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Abstract Wintertime temperature extremes sometimes show a continental linkage between Eurasia and
North America (NA), but whether these connections are coincidental or dynamically robust remains unclear.
This study investigates the linkages of the leading intraseasonal temperature patterns between Eurasia and NA,
focusing on the underlying dynamic processes. Our findings reveal a weak but robust linkage between the
dominant patterns in both regions. Specifically, an opposite‐phase temperature anomaly in NA occurs about
1 week after a Eurasian temperature anomaly, influenced by wave propagation in both the troposphere and
stratosphere. Conversely, a same‐phase temperature anomaly appears over central Eurasia approximately
1 week after a North American temperature anomaly, primarily driven by a Scandinavian‐like pattern in the
troposphere. These relationships sometimes overlap, forming a sequence of temperature changes across mid‐
high latitudes, closely tied to the stratosphere‐troposphere coupling process. The findings provide new insights
for a more comprehensive understanding of wintertime intraseasonal temperature variability.

Plain Language Summary Both severe cold and warm extremes occur frequently in winter,
especially over Eurasia and North America (NA). More importantly, winter temperature extremes sometimes
occur simultaneously over the two continents. Such spatially compounded extremes can cause serious socio‐
economic losses, highlighting the need for a better comprehensive understanding of winter temperature
variability in the midlatitudes. In this work, we found that the temperature intraseasonal variabilities over
Eurasia and NA are dynamically linked, with temperature anomalies on one continent closely following the
other. We further explained the reasons for this link, which involves large‐scale atmospheric wave trains in both
the troposphere and the stratosphere.

1. Introduction
In recent decades, both cold and warm extremes have been observed frequently in wintertime (e.g., Cohen
et al., 2018; Gong et al., 2024; Jian et al., 2020; Wallace et al., 2014). This is most evident in Eurasia (EA) and
North America (NA), where the temperature extremes exert severe impacts on society and economy (e.g., Doss‐
Gollin et al., 2021; Thornton et al., 2019; Yu et al., 2024). In addition, winter temperature extremes sometimes
occur simultaneously in the two regions (Chen et al., 2017). For instance, cold extremes were observed in both
regions in January 2006 (Si et al., 2021), reflecting an in‐phase linkage. In February 2021, on the contrary, an out‐
of‐phase temperature extreme was observed with a cold extreme in NA and a warm extreme in EA (Cohen
et al., 2021; Ma & Zhu, 2023). This type of spatially compounding climate extremes can strongly amplify global
and regional socio‐economic impacts (Zscheischler et al., 2020), and thus requires a better understanding.

Previous studies suggest that Rossby wave trains may contribute to the intercontinental linkage of winter surface
air temperature (SAT). In the midlatitudes, the zonally propagating wave trains can directly lead to large‐scale
circulation anomalies, facilitating the co‐occurrence of extremes across continents (Lin et al., 2022; Messori &
Dorrington, 2023; Xu et al., 2021). In the tropics, the Eurasian cold surge sometimes induces anomalous con-
vection activity over the western Pacific, which then triggers a northeastward propagating wave train that affects
the atmospheric circulation over the NA (Lin et al., 2022; Song et al., 2016). In addition, the Eurasian temperature
anomaly can trigger and maintain the North Pacific Oscillation (Sung et al., 2021), which in turn affects North
American temperature (Baxter &Nigam, 2015). Apart from tropospheric processes, variations in the stratospheric
circulation can also strongly influence the large‐scale tropospheric circulation over mid‐high latitudes (e.g.,
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Baldwin & Dunkerton, 2001; Ding et al., 2022; Kretschmer et al., 2018; Scaife et al., 2016), potentially leading to
spatially compounded SAT anomaly across the continents.

