c Spatial characterization of cloud trends. The black dot
areas indicate significant temporal trends (p < 0.01). d SM and AH trends. Areas
with SM trends >0 and AH trends >0 are referred to as PP areas; areas with SM
trends >0 and AH trends <0 are called PN areas; areas with SM trends <0 and AH
trends >0 are referred to as NP areas, and; areas with SM trends <0 and AH trends
<0 are called NN areas.
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negative AO phase, the Arctic high-pressure system strengthened, the
pressure gradient weakened, and the polar vortex either split or weakened.
This led to a reduction in the strength of the westerly jet stream and an
intensification of meridional circulation, allowing cold Arctic air to surge
southward into Eurasia, causing lower-than-average winter temperatures
acrossmuchof the continent (Fig. 6c, d). To avoid bias froma single dataset,
we also compared multiple datasets, including CRU, NCEP, and NOAA.
The results were completely consistent with ERA5. A positive phase of the
AO in winter corresponds to higher temperatures over the Eurasian con-
tinent, while a negative phase of the AO in winter corresponds to lower
temperatures over theEurasian continent (Fig. S5). In summary, thepositive
phase of the AO has dominated over the past 40 years. Its strengthening
trend has contributed to rising winter temperatures across Eurasia. This has
led to abrupt warming mainly driven by wintertime changes.

Discussion
This study used a temperature dataset from the CRU and atmospheric
reanalysis data. It focused on the temperature change in Eurasia from 1901
to 2022, including temperature trends and increases as well as spatial and
temporal characteristics of abrupt changes. We found that the temperature
change trend and increase in Eurasia have had pronounced spatiotemporal
variability. The upward warming trend and increase in temperature have
been theoretical over the last 40 years, with an exponential increase in the
trend and amplitude, which is more consistent with the results of previous
studies related to global temperature change47–50. This suggests that the
recent temperature increase is driven by both internal variability within the

Earth system and external forcings. It indicates an irreversible warming
mechanism resulting from the combined effects of natural variability and
anthropogenic influences51,52.

However, relevant studies on changes in Eurasian temperatures
and their influencing factors are limited. Although global warming is
primarily driven by greenhouse gas forcing53, the warming patterns
are influenced by both external forcing and internal variability, with
the timing of regional warming modulated by internal variability.
This study identified the AMO as a key atmospheric circulation factor
affecting extensive Eurasian temperatures by analyzing major
atmospheric circulation factors. The warming trend and temperature
increase in Eurasia also exhibited significant spatial variability. The
strongest warming was mainly concentrated in Central Asia and the
Mongolian Plateau, likely due to the region’s unique geographic
location and surface characteristics54. These regions are located in
arid and semi-arid zones, characterized by sparse vegetation and
surfaces largely covered by rock and gravel55. Rising temperatures
have further dried sandy soils and rocks, which increases surface
albedo and enhances the reflection of solar radiation back into
space56. Therefore, the region’s surface albedo, desertification, and
geophysical feedback mechanisms may have contributed to the
observed warming. The magnitude of this warming was significantly
higher than in neighboring areas57. In addition, the primary char-
acteristic distinguishing arid and semi-arid regions from humid areas
is relatively low precipitation. Consequently, these regions lack
moisture-bearing air currents that can provide cooling, leading to

Fig. 6 | Mechanisms for the variations in winter temperature. a Spatial patterns of
the positive phase of the Arctic Oscillation (AO). b Spatial patterns of the wind field
(black arrows) anomaly at 500 hPa and temperature anomaly (shading) with the

AO-positive phase. c Spatial patterns of the AO-negative phase. d Spatial patterns of
the wind field (black arrows) anomaly at 500 hPa and temperature anomaly
(shading) with the AO-negative phase.
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more rapid temperature increases58,59. It has also been shown that
elevation is an important factor influencing temperature change, and
that warming is dependent on elevation in most mountainous
regions60. In addition, recent studies have found that Arctic ampli-
fication and reduction in Arctic sea ice may also affect regional and
global temperature changes61. It has also been suggested that tem-
perature changes in Central Asia are influenced by land-use change62,
which are directly related to expansion of irrigated agriculture and
urbanization in Central Asia63.

