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Distinct tropospheric anomalies during
sudden stratospheric warming events
accompanied by strong and weak
Ural Ridge

Check for updates

Chongyang Zhang1, Jiankai Zhang 1 , Amanda C. Maycock 2 & Wenshou Tian1

Different tropospheric precursor anomalies leading to sudden stratospheric warmings (SSWs) may
result in different circulation evolution. This study finds that there are distinct differences in
tropospheric circulation evolutions during SSWs following anomalously strong- (SUR-SSWs) and
weak- (WUR-SSWs) Ural ridge. SUR-SSWs exhibit enhanced East Asian trough in the followingweek,
while enhanced Greenland ridge and negative tropospheric annular mode anomalies can persist for
1 month. In contrast, WUR-SSWs exhibit surface cooling over northern Eurasia without notable
tropospheric annularmodeanomalies. DuringSUR-SSWs,waves inducedby the enhancedUral wave
source tend to propagate below the tropopause, amplifying the East Asian trough. Additionally, due to
decreasedwave phase speed, the preexisting Ural ridge anomaliesmigrate westward and amplify the
Greenland ridge. BeforeWUR-SSWs, preexisting cooling over Northeast Asiamigrateswestward and
amplifies northern Eurasia cooling. Thus, theUral ridge anomalies prior to SSWs significantly influence
post-SSW tropospheric circulation.

The Arctic stratospheric polar vortex, a strong cyclonic circulation
extending from 10 to 50 kmabove the surface, forms in autumn as the polar
night begins. On some occasions, large-scale waves propagating into the
stratosphere with persistent and strong eddy heat transport break down the
polar vortex and lead to a rapid warming and reversal of westerlies within a
few days, a phenomenon known as sudden stratospheric warming (SSW).
Planetary wave breaking in the upper stratosphere during SSWs reduces
westerlies and extends down the critical layer (the region where the back-
ground westerly equals to the zonal phase speed), which is unfavorable for
wave propagation. Consequently, waves break at progressively lower alti-
tudes, and the easterly anomalies extend downward into the lower
stratosphere1,2. Subsequently, zonalwind and geopotential height anomalies
extenddownward into the troposphere andeven to the surface, giving rise to
persistent surface weather anomalies across the Northern Hemisphere in
the subsequent weeks or even months, such as extreme cold air outbreaks
over northern Eurasia and western Europe3, as well as significant warming
over Greenland and eastern Canada4,5. Various mechanisms to explain the
downward impact of SSWs have been identified6. Geostrophic adjustment
to stratospheric potential vorticity (PV) anomalies7–15 and transient eddy
feedback16,17 during SSWs can directly diminish tropospheric westerlies and

promote the negative phase of the Arctic Oscillation (AO). Observations
also reveal that waves below the critical layer tend to be reflected during
SSWs, leading to local tropospheric circulation anomalies18–23.

While SSWs can yield statistically significant surface anomalies and
have been regarded as a crucial source of subseasonal predictability in
surface weather24–26, the influence of individual SSW event exhibits con-
siderable variability20,27,28,29, and nearly half of SSWs are not followed by
downward propagating signals30,31. Several physical factors have been linked
to the likelihood of downward influence of SSWs30,32,33. SSWs following
tropospheric negative annular mode anomalies exert a more pronounced
downward impact6,34 and SSWs preceded by larger tropospheric wave
activitymay exhibit a stronger tropospheric response35, though some studies
suggest no significant difference in vertical wave flux between propagating
and non-propagating SSWs36. SSWs featuring stronger andmore persistent
anomalies in the lower stratosphere could also give rise to more robust
surface responses11,27,30,36. A stronger meridional PV gradient in the upper
stratosphere preceding SSWs can amplify the surface response32. Wave-
absorbing SSWs could induce surface AO anomalies, while wave-reflecting
SSWs tend to promote local blocking events20. SSWs characterized by dif-
ferent geometry of the stratospheric polar vortex (vortex displacement and
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vortex splitting types, wavenumber 1 and wavenumber 2 types) may yield
disparate surface responses37, but some studies found no significant differ-
ence in the annular mode response27. It was also suggested that the surface
response to splitting types occurs earlier than that for displacement types by
1 week, together with northern Eurasia cooling5,38–40. In addition, some
studies suggested that the cooling over EastAsia during SSWs is contributed
by upstream Ural blockings rather than downward propagating of strato-
spheric signals3,40,41. Therefore, while the two-way interaction between pla-
netary waves and mean flows contributes to the downward propagation of
SSWs, the underlyingmechanisms throughwhich surfaceweather response
to SSWs remain incompletely understood6,24.

Anomalous wave sources, such as a ridge and warming over the Ural
andBarents-Kara Seas (BKS) region andAleutianLow42–45, typically serve as
the precursors to SSWs46; however, whether SSWs preceded by different
wave sources exhibit distinct evolutions remains unclear. From the clima-
tological perspective, the strongest wave source triggering upward wave
propagation into the stratosphere is situated over the Ural region during
winter47. Thus, this study examines the dynamical evolution of SSWs fol-
lowing strong (SUR-SSWs) and weak (WUR-SSWs) Ural ridge, corre-
sponding to strong and weak Ural wave sources, respectively. The
mechanisms responsible for the distinct circulation evolution in these two
typesof SSWsare further revealed.Thepaper is organizedas follows: Section
2 introduces the data and methods, while Section 3 outlines our results,
which are further discussed in Section 4.