Given the various potential pathways involved, the linkage between temperatures over the NA and EA is rather
complex and can manifest on different timescales (Hou et al., 2022; Ma & Zhu, 2023). On the intraseasonal
timescale, the intercontinental temperatures exhibit a lead‐lag correlation (Lin, 2018), while it is unclear whether
this linkage is dynamically robust, adding to the complexity of understanding the spatially compounded inter-
continental SAT variations. In this work, we aim to systematically investigate the linkage of the SAT anomaly
between EA and NA on the intraseasonal timescale and unravel the primary processes that contribute to the
identified linkages, with the focus on both the tropospheric and stratospheric processes.

2. Data and Method
The daily mean reanalysis data is obtained from the fifth generation of the European Centre for Medium‐Range
Weather Forecasts (ERA5) data set (Hersbach et al., 2020), which extends from 1,000 to 1 hPa with 37 layers and
is used at a 2.5 horizontal resolution. The period being considered spans from 1979 to 2023. The 2‐m air tem-
perature is used to represent SAT. The daily climatology is defined as the average value for each calendar day
over 45 years, and the anomaly is defined as the departure from this daily climatology. The extended winter
covers months from November to March (NDJFM).

As the day‐to‐day SAT variation in the mid‐high latitudes over the Northern Hemisphere is dominated by
intraseasonal components (Figure S1 in Supporting Information S1, Guan & Wang, 2023), which strongly
contribute to the temperature extremes (Song et al., 2018), all subsequent analyses focus on the 10–60‐day
timescale. A Lanczos bandpass filter is applied to the continuous data, and the filtered NDJFM data are then
extracted. The three‐dimensional wave activity flux is used to diagnose the propagation of Rossby waves (Takaya
& Nakamura, 2001). The two‐tailed Student's t test is used for the significance test.

3. Results
3.1. Lead‐Lag Relationship Between the Eurasian and North American Temperature

Figures 1a and 1b show the leading modes of the daily SAT anomaly on the intraseasonal timescale identified by
the empirical orthogonal function (EOF) analysis. Figure 1a is the EOF2 of the SAT variation in EA, which shows
a meridional seesaw with a warming center over central Asia and a cooling center to the north. Figure 1b is the
EOF1 of the SAT variation in NA, showing widespread warming in the central NA. These dominant modes are
consistent with previous studies and are not sensitive if selecting slightly different regions (Guan et al., 2024;
Yang & Li, 2016). It can be seen from Figure 1c that the corresponding principal component (PC) time series of
the two modes have significant lead‐lag correlations. When the EA pattern leads the NA pattern by 8 days, there is
a negative correlation of − 0.11, indicating an out‐of‐phase relationship between the SAT anomalies in the central
EA and central NA. In contrast, when the NA pattern leads the EA pattern by 8 days, there is a positive correlation
of 0.09, denoting an in‐phase relationship. These two types of relationships are referred to as the EA‐leading out‐
of‐phase relationship and the NA‐leading in‐phase relationship, respectively. While the values are small, both are
significant at 90% confidence level after considering the degree of freedom (Bretherton et al., 1999), which
suggests a weak but robust relationship between the dominant temperature variability in the two regions. The
EOF1 of EA has similar linkages with the NA temperature anomaly mode but is overall weaker (not shown).
Given that the EOF1 and EOF2 of EA reflect a propagating oscillation (Yang & Li, 2016), it further confirms the
robustness of the intercontinental linkage. In addition, the lead‐lag Singular Value Decomposition approach
identifies similar coupling patterns (Figure S2 in Supporting Information S1). The correlations between these two
patterns were also highlighted by Lin (2018) using hemispheric‐scale EOFs, further supporting the inter‐
continental linkages.

As the correlations are significant but weak, it is necessary to further illustrate if they are physically meaningful.
To this end, the composite analysis is applied to check the evolutionary characteristics of the typical events. The
temperature anomaly events are defined based on the 1.5 standard deviation (σ) threshold of the corresponding
PC, with the greatest absolute value of PC occurring on day 0. The results are symmetric between cold and warm
events (Figure S3 in Supporting Information S1), so we use EA warm events and NA cold events to study the EA‐
leading out‐of‐phase relationship and NA‐leading in‐phase relationship, respectively. Figure 1d shows the
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longitude‐time evolution of the temperature anomaly, averaged between [30°–60°N], throughout the lifecycle of
EA warm events. A significant warming occurs over EA since day − 7, which peaks at day 0 and gradually
weakens thereafter. In the NA region, the signal is rather weak and not significant despite the overall negative
value since around day − 2. Similarly, for the NA cold events, there is an insignificant cold anomaly over EA
following day 0 (Figure 1g).