Previous studies have shown that aerosol forcing and emissions of
greenhouse gases (e.g., CO2) are important contributors to significant
global temperature changes32,64,65 and that continued greenhouse
gas emissions can lead to continued temperature increases. Large vol-
canic eruptions can also significantly affect regional and global
temperatures37. However, none of these factors cause regional and
global temperatures to increase abruptly. A recent study showed that
warming of the Mongolian Plateau could not be fully explained by an
increase in the intensity of anthropogenic CO2 emissions. A pacemaker
model experiment further supported this conclusion, showing that the
dramatic warming over the Mongolian Plateau was driven by an
enhanced atmospheric circulation. As a result, the region experienced a
sustained increase in surface temperature40. Sustainedwarming, in turn,
strengthens the positive terrestrial air feedback and further contributes
to an increase in regional temperature66,67, which is in line with our
findings. Furthermore, previous study68 analyzing multiple meteor-
ological reanalysis datasets found a significant poleward expansion of
the Hadley circulation since the 1970s, exceeding 4.5° latitude. This
poleward shift in the subtropical descending zone led to increased
drought frequency in mid-latitudes of the Northern Hemisphere. This
phenomenon is a critical factor contributing to increasing temperatures
and may explain the poleward progression of the temperature
patterns68. Moreover, strengthening of westerly winds north of 45°N in
East Asia enhances zonal circulation and suppresses meridional cir-
culation, thereby reducing the southward transport of cold air. In
contrast, weakened westerlies at lower latitudes promote meridional
circulation and northward transport of warm air, contributing to the
latitudinal gradient in temperature increase. This is an important

reason why the temperature increase exhibits characteristic latitudinal
evolution69.

In this study, we analyzed temperature changes in Eurasia from the
twentieth century to date. The asynchronous characteristic of warming was
well characterized by the abruptness test. The mechanisms of successive
warming in the arid, alpine, humid, and Mediterranean regions of the
Eurasian continent were distinctly different. The Mongolian Plateau and
Central Asia, which are located in the arid zone of Eurasia, were the first
regions to experience abrupt warming. In addition, this region is typical of
other arid zones, which have a smaller heat capacity and may also be
characterized by a lower heat capacity. A lower heat capacity may also
influence earlier and higher warming trends in this region70. Immediately
following this was abrupt warming in the European region, a phenomenon
that was also due to inter-decadal variability in the Atlantic Ocean. North
Atlantic positive heat flux anomalies triggered a surface ramp pressure
response to diabatic heating, creating the North Atlantic‒European West‒
East (NEW) mode, which led to warming in Europe in a form similar to
atmospheric blockage71. An abrupt temperature change in the Mediterra-
nean region of southeastern Europe occurred significantly later, mainly due
to differences in the spatial and temporal precipitation characteristics.
During the overall warming in winter and spring over most of Eurasia,
increased precipitation in theMediterranean region had a cooling effect and
delayed warming. In contrast, although the difference in the timing of the
abrupt temperature increase between the highly mountainous regions of
Asia and eastern China was not large, the causes differed. The late onset of
abrupt warming in the high Asian mountains was due to localized cooling
and drying caused by the Himalayan glaciers72. The delayed warming in
easternChina canbe attributed to the southwarddisplacement of EastAsian
anticyclonic activity beginning in the 1980s. This shift led to a weakening of
the Siberian High in the west and its expansion toward the southeast.
Consequently, the intrusionof extremely cold airmasses from thenorthwas
reduced, contributing to regional warming69. Therefore, differences in
warming mechanisms across regions can lead to variations in the timing of
abrupt warming events. A schematic of mechanisms in different regions is
shown in Fig. 7.

The abrupt Eurasian warming since the 1980s is characterized by a
high degree of complexity arising from the intricate interactions

Fig. 7 |Warmingmechanisms in different regions of the Eurasian continent.The
figure illustrates the AMO-driven abrupt temperature changes over Eurasia since
1980, highlighting regional and seasonal differences in warming timing and
mechanisms. Earliest and most pronounced warming occurred over the Mongolian

Plateau and Central Asia due to lower heat capacity, reduced cloud cover, and
decreased soilmoisture. Europe experienced delayedwarming influenced by oceanic
moderation and cold advection, while the Mediterranean's warming was further
slowed by increased precipitation and cloudiness.
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between various climate modes and the precise timing of their phase
shifts. AMO and the AO are key players, but their influence is not
independent or static73,74. For example, the AMO can modulate the
AO’s Pacific center intensity (PCI) via the stratospheric polar vortex
(SPV). A negative AMO phase tends to strengthen the SPV, which in
turn can lead to a more pronounced PCI, thereby altering the spatial
expression and impact of the AO75,76. This means that the effect of an
AO positive phase on Eurasian temperatures can be amplified or
modulated depending on the concurrent phase of the AMO77. How-
ever, regions experiencing earlier warming were primarily located in
arid and semi-arid areas. The temperature increase also exhibited a
distinct latitudinal evolution. These patterns may be associated with
the unique subsurface properties across climatic zones78 and the spe-
cific land–atmosphere feedback processes characteristic of arid
regions79. In addition, the unique features of the water‒heat balance
and characteristics of energy fluxes in arid zones may influence the
regular spatial warming evolution80. A series of changes in cloudiness
and solar radiationmay cause warming of arid zones. Furthermore, the
unique water–heat balance and energy flux characteristics of arid zones
may also play a key role in shaping the seemingly regular spatial
warming patterns13,80. This suggests the need for further in-depth
analysis of the underlying mechanisms, particularly from the per-
spectives of atmospheric physics and hydrology.

