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Abstract

As global temperatures rise, widespread warming and fewer cold extremes are generally
observed. However, using the metric “temperature drop days”, we identify hemispheric divergent
trends in winter cold weather over the past four decades. North America experiences increasing
temperature drop days, whereas Europe sees a decline, forming a “Cold North America—Warm
Europe” pattern. These opposing trends are linked to atmospheric circulation changes: a weakened
but asymmetric tropospheric polar vortex has favored more stable circulation over Europe, while
a southward-tilting, meandering polar jet enhances daily circulation variability over North America,
increasing temperature drop days. Further analysis indicates that this asymmetry primarily arises
from tropical Pacific cooling, with contributions from Arctic sea-ice loss, anthropogenic aerosols,
and volcanic forcing. In contrast, greenhouse gas forcing mainly drives the overall weakening of
the tropospheric polar vortex. Together, this interplay highlights how internal variability and

external forcings shape regional winter cold weather.
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1. Introduction

The recent IPCC Sixth Assessment Report and numerous studies have documented that global
warming is driving unprecedented climate changes, including rising air temperatures, increased
hot extremes, and reduced cold extremes worldwide'~’. While cold extremes still occurred in some
regions®!!, both observational data and climate model projections indicate a continued decline in
their frequency and intensity in recent decades and into a warmer future*!%16,

Despite these long-term decreasing trends of cold extremes in most areas, significant
temperature drops continue to occur from time to time, which sparks the debate on the past trends
of cold weather events™!”!8, Arctic amplification, which is the enhanced warming in Arctic regions
relative to the global average, has been implicated in extreme cold events, particularly in central
Eurasia from the 1990s to 2010s!°2%, It is proposed that Arctic amplification influences mid-to-
high latitude weather through the wavier atmospheric circulation, facilitating cold air intrusions
from high latitudes>>?’. However, other studies argue that Arctic amplification weakens mid-
latitude cold extremes by reducing meridional temperature gradients®®2°. Observational evidence
consistently shows that, owing to ongoing global warming, air temperatures are rising, and cold
extremes are declining in most regions around the world*73%-32,

Existing literature has extensively investigated winter cold extremes, predominantly focusing
on cold days defined by absolute low-temperature thresholds or duration®-*. Under global
warming, there is a broad consensus that the frequency and intensity of such cold extremes are
generally decreasing®*!331:3234 However, some studies suggest that cold extremes can persist or
even intensify regionally due to atmospheric circulation changes, such as a meandering jet?!2>2°,
While recent global warming has led to a general decline in the frequency of absolute cold
extremes, a growing body of literature highlights that cold surges remain a critical component of
climate variability®>. This perspective is crucial as sudden temperature drops pose unique
challenges for human health and infrastructure resilience*®*’. Numerous recent studies have
revealed that the overall frequency and intensity of cold surges are generally projected to decrease
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across the Northern Hemisphere due to anthropogenic warming’® ™', except for certain temporary



regional rebounds observed during the recent global warming hiatus*>. However, a critical gap
remains: most prior research has either focused on localized regional changes, particularly over
East Asia, or evaluated hemispheric-mean changes. Consequently, the spatial characteristics of
long-term trends in temperature drops across the hemisphere, as well as the relative contributions
of external forcings and internal climate variability, remain inadequately understood.

Sudden temperature drops have been shown to significantly impact human health, often
increasing mortality related to many diseases***°. For instance, exposure to cold can impair
respiratory function and trigger the onset or exacerbation of respiratory illnesses**™*®, Moreover,
evidence shows that cardiovascular diseases and mortality, which are believed can be triggered by
temperature drop, may increase in temperature drop days* 2, because exposure to cold without
proper protection can raise arterial pressure and lead to increases in coronary and cerebral
thrombosis™. Notably, numerous studies suggest that cold-related mortality currently far
outnumbers the heat-related mortality, underscoring the continued importance of cold weather on
public health, even in a warming climate>4->6,

Beyond public health, cold weather events, represented by temperature drop days, also affect
socioeconomic systems. Research indicates that fossil fuel consumption increases during cold days,
reflecting heightened energy demand®’. Additionally, large daily temperature fluctuations have
been shown to impact retail sector operations>®, investor expectations on asset prices®,

macroeconomic growth, and financial stability®"°,

Environmental systems are similarly
vulnerable to sudden temperature variations. For example, abrupt air temperature changes can
damage crop yields®.

Given these wide-ranging impacts, the question arises: are wintertime cold weather events
truly declining in a warming world? In this study, we investigate long-term trends in cold weather
by analyzing temperature drop days, defined as days when the daily mean air temperature
decreases by more than a specified threshold compared to the previous day (see Methods for

details). Winter temperature drop days, often accompanied by strong winds, overcast sky, cold rain

and even snowstorms, can disrupt social activities and increase energy consumption. Yet, it



remains unclear whether the frequency of temperature drop days has generally declined under
recent global warming during the past four decades. To address these questions, we assess the
observed trends in temperature drop days over the past four decades using atmospheric reanalysis
data. We then explore the potential mechanisms driving these trends, focusing on changes in
atmospheric circulation. Finally, we detect the possible effects of tropical Pacific sea surface
temperature (SST) trend, sea ice loss and various external anthropogenic and natural forcings on

the atmospheric circulation changes.

2. Results

2.1 Observed hemispheric divergent trends in temperature drop days over the past four
decades

To evaluate whether trends in the frequency of temperature drop days exhibit similar global
uniformity to those of air temperature and cold extremes in the context of recent global warming,
we begin by examining the spatial patterns of trends in winter temperature drop day frequency
using reanalysis datasets. Fig. 1a illustrates the observed linear trends in the frequency of winter
temperature drop days over the past four decades. Surprisingly, in contrast to the trends observed
in air temperature and cold extremes, the frequency of temperature drop days displays significant
spatial heterogeneity. In the Northern Hemisphere, despite rising air temperatures and a decline in
cold extremes, the frequency of temperature drop days does not exhibit a uniform decrease. In
many regions, the frequency remains stable or even increases substantially in the context of
ongoing global warming. Notably, in terrestrial regions, winter temperature drop days have
become more frequent in central and western North America, parts of South Asia, and certain
regions of China, suggesting that residents in these areas are experiencing more days with
noticeable temperature drops during winter. In contrast, large portions of northern and western
Europe have experienced a decline in winter temperature drop days, indicating fewer cold spells.