Figure 1. Lead‐lag relationship between Eurasian and North American temperature anomalies. (a) Spatial pattern of EOF2 over the EA region (20°–140°E, 20°–80°N)
based on the daily surface air temperature (SAT) anomaly in NDJFM. (b) Spatial pattern of EOF1 over the NA region (50°–160°W, 20°–80°N). The numbers on the
upper right in panels (a) and (b) show the corresponding explained variance. (c) The lead‐lag correlation coefficient between the principal component (PC) series
corresponding to (a) and (b). The negative (positive) days mean the temperature anomaly in EA leads (lags) that in NA. The red dashed lines denote the 90% confidence
level. (d)–(i) Composite longitude‐time evolution of the midlatitude SAT anomaly averaged between (30°–60°N) for various types of events. The daily evolution of the
PC associated with the temperature in the other continent is attached to the right side. Dots indicate values significant at the 95% confidence level. The number in the
bracket shows the number of events.
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The EAwarm events are further classified according to the subsequent signal in NA. If, following day 0, the value
of PCNA is less than − 0.75σ for at least 7 days of the 15 days, then this event is classified as a linked event. During
the lifecycle of these linked events, strong and robust SAT anomalies can be seen in NA, with a significant cooling
starting around day 3, peaking around day 8, and persisting until day 15 (Figure 1e), which aligns well with the
statistical lagged relationship (Figure 1c). In contrast, for the unlinked events, although the EA temperature
evolves similarly to the linked events, there is a slight warming over NA (Figure 1f), which may offset the out‐of‐
phase relationship when all EA warm events are composited (Figures 1c and Figure S4 in Supporting Infor-
mation S1). Similarly, for the NA cold events, the evolution of SAT over NA is nearly identical in linked and
unlinked events. For the linked events, however, the SAT anomaly over EA shows a strong cooling that peaks
around day 6 (Figures 1g–1i, and Figure S5 in Supporting Information S1).

With the above classification, approximately 25.00% of EA warm events are followed by strong cooling in NA,
while 26.67% of NA cold events are followed by cooling in EA. Although these percentages are not very high, this
is due to a strict definition aiming to capture the most strongly linked cases. Loosening the threshold value and
requiring less persistence both yield more linked events. For instance, 36 linked events are identified among EA
warm events if requiring the value of PCNA to be less than − 0.75σ for at least 5 days, increasing the proportion to
42.86%. Similarly, 39 linked events are detected for NA cold events, accounting for 43.33%. The evolution
features and the associated mechanisms for the linked events are not sensitive to the thresholds (not shown),
indicating the robustness of the results. As the primary goal is to investigate how these events are dynamically
linked, further analysis will adhere to the strict definition to focus on the most typical, strongly linked cases.

3.2. Mechanism for the Eurasia Leading Out‐of‐Phase Relationship

Figures 2i–2l show the composite tropospheric circulation during the lifecycle of the EA warm events that are
followed by cooling over NA. On day 0, a meridional dipole locates in the Eurasian region, with a low‐pressure
center over Northern EA and a high‐pressure center over Central Asia (Figure 2j), contributing to the dipole
temperature anomaly (Figure S4a in Supporting Information S1). Meanwhile, an anticyclonic anomaly intensifies
around Alaska and moves westward (Figures 2j and 2k). Along with a developing cyclonic anomaly over NA
(Figure 2l), this dipole structure brings cold Arctic air southward, spreading cold anomalies over large areas of
NA in the following days (Figure S4a in Supporting Information S1). The development of this dipole circulation
can be traced back upstream, where wave energy propagates eastward, allowing the downstream circulation to
develop (vectors in Figures 2e–2l). In addition, there is a northeastward wave propagation from the Pacific
(Figures 2j and 2k), underlying that the tropical circulation could also influence the temperature anomaly over NA
(Guan et al., 2020; Lin et al., 2022).