Methods
Mann‒Kendall trend test
The Mann‒Kendall trend test (M‒K test) was used to analyze the
temporal and spatial temperature trends in Eurasia. The M‒K test is a
non-parametric statistical method primarily used to detect the presence
of monotonic trends in time-series data without requiring the data to
obey any particular distribution. The M‒K trend test calculates the
statistic S to determine the direction and significance of a trend in a time
series81,82. The key steps of the method are as follows83: for a given time-
series dataset {x1, x2,…, xn}, the difference between each pair of data
points in the series is first calculated, and S is calculated using the
following formula:

S ¼
Xn�1

i¼1

Xn

j¼iþ1

sgn xj � xi
� �

: ð1Þ

The distribution of S is close to normal; therefore, the standardized
statistic Z can be further calculated to assess the significance of the trend:

Z ¼

S�1ffiffiffiffiffiffiffiffiffi
Var Sð Þ

p ; S > 0

0; S ¼ 0
Sþ1ffiffiffiffiffiffiffiffiffi
Var Sð Þ

p ; S < 0

8
>><
>>:

; ð2Þ

where Var(S) is the variance of S.
In this study, temperature data were used as a time series, and the

M‒K trend test was applied to calculate S and Z in the time series. The
temperature change trend direction (i.e., positive or negative) and the
significance level of the trend can be derived from analysis of the
Z value. The temperature change trend was considered significant
when｜Z｜was greater than the critical value corresponding to the
preset significance level (α = 0.01). We define spring as March to May,
summer as June to August, autumn as September to November, and
winter as December to February.

Pettitt test
The Pettitt test was used to detect mutation points in the temperature
time series. The Pettitt test is a non-parametric test commonly used to
identify a single mutation point in a time series84 and is suitable for use
in meteorology, hydrology, and other fields to analyze change points in

a time series85. The Pettitt test is based on the Mann–Whitney principle
of the rank‒sum test, which detects possible mutation points by com-
paring the differences between the two parts of the sequence before and
after detection of possible mutation points. The basic steps are as
follows86: Given the time-series data of length n {x1, x2,…, xn}, the
statistic Ut of the Pettitt test is calculated as follows:

Ut ¼
Xt

i¼1

Xn

j¼tþ1

sgn xj � xi
� �

; ð3Þ

where t is a potential mutation point in the time series and sgn xj � xi
� �

is
the sign function, which is defined as follows:

sgn xj � xi
� �

¼
1; xj > xi
0; xj ¼ xi
�1; xj < xi

:

8
><
>:

ð4Þ

The statistic K for the test is defined as:

K ¼ max
1≤ t ≤ n

Ut

�� ��; ð5Þ

whereKdenotes themost probablemutation point. The significance level of
the Pettitt test can be approximated using the following formula:

p � 2 exp � 6K2

n3 þ n2

� �
: ð6Þ

If the calculated p valuewas less than the preset significance level (0.01),
a significant mutation point was considered to exist in the time series.

In this study, temperature time-series data were entered into the Pettitt
test to identify abrupt change points in the temperature change process.Ut
was first calculated for each possible mutation point, and the maximum
statistic K and its corresponding time point were then determined. Sig-
nificance of themutation was determined by calculating the p value: if the p
value was below a set significance level, the time point was identified as a
mutation point in the temperature change.

Stepwise regression models
The specific process of the forward stepwise regression model used in this
study was as follows87: Starting from the beginning of the model, the inde-
pendent variableswith the smallestp values and those below the significance
level were gradually introduced until the p values of all variables to be
introduced exceeded a set threshold. In stepwise regression analysis, the
basic form of the model is:

Y ¼ β0 þ β1X1 þ β2X2 þ � � � þ βkXk þ ϵ; ð7Þ

where Y is the dependent variable (i.e., air temperature in this study);
X1;X2; � � �;Xk are independent variables (i.e., atmospheric circulation
factors in this study); β0 is the intercept termof themodel; β1; β2; � � �; βk are
the strengths of the effect of each of the independent variables on the
dependent variable, and; ϵ is the error term, which reflects stochastic errors
that have not been accounted for by the model.