Isolated regions in tropical Africa and Russia also show a decreasing trend. Additionally, the



frequency of temperature drop days has increased across several oceanic regions. These findings
are based on a threshold of 1.0 standard deviation to identify temperature drop days, with
additional analysis conducted using thresholds of 1.5 and 2.0 standard deviations to assess the
spatial distribution of trends in winter temperature drop day frequency (Supplementary Fig. 1).
The spatial patterns across these thresholds are generally consistent, suggesting that the results are
robust to variations in the threshold selection.

To assess the relative magnitude of these trends, it is essential to consider the climatological
mean. The spatial distribution of the mean winter temperature drop day frequency is shown in
Supplementary Figure 2. On average, these cold events occur approximately 12.7 days per winter
across the Northern Hemisphere (defined by the 1.0 STD threshold). This indicates that these
events typically occur on about 14% of winter days. For example, in North America, the observed
linear trend is approximately +0.5 to +1.0 days/decade (Fig. 1a). Over the past four decades, this
accumulates to an increase of roughly 2.5 to 4.5 days. Compared to the climatology of ~12 days,
this represents a substantial relative increase of 20%—40%.

A striking feature of these spatially disparate trends is the observed contrasting trends in two
major regions: central and western North America and northern and western Europe. These
contrasting trends suggest the emergence of a “Cold North America—Warm Europe” (CNWE)
pattern, which highlights a hemispheric divergence of temperature drop day trends. To quantify
this large-scale hemispheric divergence in temperature drop day frequency trends, we constructed
a CNWE index based on the annual frequency of winter temperature drop days in these two regions
with opposing trends (Fig. 2a; also see Methods for details). This index is calculated as the
difference between the standardized temperature drop day frequency anomalies over North
America (30°—40°N, 100°-115°W) and Northern Europe (55°-65°N, 30°-50°W). The Empirical
Orthogonal Function (EOF) leading mode captures the dominant mode of interannual variability
of winter temperature drop day frequency (Fig. 2b). While the center of the EOF pattern is located
over central North America, it exhibits a coherent sign across nearly the entire continent, indicating

that the interannual variability of winter temperature drop day frequency tends to be similar across



the region. Although the maximum center of the linear trend is slightly displaced to the west
compared to the EOF center, both analyses highlight the same broad region of variability.
Fundamentally, the linear trend projects onto this dominant EOF mode in North America (Fig. 2b).
Temporal variations in the CNWE index closely align with those of the first principal component
(PC) time series, with a correlation coefficient exceeding 0.85 (Fig. 2c). The spatial pattern of the
first principal component closely mirrors the trend patterns in temperature drop day frequency (Fig.
2b), suggesting that the CNWE index effectively reflects the temporal evolution of global spatial
disparities in winter temperature drop day frequency. We further verified that the trends in both
individual regions of the index, the increasing frequency in North America and the decreasing
frequency in Europe, are both statistically significant, ensuring that the CNWE index reflects a
robust hemispheric divergence rather than a signal solely dominated by a single region. Notably,
the CNWE index exhibits a significant upward trend (Fig. 2a), indicating a global shift in the
frequency of temperature drop days toward the CNWE pattern, characterized by the hemispheric
divergent trends in winter temperature drop days.

To further confirm this spatial disparity, we compare the CNWE index between the pre- and
post-2000 periods. Fig. 1b presents the probability distribution of bootstrapped CNWE index
anomalies for both periods, revealing that the index is significantly higher in the past two decades
compared to the pre-2000 period. This indicates that winter temperature drop days have become
more frequent in North America, while their frequency has declined in Europe, reinforcing the
notion of hemispheric heterogeneous trends under global warming over the last four decades.

Building on this, we assess the spatial extent of divergent trends in winter temperature drop
day frequency by comparing the area coverage of different trend types (Fig. 1¢). Despite significant
global increases in air temperature and reductions in cold extremes, temperature drop days have
not shown widespread decreases in most regions. In the Northern Hemisphere, substantial areas
show no significant trend, and the spatial extents of regions with significant increases (2.12 x 107
km?) and decreases (2.25 x 107 km?) in winter temperature drop day frequency have been broadly

comparable even though there is widespread warming over the past four decades. This spatial



pattern stands in stark contrast to the winter near-surface air temperature trends (Fig. 1d), which
show a nearly universal significant warming across most regions, with very few areas exhibiting
any cooling trends. These findings further emphasize the spatially disparate trends in winter

temperature drop day frequency.

2.2 The role of atmospheric circulation changes in the hemispheric divergent trends

The trends in temperature drop days are likely driven by changes in atmospheric circulation,
as atmospheric circulation is a key determinant of air temperature variability. Fig. 3 illustrates the
observed trends in winter atmospheric circulation over the past four decades, revealing an overall
increase in geopotential heights across much of the Northern Hemisphere and a general weakening
of the tropospheric polar vortex (TPV) as previous studies suggested®®-7. However, this reduction
in the TPV intensity is uneven and zonally asymmetric, with the most pronounced decline over
Northern Europe, while much weaker and insignificant decline over the side of North America
(Fig. 3¢, d)%. This suggests that the TPV may be more frequently displaced toward North America,
potentially leading to increased daily atmospheric circulation variability there. Consequently, the
TPV appears to have a more pronounced impact on the atmospheric circulation over North
America, while the atmospheric circulation over Europe remains relatively stable.