One striking feature is that the circulation system is not confined within the troposphere. Instead, it shows a deep
structure extending into the upper stratosphere (Figures 2a–2h). In the stratosphere, the circulation presents a
westward propagating wavenumber 1 structure, with the cyclonic anomaly located over NA on day 8 (Figures 2a–
2d). Associated with this, the deep circulation structure propagates westward with time, consistent with the
evolution of the tropospheric circulation. In the vertical direction, the waves propagate upward and eastward from
the EA then turn to propagate downward over NA (Figures 2e–2g, 2i–2k), contributing to the development of the
tropospheric cyclonic anomaly over NA. This vertical wave propagation resembles the wave reflection process (e.
g., Harnik & Lindzen, 2001; Perlwitz & Harnik, 2003) and has been suggested to have essential impacts on the
temperature variation in NA (e.g., Kretschmer et al., 2018; Matthias & Kretschmer, 2020; Messori et al., 2022).
To assess the respective role of the tropospheric and stratospheric processes in the development of the cyclonic
circulation, we apply the wave activity density tendency budget (Holton, 2004; Song et al., 2016; Takaya &
Nakamura, 2001). While the waves both from the stratosphere and within the troposphere play a role, the vertical
component contributes more (Figure S6a in Supporting Information S1), indicating that the stratosphere‐
troposphere coupling is essential for causing this EA‐leading out‐of‐phase linkage.

It is noteworthy that on day − 6, the deep circulation system exhibits a structure opposite to that on day 8,
consistent with the warm anomaly over NA before the occurrence of EA warming (Figure 1e and Figure S4a in
Supporting Information S1). This suggests that the stratosphere‐troposphere coupled system presents an oscil-
lating feature, with the deep structure propagating clockwise over time. This behavior closely resembles the
Stratosphere‐Troposphere Oscillation (STO) phenomenon identified by Shen et al. (2023), the dominant
stratosphere‐troposphere coupling mode on the intraseasonal timescale. The wave propagation also mirrors its
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counterpart throughout the lifecycle of the STO, which has been shown to drive the evolution of the deep cir-
culation system (Shen et al., 2023). This finding indicates that the STO plays a critical role in bridging the
intercontinental temperature linkage, further underscoring its importance in shaping the weather and climate
across the mid‐high latitudes.

3.3. Mechanism for the North America Leading In‐Phase Relationship

The composite tropospheric circulation throughout the linked NA cold events is present in Figure 3. A northwest‐
southeast orientated dipole structure is seen in NA since day − 5 (Figure 3a), with an anticyclonic anomaly over
Bering Strait and a cyclonic anomaly over central NA. This dipole structure is similar to that in Figure 2l,
confirming its role as the main contributor to the widespread SAT anomaly mode over NA (Guan et al., 2020). A
wave train then propagates eastward into the Eurasian region, contributing to the rapid development of a cyclone
over Scandinavia and an anticyclone around Ural Mountain (Figures 3b and 3c). The wave energy then further
propagates southward, accompanied by another eastward wave propagation at lower latitudes from the North
Atlantic via North Africa, contributing to the development of a cyclonic anomaly south of Lake Baikal
(Figure 3c), thereby inducing the cooling over EA (Figure 1h, and Figure S5 in Supporting Information S1). The
circulation then weakens (Figure 3d), consistent with the evolution of temperature over EA (Figure 1h, and Figure
S5 in Supporting Information S1). This tropospheric wave structure resembles the Scandinavian pattern (Barnston
& Livezey, 1987) with similar evolution characteristics on the intraseasonal timescale (Pang et al., 2021), which

Figure 2. Circulation structure for the linked EA warm events. (a)–(d) Composite geopotential height anomaly at 10 hPa (Z10; contour interval is 50 gpm) on day − 6, 0,
4, and 8. (e)–(h) Composite vertical profile of the geopotential height along 60°N (contour, interval is 50 gpm). (i)–(l) Composite geopotential height anomaly at 300 hPa
(Z300; contour interval is 50 gpm), the associated horizontal component of wave activity flux (WAF) at 300 hPa (vector), and vertical component of WAF at 150 hPa
(shading). Red and blue contours indicate positive and negative values, respectively. The zero contours are omitted. Shadings in the first and second rows indicate the
region that is significant at the 95% confidence level, with the light blue and red for negative and positive values, respectively. The purple box in panel (l) is the region
used to conduct the dynamic budget analysis in Figure S6 in Supporting Information S1.
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has been shown to have strong influence on the wintertime weather conditions over Eurasia (Bueh & Naka-
mura, 2007; Liu et al., 2014).

3.4. Drivers of the Different Responses in Linked and Unlinked Events

Another question is why a similar temperature anomaly is sometimes followed by a strong temperature anomaly
in another continent but not at other times (Figure 1). To address this question, we systematically compare the
circulation for linked and unlinked events. Figure 4a and 4b show the longitude‐time evolution of the tropospheric
circulation averaged between [60°–70°N] at 300 hPa (shading) for EA warm events associated with and without
an NA cold anomaly. For both events, the cyclonic anomaly over Eurasia [30°–120°E] persists from day − 8 to
day 4 and transitions to an anticyclonic anomaly afterward. Despite the similar evolution over EA, the devel-
opment of the circulation center over NA is different. In the linked events, a strong anticyclonic anomaly develops
over NA (Figure 4a) and is associated with a tropospheric wave train (Figure S4a in Supporting Information S1),
but these features are absent in the unlinked events (Figure 4b and Figure S4b in Supporting Information S1). In
addition, the stratospheric circulation is much stronger in the linked events than in the unlinked events (contours
in Figures 4a–4c). Corresponding to the strong stratospheric signal, a downward wave propagation over NA is
observed around day − 3 to day 5 in the linked events (red line on the right side in Figures 2j, 2k, and 4a). This
wave reflection contributes to the development of the anticyclonic anomaly located around NA in the troposphere
(Figure S6a in Supporting Information S1) and, thereby, the significant cold anomaly (Figure 1e and Figure S4 in
Supporting Information S1). In contrast, both the tropospheric wave train and the stratospheric wave reflection are
absent in the unlinked events (Figure 4b and Figure S6b in Supporting Information S1).

For the NA‐leading in‐phase relationship, apart from the tropospheric circulation over NA, the stratospheric
circulation and vertical wave propagation are similar across linked and unlinked events (Figures 4d–4f). The most
striking difference between the two types of events lies in the troposphere. In the linked events, a strong anti-
cyclonic anomaly develops over EA around day − 2 to day 12, which is not observed in the unlinked events
(shading in Figures 4d–4f). This difference in tropospheric circulation is mainly related to a Scandinavian‐like
pattern (e.g., Bueh & Nakamura, 2007; Liu et al., 2014), which only develops in the linked events (Figure 3
and Figure S5 in Supporting Information S1). The different circulation development is not associated with the
waveguide, as neither the background zonal flow nor the squared meridional wavenumber differs significantly
(not shown). A closer inspection suggests that the tropospheric circulation over EA already differs from day − 20

Figure 3. Circulation structure for the linked North America (NA) cold events. (a)–(d) The composite Z300 anomaly (shading) and associated wave activity flux at
300 hPa (vectors) on day − 5, 0, 5, and 10 during the lifecycle of the linked NA cold events. The dot indicates the region where the value is significant at the 95%
confidence level.
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to day − 4, suggesting that the wave forcing may vary between the two types of events, but this requires further
investigation.