Results
Tropospheric circulation anomalies associated with SUR-SSWs
and WUR-SSWs
Figure 1 presents the circulation evolution during SUR-SSWs. Approxi-
mately 14 days prior to the onset of SUR-SSWs, sustained warming and
positive geopotential height anomalies are observed over the Ural region. A
significantly enhanced wave train propagates vertically from the Ural
region, inducing anomalous stratospheric wavenumber 1 (Fig. 1c). The
wavenumber 1 amplitude in the upper stratosphere is persistently enlarged
and ultimately leads to wave breaking from day -7 to day -1, leading to
positive geopotential height anomalies in the zonal mean and a weakened
stratospheric polar vortex (Fig. 1f). Meanwhile, there remains a wave
structure in the lower stratosphere, characterized by positive geopotential
height anomalies over the Ural region and negative geopotential height
anomalies to the east. From day 0 to day 6 (Fig. 1i), the preexisting wave
patterns in the stratosphere dissipate entirely.

In the troposphere, there is enhanced downstream propagation of
waves from the Ural region, leading to a strengthening of the East Asian
trough and near-surface cooling, which peaks in the week prior to the SSW
onset (Fig. 1d, e) and persists during the first week following the SSW (Fig.
1g, h).Additionally, the positive geopotential height anomalies over theUral
region prior to the SSW onset extend westward to the Greenland region.
Consequently, the enhanced Ural ridge leads to anomalous atmospheric
circulationbothdownstreamandupstream following SUR-SSWs.Aswill be
shown later, the stratospheric state associated with SSW significantly
impacts the linkage between the Ural ridge and atmospheric circulation in
both directions.

By contrast, ~14 days before the WUR-SSWs, significant negative
geopotential height and temperature anomalies emerge over northeastern
Asia (around 90°-180°E, 55-75°N) (Fig. 2a, b). During the week prior to
the SSW onset, these negative anomalies extend westward to the Ural
region and reach a maximum. Lehtonen et al.38 also suggested that cold
anomalies over Northern Eurasia tend to be stronger and more wide-
spread before SSWs onset than after SSWs onset. Therefore, the cooling in
Northern Eurasia is closely associated with the westward migration of
preexisting cold anomalies. Additionally, from day −7 to day 6 (Fig.
2d–h), positive geopotential height and temperature anomalies appear
south of 50°N, particularly over East Asia, contrasting sharply with the
anomalies observed during the same period for SUR-SSWs (Fig. 1g, h).
Thus, the positions of temperature and geopotential height anomalies

following SSWs depend on the characteristics of preexisting Ural ridge
anomalies.

The tropospheric circulation anomalies in themonth following the two
types of SSW are also distinct (Fig. 3). For SUR-SSWs, persistent positive
geopotential height anomalies dominate over the polar troposphere.
Notably, there are two peaks of positive geopotential height anomalies: one
located over the pole and the other one over the Greenland around 60°N.
South of the positive anomalies over the Greenland, negative geopotential
height anomalies are observed, forming a dipole pattern resembling the
negative phase of theNorthAtlanticOscillation (NAO). On the other hand,
for WUR-SSWs, the negative geopotential height anomalies over the Ural
region dissipate quickly, and no NAO anomaly emerges.

The contrasting circulation evolution during both types of SSWs is
reproduced by the CMIP6 multi-model results (Fig. 4). Two weeks prior to
the onset of SUR-SSWs, there are significantly positive geopotential height
and warm anomalies over the Ural region (Fig. 4a and g). The anomalously
strong ridge overUral region extendswestwardover time and is located over
the Greenland around the SUR-SSWs onset date (Fig. 4c). Additionally,
there is persistent cooling and an enhanced trough over East Asia from day
−14 to day 6. In contrast, from day −7 to day 6 of WUR-SSWs, there are
distinct negative geopotential height and cooling anomalies over the
northern and northeastern Eurasia (Fig. 4e, f, k and l), coinciding with a
weakened East Asia trough and persistent warming.

To test the sensitivity of the results to the zero-gpm threshold for
500 hPa geopotential height anomalies over the Ural region in the classifi-
cation of SUR-SSWs and WUR-SSWs (see Methods), we composite cir-
culation anomalies based on the five SUR-SSWs with the strongest Ural
ridge and thefiveWUR-SSWswith theweakestUral ridgeprior to the SSWs
for each model. The results are similar to those shown in Fig. 4 (Fig. S1),
suggesting that the differences between SUR-SSWs andWUR-SSWs are not
strongly dependent on the threshold used in distinguishing SUR-SSWs and
WUR-SSWs.

Figure S2 shows the differences in 500 hPa geopotential height after
SSW onset derived from the WACCM sensitivity experiments (see Meth-
ods). Compared to theCLIMnudge runs, both SUR-SSWs andWUR-SSWs
runs exhibit persistent positive geopotential height anomalies over the polar
region, particularly in the Atlantic sector. Additionally, the East Asian
trough is significantly enhanced during the first week following SUR-SSWs
(Fig. S2a), a feature that is not observed in theWUR-SSWs during the same
time interval (Fig. S2d).Moreover, a strongerGreenland ridge andEastAsia
trough are evident in the first week following SUR-SSWs onset compared to
WUR-SSWs onset (Fig. S2g). The enhancedGreenland ridge anomalies can
persist for up to 20 days after SSW onset (Fig. S2h). Since both runs are
nudged toward identical stratospheric conditions, the differences in 500 hPa
geopotential height anomalies during the free-run periods between the
SUR-SSWs andWUR-SSWs runs reflect atmospheric responses to theUral
ridge anomalies that precede SSWs. Therefore, the simulated differences
between SUR-SSWs and WUR-SSWs runs can be attributed to the con-
trasting Ural ridge anomalies preceding the SSWs. It should be mentioned
that these experiments do not consider ocean-atmosphere interactions,
which may influence the circulation anomalies following SSWs in the real
atmosphere.