Winter temperature drop days are closely linked to daily changes in atmospheric circulation,
with several studies highlighting the significant influence of atmospheric thickness variability on

air temperature®®"!

. Analyzing daily changes in atmospheric circulation, a reduction in
atmospheric thickness is associated with a temperature drop. To further explore the relationship
between the hemispheric divergent trends, represented by the CNWE pattern, and changes in
atmospheric thickness, we examine the frequency of atmospheric thickness drop days
(Supplementary Fig. 3). The CNWE index exhibits a significant positive correlation with 500—
1000 hPa atmospheric thickness drop day frequency over North America, and a significant

negative correlation over Europe. This indicates that an increasing frequency of atmospheric

thickness drop days over North America, with a decreasing frequency over Europe, may contribute



to the spatial disparities in temperature drop days, as characterized by the CNWE pattern.
Additionally, we observe a Pacific-North American (PNA) teleconnection-like pattern in the
atmospheric circulation associated with the CNWE index. Over the past four decades, a long-term
cooling trend in tropical eastern Pacific SST has been observed’?, which may exert a sustained
influence on atmospheric circulation over North America and potentially contribute to the
formation of the CNWE pattern via teleconnection.

To verify the dynamical features of atmospheric circulation on temperature drop days, we
performed a composite analysis of atmospheric circulation anomalies on temperature drop days.
As shown in Supplementary Fig. 4, the temperature drop days in most areas of North America are
coincident with significant cold air advection which could be driven by the northwest-to-southeast
tilting of the polar jet stream. It is clear the cold advection in the western North America is milder
than in the central North America. This spatial offset is possibly attributed to topographical effects.
The complex and mountainous topography in western North America acts as barriers, disrupting
the low-level wind fields and weakening the horizontal cold advection. In contrast, the central and
eastern parts of North America are characterized by flat plains. The lack of topographic blocking
allows the cold, dense air to surge rapidly southeastward. This unobstructed flow sustains much
stronger cross-isotherm winds and sharper temperature gradients. Consequently, the absolute
maximum of the cold advection term anchors over the central and eastern region. For the
temperature drop days in Europe, it is also clear that there is significant anomalous cold advection
in central and eastern Europe, which drives the temperature drop days. Then, Supplementary Fig.
5 shows the composite 500—1000 hPa atmospheric thickness anomalies on winter temperature drop
days for North America and Northern Europe, respectively. Whether for North America or
Northern Europe, the 500-1000 hPa atmospheric thickness fields exhibit significant negative
anomalies on the temperature drop days. This implies that the atmospheric thickness becomes
anomalously shallow on temperature drop days. According to the perturbation hypsometric
equation, this dynamically driven thickness reduction forces the air column to cool rapidly to reach

a new hydrostatic balance®®’®. Therefore, there will be a temperature drop when the atmospheric



thickness becomes anomalously thin. The above results indicate that both the horizontal
temperature advection and atmospheric thickness reduction could drive the temperature drop days.

Then, to connect the above dynamical feature to the polar vortex, we further analyzed the 200
hPa zonal wind anomalies for the temperature drop days in North America, as the zonal wind
anomaly directly represents the westerly jet stream change. Supplementary Fig. 6 reveals two
distinct, opposing dipole patterns. Over the Northeast Pacific, there is a “positive-North, negative-
South” anomaly dipole, which strengthens westerlies to the north but weakens to the south,
indicating a poleward displacement of the jet stream. Conversely, over North America, a reversed
“negative-North, positive-South” dipole appears, indicating an equatorward shift of the jet stream,
which signifies a southward excursion of the TPV. These opposing dipoles with a deep troughing
structure over the western North America facilitate the southward intrusion of cold air from the
north (Supplementary Fig. 4a), and favors the reduction in atmospheric thickness (Supplementary
Fig. 5a).

Given the long-term trends in the TPV and the role of daily atmospheric circulation changes
in driving spatial disparities in temperature drop day frequency, we next examine long-term trends
in daily atmospheric circulation variability. Fig. 4 displays trends in wintertime daily atmospheric
circulation variability from 1979 to 2024, including the frequency of the westerly jet and the
frequency of 500—-1000 hPa atmospheric thickness drop days. The polar jet, located around mid-
to high latitudes, is a primary driver of weather patterns in the mid- to high latitudes, sees a shift
in its occurrence position across the Northern Hemisphere (Fig. 4a). A dipole trend pattern is
observed in polar jet frequency over the North Pacific, with a positive trend in the north of the jet
axis and a negative trend to the south. This suggests a poleward displacement of the polar jet over
the North Pacific over the past four decades®. In contrast, over North America, the dipole pattern
reverses, with a positive trend in westerly jet frequency to the south of the jet axis and a negative
trend to the north. This indicates the tendency of a southward shift of the polar jet relative to its
climatological location over North America. Therefore, by overlaying the trends on the

climatological position, we can clearly see the displacement of jet stream with the deepening of



the North American trough, which facilitates the southward intrusion of cold air to North America.
These shifts combine to produce a more meandering jet stream, consistent with previous
studies®>?%7*, This meandering polar jet stream tilts from northwest to southeast across central and
western North America, promotes more frequent northerly flows and increased daily atmospheric
circulation variability, as indicated by the heightened frequency of 500—1000 hPa atmospheric
thickness drop days over North America (Fig. 4b). As a result, temperature drop days occur more
frequently in this region. Conversely, due to the aforementioned more stable atmospheric
circulation over Northern Europe, driven by the weaker TPV in this region (Fig. 3), the frequency
of daily 500-1000 hPa atmospheric thickness drop days has decreased over Northern Europe.
Consequently, winter temperature drop days have become less frequent. Thus, the hemispheric
contrasting trends in daily atmospheric circulation variability have led to opposite trends in
temperature drop day frequencies over North America and Europe, reinforcing the hemispheric
divergence characterized by the CNWE pattern.

In addition to these trends in atmospheric thickness, variability in daily wind changes further
reflects the divergent atmospheric circulation trends. Supplementary Fig. 7 presents observed
trends in the variability of daily wind changes over the past four decades. For both zonal
(Supplementary Fig. 7a) and meridional (Supplementary Fig. 7b) winds, the variability of daily
wind changes has increased over North America, while it has decreased over Northern Europe.
This indicates more frequent variations in wind intensity and direction over North America,
whereas such variations have become less common over Northern Europe. These changes in daily
wind variability could further contribute to the observed differences in daily air temperature
fluctuations over the two regions.

These findings indicate that daily atmospheric circulation variability has increased over North
America while decreasing over Northern Europe over the past four decades. As a result of these
hemispheric contrasting circulation changes, temperature drop days have become more frequent
in North America while less frequent in Northern Europe, leading to the CNWE pattern which is

characterized by opposing trends in these regions, and highlighting the hemispheric divergent



trends in winter temperature drop days.

2.3 Influence of external forcings and SST trends on atmospheric circulation

The results above highlight that atmospheric circulation changes are central to the emergence
of the CNWE pattern, with daily variability linked to an asymmetric weakening of the TPV
between North America and Northern Europe. A key question, therefore, is what drives this
hemispheric asymmetry. To address this, we analyze simulations from both Atmospheric Model
Intercomparison Project (AMIP) and fully coupled historical runs, as well as targeted forcing
experiments from the Detection and Attribution Model Intercomparison Project (DAMIP) within
Coupled Model Intercomparison Project Phase 6 (CMIP6)776.

Previous studies have shown that CMIP6 historical simulations generally reproduce a global
warming pattern. However, over the past four decades, the tropical Pacific has exhibited a cooling
trend that is at odds with these simulations’?. To isolate the potential influence of this long-term
cooling in the tropical eastern Pacific, we compare AMIP simulations, which are forced with
observed SST and sea ice, with fully coupled historical simulations.

We begin by comparing the prescribed observed SST and sea ice trends with those simulated
in historical runs to determine the primary drivers of the AMIP-Historical discrepancy
(Supplementary Figs. 8 and 9). For SST, as shown in Supplementary Fig. 8, there is a striking
contrast in the tropical Pacific. The observation exhibits a clear long-term cooling trend in the
tropical eastern Pacific (Supplementary Fig. 8a). However, the historical simulation shows a broad
warming trend across the entire tropical Pacific, failing to capture the tropical eastern Pacific
cooling (Supplementary Fig. 8b). The difference map (Supplementary Fig. 8c) highlights a
significant warm bias in the historical runs over the tropical eastern Pacific. This discrepancy
aligns with the “SST pattern effect”, which shows that current coupled climate models have
systematic biases in simulating the observed pattern of SST change, especially in tropical eastern
Pacific’>”’. This confirms that using the difference between AMIP and historical simulations could

represent the effect of the long-term cooling trend in tropical eastern Pacific. We also assessed the



boreal winter sea ice trends in Supplementary Figure 9. It is clear that the historical simulation
generally reproduces the decline of Arctic sea ice (Supplementary Fig. 9b). However,
discrepancies appear in the Barents-Kara Seas (BKS) and Chukchi—Bering Seas (CBS).
Observations show a massive sea ice loss in the BKS region (Supplementary Fig. 9a), whereas the
historical multi-model ensemble (MME) mean simulates a weaker decline than the observation
(Supplementary Fig. 9b). However, for the CBS region, the models overestimate the sea ice loss.
Although the contrast of sea ice between the observation and historical simulation is not as sharp
as SST, the difference between AMIP and historical simulations may also involve some effect from
the declining BKS and CBS sea ice. The Arctic sea ice loss may be a potential factor for the CNWE
pattern but without separate SST and sea-ice forced experiments it is difficult to quantify the
relative roles of the two factors. This could be an interesting avenue for future research.
Differences between these two types of simulations can, to some extent, primarily capture the
contribution of the tropical eastern Pacific cooling trend, plus some effect from Arctic sea ice loss,
although they may also involve some effect from the SST trends in other regions (such as the
Southern Ocean). Before comparing the linear trends of AMIP and historical simulations, we
briefly evaluate if the model could capture the climatology of winter temperature drop day
frequency. As shown in Supplementary Fig. 10, both AMIP and CMIP6 historical simulations
generally reproduce the observed climatological frequency of temperature drop days. The spatial
patterns for observations, AMIP and CMIP6 historical runs are similar. This indicates that the
models could capture the basic features of the climatology of temperature drop day frequency in
winter. As shown in Fig. 5a, the winter temperature drop day frequency exhibits pronounced
discrepancies between AMIP and CMIP historical simulations over North America: AMIP
simulations produce a substantially stronger positive trend than CMIP historical simulations. This
suggests that the tropical Pacific cooling trend may contribute to the observed increase in winter
temperature drop days in North America. In contrast, there are differences between observations
(Fig. 1a) and model difference (Fig. Sa) around high-latitude Asia (around 40°-60°N, 60°—140°E).

This implies that the Pacific SST cooling tends to induce opposite signals in high-latitude Asia,



and the mismatch between observations and model difference confirms that the long-term
increasing trends in temperature drop days over Asia (parts of central Asia, south-central Siberia,
and southwestern to central-western China) are not primarily driven by Pacific SST, but rather by
other factors. Nevertheless, it is important to note that observed SST trends differ from historical
simulations in other ocean basins as well, and the BKS sea ice declining trend is underestimated
while the CBS sea ice declining is overestimated in historical simulations (Supplementary Fig. 9c¢).
These discrepancies could also influence the results.

To more directly assess the role of the tropical Pacific SST trend in shaping the CNWE pattern,
we compare CNWE indices between AMIP and historical simulations (Fig. 5b). In terms of the
CNWE index trend, the historical MME mean exhibits a positive trend, consistent with the sign of
the observed trend. However, the magnitude of the trend in historical simulations is weaker than
in AMIP and observations. This confirms that the lack of this SST driver, and the competing effects
from different external forcings, significantly dampens the signal in coupled historical runs. Both
the MME and 10 out of 12 individual models show markedly larger positive trends in the CNWE
index in AMIP than in historical simulations. These consistent results indicate that the long-term
cooling of the tropical eastern Pacific SST may exert a potential influence on the CNWE pattern,
with the effect from Arctic sea ice loss, particularly by enhancing the occurrence of winter
temperature drop days over North America.

To evaluate the influence of external forcings on asymmetric patterns, Fig. 6 shows the
zonally asymmetric components of trends in large-scale winter atmospheric circulation under
different forcing scenarios. Under greenhouse gas (GHG) forcing, the TPV exhibits an overall
weakening (Supplementary Fig. 11a, d), promoting a more stable large-scale circulation. However,
this decline does not exhibit the asymmetric pattern facilitating the CNWE pattern. Notably, the
decrease in the TPV intensity is somewhat more pronounced over North America than over
Northern Europe (Fig. 6a, d). Although the overall reduction in the TPV intensity is absent under
both anthropogenic aerosol (AER) and natural (NAT) forcings, the effects of these two factors on

the shift of the TPV are asymmetric. In the case of AER forcing, the intensity of the TPV weakens



over Europe, while it remains nearly unchanged over North America (Supplementary Fig. 11b, e).
This finding suggests that AER forcing may exert asymmetric effects on the TPV intensity,
especially on the weakening over Northern Europe (Fig. 6b, €). Similarly, under NAT forcing, the
TPV exhibits distinct asymmetric changes in intensity. Specifically, the intensity of the TPV
increases under natural forcing, with a notable intensification over North America (Supplementary
Fig. 11c, f). This result indicates that natural forcing also facilitates the asymmetric TPV shift (Fig.
6¢, f).

Consistent with the spatial patterns, the largest hemispheric asymmetries in the TPV trends
occur under AER forcing, followed by NAT forcing (Fig. 6g, h), indicating that both forcings make
substantial contributions to the longitudinal heterogeneity of vortex changes. In contrast, GHG
forcing produces a weak response of opposite sign, suggesting a minimal influence on the
asymmetric component of the TPV weakening. Notably, the AMIP simulations also exhibit
pronounced hemispheric asymmetry, which is greater than that in any individual external forcing
experiment, highlighting the potential importance of the long-term cooling trend in tropical Pacific
SST in driving this asymmetry in atmospheric circulation. Taken together, these results point to a
possible dominant role of tropical Pacific SST cooling, supplemented by contributions from the
regional Arctic sea ice loss, external AER and NAT forcings, in shaping the zonally asymmetric
signal.

To further explore the influence of natural forcings on zonally asymmetric shift in the TPV,
we compared the zonally asymmetric components of geopotential height changes under different
NAT forcing scenarios (Supplementary Fig. 12). The patterns associated with volcanic (VOLC)
forcing closely mirror those under NAT forcing (Supplementary Fig. 12a, c¢), whereas solar (SOL)
forcing exhibits somewhat differences from NAT forcing (Supplementary Fig. 12b, d). Notably,
the time series reveal a stronger positive trend in geopotential height differences under VOLC
forcing, suggesting a stronger decline in the TPV intensity over northern Europe compared to
North America (Supplementary Fig. 13). These results suggest that VOLC forcing may be a key

driver of the zonally asymmetric shift of the TPV among NAT forcings.



By isolating the contributions of different forcing factors, it becomes apparent that the overall
decline in the TPV intensity is primarily driven by GHG emission, while the hemispheric uneven
changes in intensity are mostly attributable to the tropical eastern Pacific SST trend, with
additional effect from the regional Arctic sea ice loss, aided by AER and NAT forcings. And VOLC
forcing may play an important role among NAT forcings. This result reveals that the combined
influence of SST trend, anthropogenic and volcanic forcings jointly contributes to the long-term

changes in the TPV, thereby shaping the CNWE pattern.

3. Discussion

Previous observational studies have shown that global warming has led to general increases
in air temperature and decreases in cold extremes across most regions worldwide. However, the
present study reveals spatially disparate trends in the frequency of winter cold weather, represented
by temperature drop days, over the past four decades. Notably, the spatial extents of regions with
significant increases and decreases in the frequency of winter temperature drop days are similar,
suggesting that climate change could lead to more frequent winter temperature drop days in certain
regions. Specifically, North America has experienced an increase in the frequency of temperature
drop days, while northern Europe has seen a decline, thereby giving rise to hemispheric divergent
trends featured with the CNWE pattern.

This phenomenon is closely tied to changes in atmospheric circulation. Overall, there has
been a general decline in the intensity of the TPV, with the most pronounced weakening occurring
over Europe, which has resulted in more stable atmospheric circulation in that region. However,
the decrease in the TPV intensity is asymmetric, with a much weaker and statistically insignificant
decrease over North America. Consequently, the TPV appears to exert a stronger influence on daily
atmospheric circulation in North America. The trends in daily polar jet frequency display opposing
north-south dipole patterns, indicating a poleward shift over the North Pacific, while an

equatorward shift over North America. This meandering jet stream, which tilts from northwest to



southeast across central and western North America, enhances daily atmospheric circulation
variability. This variability is reflected in more frequent changes in wind direction and intensity,
as well as increased frequency of atmospheric thickness drop days, both of which contribute to
more frequent temperature drop days in North America. Conversely, the more stable atmospheric
conditions over northern Europe, driven by the weaker TPV, result in a decrease in the frequency
of thinned atmospheric layers and, consequently, fewer temperature drop days. These contrasting
trends in atmospheric circulation variability explain the hemispheric divergent trends in
temperature drop day frequency characterized with the CNWE pattern.

Further analysis using model outputs from the AMIP, historical and DAMIP within CMIP6
indicates that GHG forcing plays a primary role in the overall weakening of the TPV, which leads
to a more stable atmospheric circulation. However, the long-term SST trend (possibly the cooling
trend in tropical eastern Pacific), appear to dominate the asymmetric and hemispheric uneven
changes in the TPV intensity, with some additional effects from the reginal Arctic sea ice loss,
external AER and NAT forcings. These results suggest that the observed large-scale atmospheric
circulation changes, which give rise to the CNWE pattern, could be primarily attributed to SST
trends, with additional effects from the regional Arctic sea ice loss, external anthropogenic and
NAT forcings, and volcanic forcing plays a more important role among NAT forcings.

Are most temperature drop days above normal daily mean air temperatures? We quantitatively
examined whether the identified “temperature drop days” correspond to anomalously cold days.
We calculated the percentage of temperature drop days (defined by 1.0 STD threshold) where the
daily mean temperature is lower than the local climatological mean temperature for that day. As
shown in Supplementary Figure 14, in the vast majority of the Northern Hemisphere, particularly
over land areas like North America and Eurasia, most of the temperature drop days exhibit daily
air temperatures below the climatology. For North America (Europe), the proportion is 75.96%
(79.98%). This confirms that while our definition focuses on the “temperature drops”, most days
are anomalously cold days. Cases where an “extremely warm day is followed by a slightly warm

day” represent a small minority of temperature drop days.



It should be noted that we focus on the trends in winter temperature drop day in the Northern
Hemisphere, while further assessment is needed for the Southern Hemisphere, where different
influencing factors may exist. Additionally, while our study mainly focuses on the CNWE pattern,
we note that East Asia also exhibits increasing trends in winter temperature drop days over some
areas (Fig. 1a). However, the tropical Pacific SST cooling primarily drives the increasing trends in
North America, and it may have opposite effect on Asia. The mismatch between observations and
model difference in Asia implies that the temperature drop day trends are not primarily driven by
Pacific SST, but rather by other factors, warranting more detailed analysis.

Furthermore, while this study attributes the hemispheric divergent trends in winter
temperature drop days, particularly the opposing trends in North America and Europe, to long-
term atmospheric circulation changes in a warming climate, the detailed effects of other internal
factors should also be considered. Regarding the role of the cryosphere, observational analysis
reveals that the CNWE pattern is significantly correlated with sea ice variability in the BKS and
Eurasian snow cover (Supplementary Fig. 15), indicating that Eurasian snow cover decline and
BKS sea ice loss are closely linked to the CNWE pattern. Although CMIP6 historical simulations
could capture the BKS sea ice loss, this regional sea ice loss tends to be underestimated
(Supplementary Fig. 9). This regional bias likely explains why CMIP historical simulations
produce a weaker CNWE signal compared to observations. It is also worth noting that the CMIP6
historical simulations overestimate the CBS sea ice loss, and the CBS sea ice is negatively
correlated with CNWE index. Therefore, we conclude that the CNWE pattern is primarily shaped
by the tropical Pacific SST cooling, with the additional effect of the Arctic sea ice loss. Thus, the
Arctic sea ice, a critical driver of polar atmospheric circulations, has been shown to influence cold

weather patterns in the mid-high latitudes®>’8

, pointing to a need for further investigation into the
role of sea ice changes. A long-term cooling trend in tropical eastern Pacific SST is also identified”.
Tropical SSTs, particularly over the Pacific, play a crucial role in linking tropical climate change

to mid- and high-latitude weather and climate through atmospheric teleconnections’. In this study,

by combining AMIP and historical simulations, we propose that tropical Pacific SSTs may serve



as a potential dominant driver of anomalous atmospheric circulation changes over North America
via a PNA-like teleconnection pattern. This large-scale teleconnection directly modulates the
atmospheric circulation anomalies over the North Pacific and western North America, thereby
altering the position and meandering of the polar jet stream, which subsequently modulate the local
synoptic atmospheric circulation over North American and shapes the CNWE pattern. However,

further detailed analysis is needed to fully understand this relationship.

Methods

Reanalysis and observational data

The fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis dataset (ERAS) is employed®®. The ERAS has a horizontal resolution of
0.25° x 0.25°, and is available from 1940 to present. The daily atmospheric variables, including
2m air temperature, geopotential, U- and V-component of winds, and monthly sea ice cover and
snow cover are used in the study.

To examine the difference in sea surface temperature (SST) trends between observational and
model data, we utilized the monthly mean SST data from the Hadley Centre Global Sea Ice and
Sea Surface Temperature (HadISST) dataset, version 1.18!. This dataset is provided on a global 1°
x 1° grid from 1870 to present.

This study focuses on the period from 1979 to 2024. This period coincides with the beginning
of the satellite era, ensuring high quality for daily data, and to focus on the era of rapid global

warming.

CMIP6 model data

Daily near surface air temperature, monthly geopotential height, sea surface temperature and



sea ice area percentage in model outputs from the Detection and Attribution Model
Intercomparison Project (DAMIP), historical and AMIP simulations within CMIP6 are employed
(see Supplementary Table 1 for details)’>’®. To investigate trends in large-scale atmospheric
circulation, and its relationship with CNWE index, simulations of historical greenhouse gas (hist-
GHG), anthropogenic aerosol (hist-aer), natural (hist-nat), solar (hist-sol) and volcanic (hist-volc)
forcings spanning 1979 to 2020 are analyzed. We also use AMIP and historical simulations to
explore the potential influence from SST and sea ice trends on the CNWE pattern, and the time

span available for AMIP and historical simulations is up to December 2014.
Temperature drop day frequency

In this study, we focus on the boreal winter season, defined as the period from December 1
to February 28", For instance, the winter of 2000 spans from December 1%, 2000, to February 28",
2021.

The temperature drop day is defined based on the daily temperature difference. The daily
temperature change (AT) is calculated as the difference in daily mean air temperature between a
given day (t) and the preceding day (t — 1):

ATy =Ty —Tra (1)
where AT, is the daily temperature difference on the given day t. T, and T;_; are the daily
mean air temperature on the given day t and the preceding day, respectively.

A temperature drop day is identified as a day with a temperature drop exceeding a specific
threshold compared with the preceding day. Specifically, if the daily temperature difference on a
given day (AT;) falls below —1.0 standard deviation (o) of the daily temperature differences across
all winters, that day is classified as a temperature drop day:

AT,<—10xc (2)
where o is calculated using daily temperature difference for all winter days over the
climatological baseline period (1979-2024). This relative threshold ensures that the metric

captures temperature drop days pertinent to each region’s specific variability.



Finally, the winter temperature drop day frequency is defined as the total count of identified

temperature drop days within each winter season.
Cold North America—Warm Europe (CNWE) index

To quantify the hemispheric divergent trends in winter temperature drop day frequency, we
defined the Cold North America—Warm Europe (CNWE) index. This index captures the two key
regions with opposite trends identified in the trend analysis (Fig. 1a).

The CNWE index is defined as the difference between the standardized area-averaged winter
temperature drop day frequency in North America (30°—40°N, 100°=115°W), and that in Europe
(55°-65°N, 30°-50°E).

The CNWE index has a significant increasing trend, and its positive phase signifies a “Cold
North America—Warm Europe” pattern, characterized by more frequent temperature drop days in

North America and fewer in Europe.

Atmospheric thickness drop day frequency

Air temperature change is influenced by atmospheric thickness change. According to previous
studies, positive atmospheric thickness anomaly corresponds to the rise in air temperature, while
the atmospheric thickness reduction induces air temperature drop based on the perturbation
hypsometric equation®®’. In this study, 500—1000 hPa atmospheric thickness is analyzed.

Assuming dZ, is the daily mean atmospheric thickness on the day t, the daily atmospheric
thickness change can be expressed as:

AdZ, =dZ; —dZ;_4 3)
where AdZ, is the daily atmospheric thickness change on the day t. dZ;_; is the daily mean
atmospheric thickness on the day t — 1.

Therefore, similar to the definition of temperature drop day frequency, we define the
atmospheric thickness drop day frequency to explore the possible influence of regional daily

atmospheric circulation change on temperature drop days based on —1.0 standard deviation of the



daily atmospheric thickness change for all winters. If the atmospheric thickness on a given day
drops compared to the previous day, and the magnitude of the drop exceeds 1.0 standard deviation
of all the daily atmospheric thickness change, then this day can be defined as an atmospheric

thickness drop day.
Westerly jet frequency

To characterize the daily circulation variability and spatial shifts of the polar jet stream, we
utilized the westerly jet frequency based on the 200 hPa zonal wind.

A “westerly jet day” is identified at a specific grid point if the daily zonal wind speed exceeds
30 m s™'. The westerly jet frequency is then calculated as the total count of such days within each
winter season.

The trends in westerly jet frequency effectively capture the spatial displacement and
meandering of the jet stream. For instance, an increasing trend in jet frequency at lower latitudes

with a decreasing trend at higher latitudes signifies a systematic southward displacement.
Statistical methods

The trends reported in this study are calculated using the Theil-Sen trend estimation method,
which, unlike simple linear regression, is robust to outliers and provides more reliable trend
estimates®?.

The Mann-Kendall (M-K) test, which is a non-parametric trend significance test, is used to
assess the significance of trends in time series®>*,

The bootstrap method, a data resampling technique particularly useful for small sample
sizes®, is employed to determine shifts in mean CNWE index anomalies between two past periods.

For this analysis, 10,000 bootstrapped composites are generated based on the CNWE index

anomalies for the two periods.
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Figure Captions

Fig. 1 | The observed hemispheric divergent trends in winter temperature drop days. a
Observed spatial patterns of linear trends in winter temperature drop day frequency from 1979—
2024. Hatching indicates that the values are significant at the 95% confidence level based on the
Mann-Kendall test. The two black boxes represent the regions for CNWE. b Probability
distribution of bootstrapped CNWE index anomalies in the periods of 1979-2001 (red) and 2002—
2024 (blue). The shaded areas indicate values within the 5% lower and 95% upper confidence
bounds, and the solid vertical line indicates the averaged CNWE index anomalies in each period.
c¢—d Area coverages of trends in winter ¢ temperature drop day frequency and d air temperature in
Northern Hemisphere. The solid (hatched) bars indicate the significant (insignificant) trends at the
95% confidence level based on the Mann-Kendall test. The grey bar indicates no trend.

Fig. 2 | Regional spatially disparate trends in winter temperature drop day frequency from
1979 to 2024. a The time series of CNWE index anomaly. b Observed first principal patterns of
winter temperature drop day frequency. ¢ Standardized first principal time series of winter
temperature drop day frequency.

Fig. 3 | Observed trends in winter atmospheric circulation from 1979 to 2024 and their zonal
asymmetry. a—b Observed trends in winter geopotential height at a 200 hPa and b 500 hPa.
Stippling indicates that the values are significant at the 95% confidence level based on the Mann-
Kendall test. c—d The zonal asymmetry component of the observed trends in geopotential height
at ¢ 200 hPa and d 500 hPa. The zonal asymmetry components are calculated by subtracting the
zonal mean from the local trend presented in a and b at each latitude.

Fig. 4 | Observed trends in winter daily atmospheric circulation variabilities from 1979 to
2024. a Spatial distribution of the linear trends in westerly jet frequency in winter. The westerly
jetis defined as the number of days in each winter that the daily 200 hPa zonal wind speed exceeds
30 m s The solid black line indicates the climatological axis of the westerly jet. The position is
defined as the location of maximum jet frequency between 45°N—-60°N during 1979 to 2024. The
spatial distribution of trends relative to this axis highlights the meridional displacement of the jet
stream. Stippling indicates that the values are significant at the 95% confidence level based on the
Mann-Kendall test. b Time series of the frequency of 500-1000 hPa atmospheric thickness drop
days over central and western North America (blue) and Northern Europe (red).