The goal of stepwise regression is to determine whether the goodness-
of-fit (R2) of the regression model is optimal by gradually introducing or
removing independent variableswhile ensuring simplicity of themodel. The
significance level (α) was set at 0.05 in this study. Stepwise regression per-
formed t-tests onnewly introducedor removedvariables at eachstep; if thep
value of a variable was <0.05, it was considered to have a significant effect on
Eurasian air temperature. Conversely, variables with p values > 0.05 were
removed. This significance level was set to ensure that only variables with
statistically significant effects on temperature were included in the model,
reducing the possible interference of multicollinearity.
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We used the forward stepwise regression algorithm to identify the key
climate indices thathad thegreatest impactonautumn temperature changes
from 1901 to 2022, and quantified the contribution of circulation factors to
temperature changes. In each step, the values of the p and F statistics were
calculated to assess the models that might include predictor variables not
supported by the model. For the regression model, we set the significance
level at p < 0.05. If included in the model, the null hypothesis would have a
zero coefficient for the predictor variable. If there was sufficient evidence to
reject the null hypothesis (at the given significance level), the predictor
variable would be added to themodel. The greater the explanatory power of
the predictor variable, the earlier it entered the model.

Seasonal contribution analysis
This study employs a contribution rate calculation method based on tem-
perature difference decomposition and normalized weights, aimed at
quantifying the relative impact of each season on climate change. First,
based on the Pettitt’s change point detection method, the study period is
divided into a pre-change period(tpre 2 Yc � k;Yc � 1

� 	Þ and a post-
change periodðtpost 2 Yc þ 1;Yc þ k

� 	
, where Yc is the change year and k

is the half-width of the time window (in this study, k = 20 years). Next, the
temperature difference for each season (spring: March–May, summer:
June–August, autumn: September–November, winter:
December–February) is calculated before and after the change. The formula
for the seasonal temperature difference is as follows:

ΔTi ¼
1
k

XYcþk

y¼Ycþ1

Ti y

 �� 1

k

XYc�1

y¼Yc�k

Ti y

 �

ð8Þ

where TiðyÞ is the average temperature of season i in year y (i = 1,2,3,4
corresponding to spring, summer, autumn, and winter, respectively), and
ΔTi represents the temperature difference for season i. Then, the con-
tribution rate Ci for season i is defined as the absolute sum of the tem-
perature differences of all seasons divided by the absolute temperature
difference of season i, multiplied by 100% to obtain the normalized weight:

Ci ¼
P4

j¼1 ΔTj

���
���

ΔTi

�� �� × 100% ð9Þ

Data availability
TheCRU temperature dataset used in this studywasCRUTSv.4.07, and the
data were downloaded from the official CRU website (https://crudata.uea.
ac.uk/cru/data/hrg/). Atmospheric circulation factor data selected to resolve
the causes of temperature changes were obtained from the Climate Pre-
diction Centre of the NationalWeather Service (http://www.cpc.ncep.noaa.
gov). The NCEP temperature data was obtained from the NOAA Physical
Sciences Laboratory (https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html). The data used to calculate the Rossby wave fluxes were
obtained from the ERA5 reanalysis dataset provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF). The variables
utilized in this analysis include geopotential, the u-component of wind, and
the v-component of wind at the 300 hPa pressure level. Atmospheric
humidity and soil moisture data were also downloaded from the ERA5
reanalysis dataset, with a spatial resolution of 0.25° × 0.25° (https://cds.
climate.copernicus.eu/). The data used to calculate global 500 hPawindfield
and temperature anomalies are from ERA5. The NOAA temperature
anomaly data were obtained from the National Centers for Environmental
Information (NCEI) dataset (https://www.ncei.noaa.gov/data/). The
CommunityEarthSystemModel LargeEnsembleProject (CESM2-LE)data
are available via https://www.cesm.ucar.edu/community-projects/lens2/
data-sets. The base map used in this study is the standard map (No.
GS(2025)0904) downloaded from the Standard Map Service website of the

National Administration of Surveying, Mapping and Geographic Infor-
mation of China.

Code availability
The code for this study is available from the corresponding author.
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