The evolution of polar cap averaged geopotential height (PCH) further
reveals distinct patterns for SUR-SSWs andWUR-SSWs (Fig. 5a, 5b). In the
2 weeks preceding both types of SSWs, there is a downward extension of
positive PCH anomalies from the upper stratosphere (1 hPa) to the tro-
popause (around 200-300 hPa) over time. Additionally, SUR-SSWs exhibit
significant positive PCH anomalies in the troposphere ~10 days before
onset, which is primarily contributed by positive geopotential height
anomalies over the Ural region (Fig. 1). Moreover, there are significant and
enduring positive PCH anomalies and negative westerly anomalies (Fig. 5c)
extending to the surface during the 1-month period following the SUR-
SSWs, consistent with Fig. 3. Conversely, negative tropospheric PCH
anomalies are observed around 10 days before the onset of WUR-SSWs,
primarily contributed by negative geopotential height anomalies over
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northern Eurasia (Fig. 2). These negative PCH anomalies diminish around
theWUR-SSWs onset, with no significant PCH anomalies in the following
month (Fig. 5b).

The distinct evolution of PCHduring both types of SSW is also evident
in the CMIP6 multi-model results (Fig. 4m, n). In these CMIP6 models,
stratospheric PCH anomalies during both SUR-SSWs andWUR-SSWs last
for at least 40 days on average. However, tropospheric PCH anomalies
following SUR-SSWs are significantly stronger than those followingWUR-
SSWs (Fig. 4o). Despite noticeable zonally asymmetric anomalies in the
500 hPa geopotential height persisting north of 50°N in the week following
WUR-SSWs (Fig. 4f), they exhibit a wavenumber-1 pattern rather than
yielding a significant zonal mean PCH anomaly.

The modulation of upstreammigration of Rossby waves by a
weakened stratospheric polar vortex during SSWs
Although the geopotential height anomalies over northern Eurasia prior to
SUR-SSWs are opposite to those prior to WUR-SSWs, these anomalies
generally exhibit westward migration in both SSW events (Figs. 1 and 2).
Figure 6a, b show Hovmöller diagrams of correlation coefficients between
500 hPa geopotential height and 700 hPa temperature over Northeast Asia
on day−3 (Fig. 6a), and 500 hPa geopotential height over theGreenland on
day 6 (Fig. 6b) of all SSWs, respectively. Notably, the positive correlation
centers shift westward over time, indicating the westward migration of
waves with a negative zonal phase speed. Consequently, the 700 hPa tem-
perature over Northeast Asia during the 2 weeks prior to SSWs could be

Fig. 1 | Evolution of circulation anomalies from two weeks before to one week
after the onset of SUR-SSWs. Composite anomalies in (a) 700-hPa temperature
(shading; K), (b) 500-hPa geopotential height (shading; gpm) and (c) geopotential
height (shading; gpm) and vertical and meridional components of Plumb wave flux
(vectors, m2/s2) averaged between 50°N and 70°N from day −14 to day −8 of SUR-

SSWs. The vertical component of vectors is scaled by a factor of 200. d–f are the same as
(a–c) but fromday -7 to day -1 of SUR-SSWs.g–i are the same as (a–c) but fromday 0 to
day 6 of SUR-SSWs. The regions highlighted by vertical (horizontal) parallel lines are
statistically significant at the 95% (90%) confidence level according to the Student’s
t-test.
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used to predict the geopotential height anomalies over northern Eurasia
around the SSW onset (Fig. 6a). Likewise, the 500 hPa geopotential height
over the Ural region during the 2 weeks prior to SSWs could be used to
predict the 500 hPa geopotential height over the Greenland (Fig. 6b). This
suggests that the westward migration of positive geopotential height
anomalies over the Ural region prior to SUR-SSWs toward the Greenland
after SSWs is important for the persistent positive PCH anomalies in the
troposphere (Fig. 5a).

Figure 5e, f present the evolution of zonal phase speed for both
SUR-SSWs and WUR-SSWs. From day -10 to day 30 of both types of
SSW, the phase speed of tropospheric waves is smaller than its cli-
matology, consistent with the findings of Schutte et al.48. It has been

demonstrated that weak stratospheric polar vortex can weaken tro-
pospheric westerlies and consequently lead to the westward movement
of Ural blockings49. Theoretically, weak stratospheric polar vortex can
weaken tropospheric westerlies through the rearrangement of strato-
spheric PV anomalies and transient eddy feedbacks16,18,50. As the phase
speed of Rossby waves is proportional to the background westerlies51,52,
a reduction in the phase speed of tropospheric waves under weak
stratospheric polar vortex conditions is expected. In conclusion, weak
stratospheric polar vortex could promote the westward migration of
preexistent anomalous high (low) over the Ural (northern Asian)
region prior to SUR-SSWs (WUR-SSWs) by reducing tropospheric
westerlies and the phase speed of waves.