Fig. 5 | The difference in CNWE patterns between AMIP and historical simulations in CMIP6
models. a The difference in the linear trends of winter temperature drop day frequency between
the multi-model ensemble (MME) mean of AMIP and CMIP6 historical simulations during 1979—
2013. b The linear trends in the CNWE index in AMIP and CMIP6 historical simulations for each
individual model and MME during 1979-2013. The black dashed line represents the linear trends



in the CNWE index for ERAS data during 1979-2024.

Fig. 6 | Detection and attribution of the zonal asymmetry in winter atmospheric circulation
trends over polar area. a—f Zonally asymmetric components of trends in winter geopotential
height at a—¢ 200 hPa and d—f 500 hPa of multi-model ensemble (MME) mean from 1979-2019.
a and d represent the greenhouse gas (GHG) forcing. b and e represent the aerosol (AER)
forcing. ¢ and f represent the natural (NAT) forcing. The zonally asymmetric components are
derived by subtracting the zonal mean trend from the total trend. g—h Trends in zonal
hemispheric asymmetry of winter geopotential height difference at g 200 and h 500 hPa under
different forcings (1979-2019) and AMIP (1979-2013) simulations. The central line indicates
the median, the box bounds represent the interquartile range (IQR; 25th—75th percentiles), and
the whiskers extend to the furthest data point within 1.5 times the IQR. The MME is shown by
the black diamond, and individual model results are represented as colored dots. The zonal
hemispheric asymmetry is defined as the geopotential height difference between the two black
boxes: the polar region north of North America (60°-80°N, 90°W-180°) and that north of
Europe (60°—80°N, 30°-90°E).



Figures

Figure 1

Fig. 1 | The observed hemispheric divergent trends in winter temperature drop days. a
Observed spatial patterns of linear trends in winter temperature drop day frequency from 1979—
2024. Hatching indicates that the values are significant at the 95% confidence level based on the
Mann-Kendall test. The two black boxes represent the regions for CNWE. b Probability
distribution of bootstrapped CNWE index anomalies in the periods of 1979-2001 (red) and 2002—
2024 (blue). The shaded areas indicate values within the 5% lower and 95% upper confidence
bounds, and the solid vertical line indicates the averaged CNWE index anomalies in each period.
c—d Area coverages of trends in winter ¢ temperature drop day frequency and d air temperature in
Northern Hemisphere. The solid (hatched) bars indicate the significant (insignificant) trends at the
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Figure 2
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Fig. 2 | Regional spatially disparate trends in winter temperature drop day frequency from
1979 to 2024. a The time series of CNWE index anomaly. b Observed first principal patterns of
winter temperature drop day frequency. ¢ Standardized first principal time series of winter
temperature drop day frequency.



Figure 3
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Fig. 3 | Observed trends in winter atmospheric circulation from 1979 to 2024 and their zonal
asymmetry. a—b Observed trends in winter geopotential height at a 200 hPa and b 500 hPa.
Stippling indicates that the values are significant at the 95% confidence level based on the Mann-
Kendall test. c—d The zonal asymmetry component of the observed trends in geopotential height
at ¢ 200 hPa and d 500 hPa. The zonal asymmetry components are calculated by subtracting the
zonal mean from the local trend presented in a and b at each latitude.



Figure 4
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Fig. 4 | Observed trends in winter daily atmospheric circulation variabilities from 1979 to
2024. a Spatial distribution of the linear trends in westerly jet frequency in winter. The westerly
jet is defined as the number of days in each winter that the daily 200 hPa zonal wind speed exceeds
30 m s!. The solid black line indicates the climatological axis of the westerly jet. The position is
defined as the location of maximum jet frequency between 45°N—60°N during 1979 to 2024. The
spatial distribution of trends relative to this axis highlights the meridional displacement of the jet
stream. Stippling indicates that the values are significant at the 95% confidence level based on the
Mann-Kendall test. b Time series of the frequency of 500—-1000 hPa atmospheric thickness drop
days over central and western North America (blue) and Northern Europe (red).



Figure 5
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Fig. 5 | The difference in CNWE patterns between AMIP and historical simulations in CMIP6
models. a The difference in the linear trends of winter temperature drop day frequency between
the multi-model ensemble (MME) mean of AMIP and CMIP6 historical simulations during 1979—
2013. b The linear trends in the CNWE index in AMIP and CMIP6 historical simulations for each
individual model and MME during 1979-2013. The black dashed line represents the linear trends
in the CNWE index for ERAS data during 1979-2024.



Figure 6
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Fig. 6 | Detection and attribution of the zonal asymmetry in winter atmospheric circulation
trends over polar area. a—f Zonally asymmetric components of trends in winter geopotential
height at a—¢ 200 hPa and d—f 500 hPa of multi-model ensemble (MME) mean from 1979-2019.
a and d represent the greenhouse gas (GHG) forcing. b and e represent the aerosol (AER) forcing.
¢ and f represent the natural (NAT) forcing. The zonally asymmetric components are derived by
subtracting the zonal mean trend from the total trend. g—h Trends in zonal hemispheric asymmetry
of winter geopotential height difference at g 200 and h 500 hPa under different forcings (1979—
2019) and AMIP (1979-2013) simulations. The central line indicates the median, the box bounds
represent the interquartile range (IQR; 25th—75th percentiles), and the whiskers extend to the
furthest data point within 1.5 times the IQR. The MME is shown by the black diamond, and



individual model results are represented as colored dots. The zonal hemispheric asymmetry is
defined as the geopotential height difference between the two black boxes: the polar region north
of North America (60°-80°N, 90°W-180°) and that north of Europe (60°-80°N, 30°-90°E).

Editorial summary:

Occurrence of winter temperature drop days increased in North America but declined in Europe over the
past four decades due to changes in tropospheric polar vortex, revealed by attribution analyses based on
climate models.
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