The circulation structure and its evolution between the linked EA warm events (Figure 4a) and linked NA cold
events (Figure 4d) exhibit a strong similarity. This similarity is also evident in the temperature evolution
(Figures 1e and 1h and Figures S4 and S5 in Supporting Information S1), indicating possible overlaps between
those two types of events, which can form a sequence of temperature changes across mid‐high latitudes. It is
worth mentioning that the overall circulation structure (Figure 4) and temperature response (Figures S4 and S5 in
Supporting Information S1) closely resemble the evolution of the STO throughout its lifecycle (Figures 7 and 9 in
Shen et al., 2023). A review of the event dates reveals a few overlapping events, most of which coincide with STO
events (Table S1 in Supporting Information S1). This highlights that the STO‐like stratosphere‐troposphere
coupling process contributes significantly to the intraseasonal swing of temperature across the two continents
and thus, is essential for shaping the wintertime temperature variability over mid‐high latitudes.

Figure 4. Temporal evolution of the circulation for linked and unlinked events. The longitude‐time plot of the geopotential height anomalies averaged between (60°–
70°N) at 300 hPa (shading; shading interval is 30 gpm) and 10 hPa (contour; contours are ±50, ±100, ±200, and ±400 gpm). The regional mean vertical wave activity
flux (Fz) at 150 hPa over North America (NA) (45°–75°N, 100°–140°W) is shown on the right side. (a)–(c) The evolution of the linked and unlinked EA warm events
and their differences. (d)–(f) Same as (a)–(c) but for the NA cold events. Negative contours are dashed, and zero contours are bolded. The dot indicates the region where
the tropospheric anomaly is significant at the 95% confidence level.
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4. Summary and Discussion
In this work, we identify that the dominant winter temperature variations over the Eurasian and North American
continents show dynamically robust linkages on the intraseasonal timescale. The Eurasian temperature anomaly is
followed by an opposite‐phase temperature anomaly over NA about 8 days later, and the North American
temperature anomaly precedes a same‐phase temperature anomaly in EA by 8 days. For the EA‐leading out‐of‐
phase relationship, the dipole structure over the Bering Strait and NA continent mainly plays a role, resulting from
both a tropospheric wave train and stratospheric wave reflection. The NA‐leading in‐phase relationship is mainly
induced by the Scandinavian‐like pattern in the troposphere. These two linkages can occur sequentially, forming a
sequence of temperature changes across mid‐high latitudes, and are closely tied to the stratosphere‐troposphere
coupling process.

For the NA events, regardless of whether they are followed by a same‐phase temperature anomaly in EA, they are
always associated with a deep stratosphere‐troposphere coupled system (Figures 4d and 4e). On the contrary, for
the EA events, a similar stratosphere‐troposphere coupling occurs only when they are followed by an opposite‐
phase NA anomaly (Figures 4a and 4b). This suggests that the temperature variations over NA are strongly
coupled with the stratospheric variations (e.g., Ding et al., 2023; Guan et al., 2020; Hanna et al., 2024; Kidston
et al., 2015; Messori et al., 2022), whereas the EA temperature anomaly is not always linked to stratospheric
circulation. In future studies, it is interesting to investigate further the relative roles of stratospheric and tropo-
spheric processes in shaping the temperature variation at mid‐high latitudes.

Although these dominant temperature patterns are identified on the intraseasonal timescale, they closely resemble
the long‐term change pattern in the temperatures. The EA cold events resemble the warm Arctic‐cold Eurasia
pattern (Figure 1a; Cohen et al., 2014; Overland et al., 2011), and the cold NA events are similar to the warm
Arctic‐cold NA pattern (Figure 1b; Mori et al., 2014). While it is still under debate what process is primarily
responsible for the warm Arctic‐cold continent pattern, the results here suggest that the internal dynamics alone
can generate a similar pattern on the intraseasonal timescale. Given the complex linkages between those patterns,
and the paucity of monthly range prediction skill in current forecast systems (e.g., Kent et al., 2023; Vitart &
Takaya, 2021), a more comprehensive understanding of the mid‐high latitude intraseasonal temperature vari-
ability is needed.

Data Availability Statement
The daily ERA5 data set is available at Hersbach et al. (2023a, 2023b).
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