Fig. 2 | Evolution of circulation anomalies from two weeks before to one week
after the onset of WUR-SSWs. Composite anomalies in a 700-hPa temperature
(shading; K), b 500-hPa geopotential height (shading; gpm) and c geopotential
height (shading; gpm) and vertical and meridional components of Plumb wave flux
(vectors, m2/s2) averaged between 50°N and 70°N fromday−14 to day−8 ofWUR-

SSWs. The vertical component of vectors is scaled by a factor of 200.d–f are the same
as (a–c) but from day −7 to day −1 of WUR-SSWs. g–i are the same as (a–c) but
from day 0 to day 6 ofWUR-SSWs. The regions highlighted by vertical (horizontal)
parallel lines are statistically significant at the 95% (90%) confidence level according
to the Student’s t test.
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The modulation of downstream Rossby wave propagation by a
weakened stratospheric polar vortex during SSWs
Although waves propagating from the Ural ridge play a crucial role in the
enhanced East Asia trough and cooling associated with SSWs (Fig. 1), the
weak stratospheric polar vortex as the large-scale background flow may
also modulate wave propagation and thus the linkage between the
enhanced Ural ridge and East Asia trough. Before the onset of both types
of SSWs, the reduction in negative frequency of refractive index condi-
tions above the tropopause (Fig. 5g and h) favors the upward propagation
of troposphericwaves into the stratosphere. Consequently, waves induced
by the enhanced Ural wave source are more prone to propagate into the
stratosphere during this period. The amplified stratospheric waves sub-
sequently break (Fig. 5i, j) and trigger SSWs. After day −5, there is an
increased occurrence of negative refractive index squared conditions
above the tropopause, which inhibits upward wave propagation. Previous
studies have demonstrated that vertical wave propagation tends to be
constrained when the static stability near the tropopause is anomalously
high53,54, a feature observed during SSWs55. White et al.56 applied strato-
spheric heating perturbations to trigger SSWs, and found that upward
wave propagation would be suppressed as a direct response to the SSWs.
As a result, waves induced by the enhancedUral wave source during SUR-
SSWs tend to propagate below the tropopause downstream, thereby
enhancing the East Asia trough.

The change in vertical wave propagation is further verified by a Hov-
möller diagram (Fig. 6c, d). The Ural geopotential height on day −6 is
positively correlated with that from day −15 – −6 before the SSW onset
(Fig. 6c), alongside the upward propagation of planetary waves between
60°and 180°E (Fig. 6d). However, after day −6, the vertical component of
wave flux no longer exhibits sensitivity to the Ural geopotential height on
day −6, indicating a suppression of upward wave propagation. Con-
currently, the Ural geopotential height on day −6 is negatively correlated
with the tropospheric geopotential height downstream (90°-150°E) around
day 6, reflecting an eastward propagating wave train confined below the
tropopause. Therefore, the geopotential height over the Ural region before
the onset of SSWs could serve as a predictor for both upstream and
downstream circulation after SSWs.

Another indication of the preferred wave propagation below the tro-
popause is the increased RWB frequency observed in the month following
SSWs (Fig. 5i and j). As waves tend to propagate and amplify below the
tropopause, they eventually break, leading to irreversible heat and PV
exchange between middle and high latitudes57 in the troposphere. The
transient eddy feedback as a response to SSWplays an important role in the
formation of negative AO anomalies and the reduction of tropospheric
westerlies at high latitudes58. Notably, increased RWB frequency can be
observed following both types of SSWs and is a process relatively inde-
pendent of the Ural ridge anomalies preceding the SSWs.

Amplification of the significance of Ural ridge anomalies for tro-
pospheric circulation by SSWs
To further understand the significance of SUR-SSWs in tropospheric
weather forecasting, we analyzed the relationships between Ural ridge
anomalies on day −6 and geopotential height on day 0 and day 6 during
SSWs compared to those during SPVs. We also selected all typical winter
days characterized by Ural geopotential height anomalies
exceeding ± 0.5 standard deviation during winter, examining the relation-
ships between the typical Ural ridge anomalies and geopotential height 6
and 12 days later (Fig. 7).

For SSWs, positive correlations betweenUral ridge anomalies on day 6
and 500 hPa geopotential height on day 0 appear as a band extending from
the Ural region to the Atlantic sector (Fig. 7a). These positive correlation
centers further migrate westward to the Atlantic sector by day 6 (Fig. 7b).
Such westward migration of ridge anomalies is absent during SPV events
(Fig. 7d, e). Moreover, for SSWs, significant negative correlations between
Ural ridge anomalies on day -6 and 500 hPa geopotential height over East
Asia persist until day 6 (Fig. 7b), a phenomenonnot observed for SPVevents
(Fig. 7e) and for days with typical Ural ridge anomalies (Fig. 7h). This
suggests an intensified linkage between the Ural ridge and the East Asian
trough during SSWs, which could be attributed to suppressed vertical wave
propagation and therefore enhanced wave propagation from Ural ridge
below the tropopause.

Interestingly, for SPV events, the negative correlations between Ural
ridge anomalies on day−6 and 500-hPa geopotential height over East Asia

Fig. 3 | Evolution of tropospheric geopotential
height anomalies in themonth following the onset
of SUR-SSWs and WUR-SSWs. Composite
anomalies in 500-hPa geopotential height (shading;
gpm) from (a) day 1 to day 10, (b) day 11 to day 20,
and (c) day 21 to day 30 of SUR-SSWs. d–f are the
same as (a–c) but for WUR-SSWs. The regions
highlighted by vertical (horizontal) parallel lines are
statistically significant at the 95% (90%) confidence
level according to the Student’s t-test.

https://doi.org/10.1038/s41612-024-00826-8 Article

npj Climate and Atmospheric Science |           (2024) 7:280 5

www.nature.com/npjclimatsci


Fig. 4 | Evolution of tropospheric circulation anomalies during SUR-SSWs and
WUR-SSWs, derived from CMIP6 models. Composite anomalies in 500-hPa geo-
potential height (shading; gpm) from(a)day−14 today−8, (b)day−7 today−1and (c)
day0 today6of SUR-SSWsbasedonCMIP6multi-modelmean results.d–fare the same
as (a–c), but for the WUR-SSWs, respectively. g–l are the same as (a–f), but for the
700 hPa temperature (shading; K). In (g–l), the regions with topographic altitude
>3000m are masked. Time-pressure cross section of composite anomalies in the area

weighted geopotential height north of 60°Nnormalized by the standard deviationof each
pressure level and each CMIP6 models during winter (shading; standard deviation) for
(m) SUR-SSWs, (n)WUR-SSWsand (o) their differences. Thex-axis denotes the relative
day with respect to the onset date of SSW (day 0). The composite anomalies of fields
during SUR-SSWs andWUR-SSWs for individual model are used for calculatingmulti-
modelmean. The regionshighlighted by vertical (horizontal) parallel lines are statistically
significant at the 95% (90%) confidence level according to the Student’s t-test.
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Fig. 5 | Evolution of anomalies in polar cap geopotential height, westerlies, zonal
phase speed, negative frequency of the wave refractive index squared, and Rossby
wave breaking frequency during SUR-SSWs and WUR-SSWs. Time-pressure
cross-section of composite anomalies in the area weighted geopotential height north of
60°N normalized by the standard deviation for each pressure level during winter
(shading; standard deviation) for (a) SUR-SSWs and (b) WUR-SSWs, derived from
ERA5 reanalysis data. c, d Are the same as (a, b), respectively, but for the area weighted
westerlies northof 60°N (shading;m/s). e, fAre the same as (a,b), respectively, but for the

phase speed of Rossby waves in the latitude band of 50-80°N (shading; m/s). g, hAre the
same as (a, b), respectively, but for the negative frequency of refractive index squared for
wavenumber 1 in the latitude band of 50–80°N (shading; %). i, j are the same as (a, b),
respectively, but for the time-potential temperature cross-section of Rossby wave
breaking frequency on isentropic surfaces in the latitude band of 50–80°N (shading; %).
The x-axis denotes the relative day with respect to the onset of SSW (day 0). The regions
highlighted by vertical (horizontal) parallel lines are statistically significant at the 95%
(90%) confidence level according to the Student’s t-test.
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on day 0 (Fig. 7d) are weaker than those 6 days following typical Ural ridge
anomalies (Fig. 7g). Theweaker connection betweenUral ridge and the East
Asia trough than normal could be explained by decreased negative fre-
quency of refractive index squared under SPV conditions50, promoting
upward propagation of waves induced by the Ural wave source (Fig. S3b),
corresponding to weakened horizontal wave propagation below the
tropopause.

Furthermore, for SSWs, the Ural ridge anomalies on day -6 exhibit a
significant positive correlation with tropospheric PCH until around day 16
of SSWs (Fig. 7c), consistent with Figs. 3 and 5a. On the other hand, such
significant positive correlations almost disappear on day 5 of SPV events
(Fig. 7f) and 14 days after typical Ural ridge anomalies (Fig. 7i). For SPVs,
significant positive correlations between Ural ridge anomalies on day −6
and tropospheric PCHaround day reemerge on day 35 and extend from the
upper stratosphere. Again, due to decreased negative frequency of refractive
index squared under SPV conditions, waves associated with the enhanced
Ural ridge tend to propagate into the stratosphere (Fig. S3b) and imprint
anomalous signals there. Overall, SSWs could amplify the importance of
Ural ridge anomalies in forecasting circulation patterns over the Atlantic
sector, East Asia, and the PCH.

Discussion
In this study, the circulation evolution duringWUR-SSWs and SUR-SSWs
are found to be fundamentally distinct, as illustrated in Fig. 8. Prior to SUR-
SSWs, there is enhanced ridge andprolongedwarming over theUral region.
Simultaneously, upward wave propagation from the Ural region is
enhanced, leading to the persistent amplifying and breaking of stratospheric
waves and weakening the stratospheric polar vortex. The increased occur-
rence of negative refractive index squared conditions above the tropopause
after SSWs is unfavorable for the vertical propagation of waves (Fig. 5g).
Consequently, the wave train induced by the enhanced Ural wave source is
confined below the tropopause and propagates downstream, enhancing the
trough and cooling over East Asia in the first week following SUR-SSWs.
Additionally, the weak stratospheric polar vortex conditions decelerate
troposphericwesterlies (Fig. 5c) and consequently reduce the phase speed of
Rossby waves (Fig. 5e), promoting the westward migration of positive
geopotential height anomalies over the Ural region toward the Greenland
(Figs. 6b and7a, b).Thepersistence of the enhancedGreenland ridge further

contributes to positive anomalies of tropospheric PCH and the negative
phase of NAO (Fig. 3a, b) lasting for 1month following SUR-SSWs (Fig.
3a–c). In contrast, prior to WUR-SSWs, due to the westward migration of
negative geopotential height from the northeast Asia, there are negative
geopotential height anomalies and cooling over Northeast Asia from day 0
to day 6, accompanied by weakened trough and warming over East Asia
(Fig. 2). Additionally, there are no significant PCH anomalies in the month
followingWUR-SSWs (Fig. 3). Therefore, persistent PCH anomalies in the
troposphere during SUR-SSWs are more likely to be observed compared to
WUR-SSWs.

Previous studies have suggested that the El Niño Southern Oscillation
(ENSO) has profound implications for the occurrence of SSWs59–64. We
found that the occurrence probability of SUR-SSWs is higher during La
Niña winters than during El Niño winters, and vice versa for WUR-SSWs
(Table S3). Luo et al.65 found that 500-hPa geopotential height anomalies
over the Ural region are higher during La Niña winter than that during El
Niño winters. However, similar results can be obtained based on the 20
SUR-SSWs and 8WUR-SSWs during neutral ENSO conditions, suggesting
that our results are not significantly impacted by ENSO (Fig. S4). In addi-
tion, the combination of reduced Arctic sea ice and SSWs has been reported
to enhance the likelihood of regional extreme weather events following
SSWs66–68. Since sea ice anomalies can persist for several months, this could
modulate surface anomalies associated with stratospheric disturbances over
an extended timescale69. Further investigation is needed to disentangle the
relative contributions of Arctic sea ice loss to the different types of SSWs.

By comparing the circulation evolution associated with an enhanced
Ural ridge prior to SSWs and SPV events, and those following days with
typical Ural ridge anomalies, it is found that the aforementioned dynamical
processes associated with Ural ridge anomalies prior to SSWs are unique.
The Ural ridge anomalies on day -6 SSWs are linearly correlated with
enhanced ridge over the Atlantic sector, East Asia trough in the first week
after SSWs, and tropospheric PCH until day 16 of SSWs (Fig. 7). This
phenomenon is not observed following the Ural ridge anomalies prior to
SPV events or typical Ural ridge anomalies. Therefore, the significance of
Ural ridge anomalies for extended-rangeweather prediction in the northern
hemisphere is amplified by the stratospheric state associated with SSWs.

Despite significant positive geopotential height anomalies over the
polar troposphere from days 17–30 following SUR-SSWs (Figs. 3c and 5a),

Fig. 6 | Hovmöller diagrams for the lead-lag cor-
relation associated with geopotential height over
the Greenland, Northeast Asia, and Ural regions.
a Correlation coefficients between 700-hPa tem-
perature over northeast Asia (120-150°E and 50-
70°N) on day −3 and 500-hPa daily geopotential
height averaged between 50°N and 70°N around the
onset of all SSWs. bCorrelation coefficients between
500 hPa geopotential height over the Atlantic region
(30°W-0°E and 60-80°N) on day 6 and 500 hPa daily
geopotential height averaged between 60°N and
80°N. c Correlation coefficients between 500-hPa
geopotential height over theUral region (60°N-80°N
and 60-80°E) on day -6 and 500 hPa daily geopo-
tential height averaged between 50°N and 70°N.
d Correlation coefficients between 500 hPa geopo-
tential height over the Ural region on day −6 and
100 hPa vertical component of wave flux averaged
between 50°N and 70°N. The y-axis denotes the
relative days with respect to the onset of SSW (day
0). The regions highlighted by vertical (horizontal)
parallel lines are statistically significant at the 95%
(90%) confidence level according to the Student’s
t-test.
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the Ural ridge anomalies on day -6 are not significantly linearly correlated
with PCH during this period (Fig. 7c). Additionally, negative Ural ridge
anomalies preceding WUR-SSWs are not followed by significant negative
PCH anomalies (Figs. 3d–f and 5b). Due to the increased RWB frequency
(Fig. 5i and j) and associated eddy feedback following both types of SSWs,
positive tropospheric PCH anomalies can be induced58, thereby amplifying
the positive PCHanomalies following SUR-SSWs andmasking the negative
PCH anomalies associated with negative Ural ridge anomalies for WUR-
SSWs. Overall, the enhanced Ural ridge anomalies could contribute to
positive tropospheric PCH from day 0 to day 16 following SUR-SSWs
through their westward migration toward the Greenland. This positive
tropospheric PCH from day 17 to day 30 following SUR-SSWs may be
sustained by other factors such as an increased frequency of RWB and
associated eddy feedbacks.

Karpechko et al.30 identified a significantly positive correlation between
the 150 hPa PCH from day 0 to day 4 of SSW onset and the 1000-hPa PCH
from day 8 to day 52 (their Fig. 4), indicating the role of early anomalies in
PCH around the tropopause in enhancing extended-range predictability.
We found that when the 90 day high-pass filter is applied, the two indices
show a slightly negative correlation, indicating that this correlation is pri-
mary contributed by low-frequency variability with periods >90 days (Fig.

S5a, b). It is noteworthy that a similar positive correlation is foundwhendata
from all winter days are considered, indicating their broader relevance
beyond SSW events (Fig. S5c, d). While our study highlights a distinctive
leading correlation between Ural ridge anomalies preceding SSWs and
subsequent surface responses in the first 20 days following SSW. This cor-
relation does not exhibit similar characteristics during SPV events or fol-
lowing typical Ural ridge anomalies (Fig. 7), suggesting a different
mechanism from Karpechko et al.30 Furthermore, the 150 hPa PCH during
days 0–4and the1000 hPaPCHduringdays 8–52 for SUR-SSWsare greater
than those for WUR-SSWs, suggesting that the stronger 1000 hPa PCH
during days 8–52 for SUR-SSWs is partly contributed by the stronger
150 hPa PCH during days 0–4 (Fig. S5a). After removing the linear com-
ponent related to 150 hPa PCH during days 0–4, the values of 1000 hPa
PCH during days 8–52 (Fig. S5e) and that during days 8–22 (Fig. S5f) for
SUR-SSWs remains greater than that for WUR-SSWs, indicating that the
Ural high indeed modulates the impacts of SSWs on surface weather.

This study emphasizes the role of Ural ridge anomalies as drivers in
shaping anomalous circulation patterns both upstream and downstream,
and the role of SSW as a modulator in the propagation and migration of
waves associated with the enhanced Ural ridge. Therefore, the evolution of
tropospheric circulation associated with SUR-SSWs cannot be explained as

Fig. 7 | Lead-lag correlations associated with geopotential height over the Ural
region on day -6 of SUR-SSW, WUR-SSW, or days with typical Ural Ridge
anomalies. Lead-lag correlations between 500-hPa geopotential height over theUral
region (60°N-80°N and 60-80°E) on day−6 and 500-hPa geopotential height on (a)
day 0 and (b) day 6 of SSWs. c Lead-lag correlations between 500-hPa geopotential
height over the Ural region on day−6 of SSWs and PCH. d–fAre the same as (a–c),
respectively, but for correlations associated with 500 hPa geopotential height over
the Ural region on day −6 of SPVs. g, h Are correlations between 500 hPa geopo-
tential height over the Ural region for all days with a typical Ural ridge anomalies
(when the amplitude of the Ural geopotential height anomalies exceeds ±0.5 stan-
dard deviation in December to March) and 500 hPa geopotential height after (g)
6 days and (h) 12 days. i Lead-lag correlations between 500 hPa geopotential height

over the Ural region for all days with a typical Ural ridge anomalies and PCH. The x-
axis in (c) and (f) denotes the relative days before and after the onset of SSW (SPV).
The x-axis in (i) denotes the lead or lag day, where positive values denote that Ural
geopotential height leads PCH. The regions highlighted by vertical (horizontal)
parallel lines are statistically significant at the 95% (90%) confidence level according
to the Student’s t-test in (a–f). In (g–i), significance is determined using the boot-
strap method with 1,000 resamples, each with a sample size of 60, to avoid over-
estimating equivalent degrees of freedom significance is determined using the
bootstrap method with 1,000 resamples, each with a sample size of 60, to avoid
overestimating equivalent degrees of freedom in the Student’s t-test due to auto-
correlation of time series.
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a linear superpositionof their individual effects, but ratheras the result of the
coupling between SSWs and Ural ridge anomalies. Nevertheless, given that
there is a stationary wave source and climatological ridge over the Ural
region duringwinter47, it is expected that even in the absence of geopotential
height anomalies in the Ural region prior to SSWs (i.e., when the Ural ridge
is in its climatological mean state), similar mechanisms are at play: SSWs
couldmodulate the propagation andmigration of waves associated with the
climatological Ural ridge. For example, previous studies only imposing a
weak stratospheric polar vortex in model simulations without artificially
altering Ural ridge anomalies have shown that waves propagating from the
Ural region into the stratosphere are reduced50, while the propagation below
tropopause is enhanced, corresponding to the deepened trough over East
Asia70. Additionally, Zhang et al.50 noted that the increase in blocking in
response to weak stratospheric polar vortex exhibits zonally asymmetric
patterns, primarily over the Atlantic sector, and those blockings tend to
migrate fromeast towest, similar features as that shown inFigs. 3a–c and6b.
Further investigation is needed to clarify the relative contributions of the
Ural ridge and stratospheric state to the surface responses to SSWs.

Methods
Identification of stratospheric events and datasets
In this study, daily temperature, winds, and geopotential height data on a
1° × 1° grid fromtheERA5reanalysis dataset spanning from1940–2020 are
used, provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF)71. We note the results are similar to those obtained
using reanalysis data spanning 1979 – 2020, when satellite observations
became available (not shown). Additionally, datasets from 1979 to 2014 in
historical experiments of 20 Coupled Model Intercomparison Project 6
(CMIP6) models72 are used, with most being high-top models (model lid
above 1 hPa). These CMIP6 models include AWI-ESM-1-1-LR73,

CanESM574, EC-Earth375, GFDL-CM476, GFDL-ESM477, GISS-E2-1-G78,
GISS-E2-2-G79, HadGEM3-GC31-LL80, INM-CM5-081, IPSL-CM6A-LR82,
IPSL-CM6A-LR-INCA83, MIROC684, MPI-ESM-1-2-HAM85, MPI-ESM1-
2-HR86, MPI-ESM1-2-LR87, MRI-ESM2-088, CESM2-WACCM89, CNRM-
CM6-190, CNRM-ESM2-191, UKESM1-0-LL92 (Table S1). Daily anomalies
are calculated by removing the climatological seasonal cycle and linearly
detrending in ERA5 and each individual CMIP6 ensemble member.

