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Enhanced persistence of Ural blocking
under strong positive AO: the role of North
Atlantic storm tracks and potential
vorticity dynamics
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Ural blocking (UB) and the associatedWarmArctic–Cold Eurasia (WACE) pattern are typically linked to
the negative Arctic Oscillation (AO). However, robust UB events are surprisingly observed even during
the positive AO phase, a condition generally expected to suppress blocking due to enhanced zonal
flow. This study investigates how positive AO magnitude modulates UB persistence. We find that
under strong positive AO conditions (AO >+1), UB events persist significantly longer (6.1 days) than
weak positive AO (4.7 days). This enhanced persistence results from organized North Atlantic storm
tracks that facilitate intense heat andmoisture into theBarents–KaraSea. The resultingArcticwarming
and sea ice loss trigger a thermodynamic feedback loop thatweakens themeridional potential vorticity
(PV) gradient, effectively anchoring the UB system. Our findings reveal that strong positive AO
paradoxically promotes persistent blocking through storm-PV coupling, offering critical insights for
improving sub-seasonal predictions of Eurasian winter extremes.

TheArcticOscillation (AO) is thedominantmodeofNorthernHemisphere
atmospheric variability, exerting a profound influence on wintertime cir-
culation patterns and climate extremes1,2. By modulating the strength and
latitudinal position of themidlatitudewesterlies, the AOgoverns large-scale
wave activity, storm tracks, and sea ice distribution in the Arctic3,4.

Traditionally, the relationship between the AO (or its Atlantic mani-
festation, theNorthAtlanticOscillation;NAO)andatmospheric blocking—
specifically Ural blocking (UB)—has been interpreted through the lens of
mean flow strength4–7. The negative phase of these modes, characterized by
weakened midlatitude westerlies and enhanced meridional flow, is widely
regarded as the favorable background condition for frequent blocking for-
mation and the associatedWarmArctic–Cold Eurasia (WACE) pattern8–10.
Conversely, the positive phase is generally considered to suppress blocking
due to enhanced zonal confinement of the jet stream11,12.

In this study,weutilize theAO index as the primary atmosphericmode
to investigate its relationship with UB persistence, building on the dyna-
mical framework established by prior studies. Notably, Luo et al.5 demon-
strated that the positive phase of the NAO can promote UB formation
through Rossby wave dynamics. While the AO and NAO share significant

variance over the North Atlantic, the AO exhibits a more distinct north-
eastward extension of the upper-tropospheric jet toward the Barents-Kara
Sea (BKS) compared to the NAO (Figure S1). This structural feature makes
the AO particularly suitable for explaining the poleward intrusion of
synoptic storms into the Arctic13. In this context, we prioritize the AO as a
key modulator to explore the impacts of the positive phase on UB.

Recent studies have highlighted that the onset of UB and rapid Arctic
warming is frequently driven by the intrusion of intense cyclones into the
Arctic14,15. These storms facilitate intense poleward heat and moisture
transport, which accelerates sea ice loss and amplifies downward longwave
radiation, creating a feedback loop that reinforces blocking persistence16,17.
Crucially, the dynamic pathway for these storms to penetrate deep into the
Arctic is paradoxically favored under the positive AO phase. Stronger
westerlies associatedwith apositiveAOcanextend theNorthAtlantic storm
track poleward, directing energy and moisture toward the BKS region18–20.

A prime example is the January 2016 event, where Storm Frank—a
powerful cycloneoccurringunder strongpositiveAOconditions—triggered
extremeArcticwarming and a prolongedUBevent14. This case suggests that
the positive AO phase is not merely a blocking-suppressing regime but can
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act as a potent driver of blocking when it is strong enough to facilitate deep
storm intrusion and subsequent wave breaking. Consistent with this, this
study has verified that a “strong” positive AO establishes a distinct storm-
driven dynamical link to UB, a feature that is less evident under “weak”
positive AO conditions.

Despite these insights, previous research has largely focused on inter-
phase contrasts (positive vs. negativeAO), leaving the intra-phase variability
of the positive AO unexplored. Specifically, it remains unclear how varia-
tions in positive AO amplitude modulate the efficiency of storm track
extension, Arctic heating, and the resultant UB duration. