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Cold spell location selection

To select cold spell regions, we first identified historical extreme cold days on the hemispheric scale.
To do so, a non-standardized version of the midlatitude extreme (MEX; Riboldi et al., 2020) index
is applied for land in four latitude bands (35-45°N, 45-55°N, 55-65°N, and entire mid-latitudes: 35-
65°N). Dividing the mid-latitudes into three sub-bands enables an identification of extreme cold
days in the lower, middle, and upper sections of the mid-latitudes. The MEX provides an overall
measure of mid-latitude temperature daily variance by averaging over each grid point in the mid-
latitudes the squared anomaly of the temperature. Here, "non-standardized" means the MEX index
is used without subtracting its time-averaged mean and dividing by its standard deviation, as done
in Coumou et al. (2014). The top 1% of daily MEX values—a criteria to classify cold extreme
days—within all the winters during the period 1978-2024 yields 125, 117, 119, and 141 days for the
bands 35-45°N, 45-55°N, 55-65°N, and 35-65°N, respectively. To identify the areas providing the
largest cold anomaly contribution to the top 1 % MEX days of each latitude band, the composite
of the daily cold wave magnitude index (CWMId; Morlot et al. (2023); see Method section) of the
extreme cold days is calculated at each grid point in the mid-latitudes.

Fig. S1 shows the composite of the geopotential height (gph) anomaly at 500 hPa and the cold-
wave magnitude index for cold extreme days for each latitude band. For the top 1 % MEX days over
the whole midlatitude (35-65°N; Fig. Sla), cold spells are more intense in the northwestern part
of North America and northwestern Eurasia. The intensity decreases toward the south and east
in both continents. The gph anomaly is positive over Greenland and the North Pacific Ocean, the
two primary blocking regions (Barriopedro et al., 2006). Over the North Atlantic Ocean, a negative
gph anomaly is encountered that may indicate the negative phase of the North Atlantic Oscillation
(NAO) during these cold events, a phenomenon that promotes European winter cold spells (e.g.,
Hanna and Cropper, 2017; Vihma et al., 2020).

For the top 1 % MEX days over 35-45°N, little or no positive gph anomaly is encountered over
Greenland, which is consistently associated with a weak intensity of CWMId over Europe (Fig.
S1b). The main gph anomaly consists of a positive height anomaly over Alaska and a negative
height anomaly downstream over West North America. Consistently, in this latitude band, CWMId
is more pronounced over northwest North America, the central US, and Central Asia. Intense
CWMId over Central Asia appears to differ from that of the central US, as it is likely not linked
with higher latitudes, leading us to speculate that the cold spells in this region do not originate
from Arctic cold air. Therefore, this region is not included in our study.
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For the top 1 % MEX days over 45-55°N, in contrast to 35-45°N, there is a strong positive
gph anomaly upstream of Europe, centered over Iceland, while the positive gph anomaly is weak
upstream of North America (Fig. Slc). For this latitude band, the CWMId is strong over the middle
and east of Europe and over the west of Canada. For the top 1 % MEX days over 55-65°N, CWMId
is stronger at higher latitudes, encompassing Scandinavia, the west of Canada, and Northern Siberia
(Fig. S1d). For this latitude band, there are two strong positive gph anomaly centers over Baffin
Bay and the Bering Sea. The top 1 % MEX over the 45-55°N and 55-65°N, similar to MEX across
the entire midlatitude, exhibits a negative gph anomaly over the North Atlantic Ocean.

Based on the results of the composite of days with the top 1 % MEX over these four latitude
bands, 9 regions are selected for the study of the impact of large-scale upper atmospheric circulation
on cold spells, as shown with red boxes in Fig. S2. The regions include Northwest Canada (RO1,
Fig. S2a), Northwest US and Southwest Canada (R02, Fig. S2b), Central US (R03, Fig. S2c),
British Isles (R04, Fig. S2d), Scandinavia (R05, Fig. S2e), Europe (R06, Fig. S2f), Northwest
Russia (R07, Fig. S2g), Southwest Russia (R08, Fig. S2h), and Northern Siberia (R09, Fig. S2i).
The number of days with 50% or more of the grid points experiencing cold spells in each region, as
based on the CWMId, is 239, 184, 164, 157, 170, 171, 195, 150, and 152, respectively, for ROl to
R09.

Wayve amplitude

Several metrics have been developed to study the waviness of the atmosphere (e.g., Francis and
Vavrus, 2012; Barnes, 2013; Hassanzadeh et al., 2014; Chen et al., 2015; Cattiaux et al., 2016; Geen
et al., 2023), many of which rely on the meandering of the 500 hPa isohypses (lines of constant gph)
as a proxy. Considering the variations of wave amplitude with different isohypse—the seasonal vari-
ability and poleward shift due to global warming (Barnes, 2013)—selecting an appropriate isohypse
is critical. To address these challenges, Cattiaux et al. (2016) derived an isohypse from the daily
average of the gph at 500 hPa between 30°N and 70°N, hereby varying in time. They regarded the
meandering of this isohypse as an indicator of the waviness of the atmospheric flow at 50°N.

Here we focus on identifying changes in waviness at each latitude, which requires some modifica-
tion of the approach above. Therefore, following Cattiaux et al. (2016), the most common isohypse
at each time step and latitude is taken as the zonal average of the gph over half of the hemisphere
centered on the center longitude of each study region. Then, the meridional wave extent at a given
latitude is defined as the meridional extent of the associated isohypse determined by calculating the
difference between the maximum latitudinal location and the minimum location of that isohypse
(gph isohypse extent; GIE). By focusing on half of the hemisphere, it is ensured that at least one
full ridge and trough are included within the region. In a similar way, the meridional extent of
the first five Fourier decomposition wave numbers of gph (Z1-5) is calculated (planetary isohypse
extent; PIE). During cold spells in the defined regions, both GIE and PIE demonstrate the same
significant pattern of changes (not shown). This shows the modest impact of small waves on the
wave amplitude changes during cold spells. Therefore, we only consider the results of the meridional
extent of Z1-5.

Some isohypses have unconnected subparts (see Fig. S3a), referred to as cut-off low and cut-
off high, which might lead to interpretation errors in the wave amplitude. For instance, in Fig.
S3a, at high latitudes (around 85°N), the most common isohypse is 8300 m, and at these latitudes,
the waviness of this isohypse is small. But, due to a cut-off low of this isohypse at midlatitudes,
the estimated wave amplitude at 85°N is large. Moreover, the PIE does not specify the separate
contribution to the wave amplitude from ridges and troughs. Understanding these contributions
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is critical, especially during cold spells, as it helps determine which parts of the wave—ridge or
trough—have the greater impact. To improve the PIE, the meridional extent of the Z1-5 ridges
and troughs is measured separately (Fig. S3b; see the method in the main paper). To compare
the results of the refined method with PIE, the average of the amplitude of the ridges plus those
of the troughs over half of the hemisphere centered at each study region is calculated (ridge-trough
isohypse extent; RTIE).

For climatology, the RTIE amplitude (Fig. S4, gold lines) is nearly half of the PIE amplitude.
During cold spells, there are many similarities between the RTIE and the PIE, yet they have some
differences. During cold spells, the PIE amplifies over a wider latitude range compared to the RTIE.
This could be attributed to the influence of cut-off lows or cut-off highs on the amplitude of distant
locations.

Wave location

Normally three major ridges and troughs can be seen throughout winters (Fig. S5). The three main
ridges are located over the west coast of North America (hereafter, WNA ridge), the western flank
of the Tibetan Plateau (hereafter, TP ridge), and the North Atlantic Ocean (hereafter, NAO ridge,
at low latitude over the middle part, and at high latitude over the eastern part of the ocean). The
three main troughs are located over Eastern North America (hereafter, ENA trough), the eastern
Mediterranean (hereafter, EMed trough), and East Asia (hereafter, EAsia trough).

During cold spells over North America (R01, R02, and R03), large-scale gph anomaly patterns
show an anticyclonic gph anomaly over the North Pacific and a cyclonic gph anomaly over North
America (Fig. S2a, b, and c), similar to the findings of other studies (e.g., Xie et al., 2017).
During cold spells, the locations of the WNA ridge and the ENA trough shift to the west of their
corresponding climatological positions (Fig. Sba, b, and ¢). This shift is more pronounced for R02
and R03. The NAO ridge extends from northwest Africa to northwest Europe, specifically exhibiting
an eastward shift at lower latitudes. For cold spells over western regions of Europe (R04, R05, and
R06), the gph anomaly at 500 hPa shows a positive anomaly located north of a negative anomaly
(Fig. S2d, e, and f). This anomaly resembles a high-over-low North Atlantic blocking situation,
which is similar to the findings of other studies (e.g., Trigo et al., 2004; Buehler et al., 2011; Pfahl,
2014). For R04 and R05, at high latitudes, the locations of the NAO ridge and EMed trough tend to
shift toward the west of their respective climatological centers (Fig. Shd and e). During cold spells
over eastern Europe (R08), the positions of the EMed trough and the TP ridge at high latitudes
shift toward the east of their respective climatological locations (Fig. S5h). The cold spell over
Northern Siberia (R09) primarily aligns with a deep trough downstream over northwest Asia, as
depicted in Figs. S2i and Fig. S5i. Despite the high latitude of this region, it is sufficiently far
from the pole to become affected by cold advection from higher latitudes during cold spells (Tuel
and Martius, 2024). For R09 (Fig. S5i), ridges form over the western flank of the Ural Mountains,
and the location of the EAsia trough at high latitudes shifts toward the west of its climatological
location.

These findings indicate that a distinct shifting pattern of ridges and troughs on a hemispheric
scale occurs during cold spells over each region. These shifts can also be observed at 300 hPa
(Fig. 3 in the main paper) and 850 hPa (not shown), indicating that during cold spells the entire
troposphere is shifting in a rather barotropic manner. These shifting patterns suggest an interaction
between atmospheric dynamics and surface temperatures.
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Fig. S1: The composite of the gph anomaly relative to climatology (m) at 500 hPa (lines; only significant at the 95%
confidence level) and the cold wave magnitude index daily (CWMID; colors) for cold extreme days given by the top 1
% of the MEX over land at the latitude band of a) 35-65°N, b) 35-45°N, c¢) 45-55°N, and d) 55-65°N.