Following Charlton and Polvani93, the onset date of SSWs is defined as
the day when the daily zonal mean zonal wind at 10 hPa and 60°N reverses
to easterly between November and March. To distinguish from final stra-
tospheric warmings the wind must return to westerly for at least 20 con-
secutive days. Subsequently, the SSWsare categorized into twogroups. If the
area-averaged 500 hPa geopotential height anomalies over the Ural region
(50°−80°N, 40°−80°E) from day−8 –−4 days relative to the SSW onset
date are >0 gpm, the case is labeled as a strongUral ridge SSW(SUR-SSWs),
otherwise, it is considered aweakUral ridge SSW(WUR-SSWs). The results
are not very sensitive to the selected time and space ranges used for aver-
aging the geopotential height over the Ural region. Using this definition, 29
SUR-SSWs and 22 WUR-SSWs are identified in ERA5, with their onset
dates listed in Table S2. Additionally, it yields similar results if SUR-SSWs
(WUR-SSWs) are selected based on the 850 hPa temperature anomaly over
the BKS region (60° −80°N, 60° −80°E) from day −8 – −4 before SSW
onset being greater or less than 0 K.

To understand the importance of the stratospheric state for the tro-
pospheric evolution during SUR-SSWs and WUR-SSWs, these events are
compared with strong polar vortex (SPV) events. SPV onset date is iden-
tified when the daily zonal mean zonal wind at 10 hPa and 60°N is >50m/s,
which leads to a comparable number of SPV events (56) to SSW events94.

As the composite differences between the two types of SSW derived
from reanalysis datamay be influenced by internal variability, we conducted
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Fig. 8 | Schematic diagram illustrating the evolution of SUR-SSWs and WUR-
SSWs. Circulation anomalies (a) two weeks prior to, and (b) around the onset of
SUR-SSWs; circulation anomalies (c) twoweeks prior to, and (d) around the onset of
WUR-SSWs. Cpx and Cgz denote the zonal component of phase speed and vertical

component of group speed of Rossby waves, respectively. The red and blue arrows
denote the migration and propagation of waves. The red and blue cycles denote
anticyclonic and cyclonic circulation in the middle troposphere. The red and blue
shadings denote the warming and cooling in the lower troposphere.
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three 115-member ensemble experiments (SUR-SSWs, WUR-SSWs and
CLIMnudge) using the specified chemistry version of the Whole Atmo-
sphere Community Climate Model (WACCM-SC)95. The model’s hor-
izontal resolution is 1.9° × 2.5°, with 66 vertical levels extending from 1000
hPa to ~0.0006 hPa. Greenhouse gas emissions, radiatively active gas con-
centrations, solar radiation, sea ice concentration, and sea surface tem-
peratures are prescribed to follow the same annual cycle. The ensemble runs
are initiated from 115 different initial fields on January 1st, derived from a
125 year simulation with the same model without nudging. During the
initial 32 days of SUR-SSWs and WUR-SSWs runs (corresponding to 1st
January to February 1st of model time), temperatures andwind fields in the
stratospheric polar region (north of 55°N and above 170 hPa) are nudged
towards the same composite state observed fromday -30 today1of all SSWs
in the period from1980 to 2019.Meanwhile, temperature andwind fields in
the troposphericUral region (ranging from55°N to 80°N, 50°E to 90°E, and
below 500 hPa) are nudged towards the composite state observed from day
-30 to day 1 of SUR-SSWs (WUR-SSWs) for the SUR-SSWs (WUR-SSWs)
run. For the CLIMnudge run, the temperature and wind fields in the stra-
tospheric polar region and in the tropospheric Ural region during the initial
32 days are nudged towards the daily climatological state observed from 1st
January to February 1st in the period from 1980 to 2019. After the 32 day
nudging period of the three ensemble experiments, which corresponds to
the period leading up to SSW onset, the experiments continue freely.

Dynamical diagnostics
To obtain Rossby wave phase speed, the daily wavenumber-zonal phase
speed spectrumoneach latitude circle is calculatedusing geopotential height
within a 31 day sliding window centered on each day96,97. The Rossby wave
phase speed is defined as the spectral-weighted mean phase speed for
wavenumbers 1 – 848,98,99.

To diagnose the wave propagation environment, the daily wave
refractive index squared n2 is calculated as100,101:

n2ðy; zÞ ¼ N2

f 2cos2ϕ
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where a,H, k, �qϕ and �u represent the Earth’s radius, scale height, zonal wave
number (k = 1 for wavenumber one), meridional gradient of zonal mean
quasi-geostrophic PV and zonal mean westerly, respectively.Waves tend to
propagate in regions of positive n2 and avoid negative values. To quantify
the preferred direction of wave propagation, the daily negative frequency of
n2 is calculated as the fraction of negative n2 values within the 50° −80°N
latitude band per day102,29.

The daily propagation of planetary waves in vertical and zonal direc-
tions is calculated as103:
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where p represents the pressure divided by 1000 hPa,ϕ,λ, z denotes latitude,
longitude and altitude, respectively. N2 is the square of the buoyancy fre-
quency,Ω and a denotes rotation speed and radius of the Earth, ψ0 denotes
the zonal deviation of the streamfunction.

Following the growth stage of baroclinic waves, RossbyWave Breaking
(RWB) occurs, characterized by the meridional overturning of PV on
isentropic surfaces and the irreversible mixing of PV and heat104. The RWB
occurrence at each grid point is identified when themeridional PV gradient
on the isentropic surface becomes negative105. The daily RWB frequency is
then calculated as the fraction of RWB occurrence within the 50°-80°N
latitude band per day.

Data availability
ERA5datasets are available fromhttps://cds.climate.copernicus.eu/. CMIP6
data are available from https://esgf-node.llnl.gov/projects/esgf-llnl/. The
WACCM ensemble experiments that support the findings of this study are
available upon reasonable request from the authors.

Code availability
All codes are available upon reasonable request from the authors.
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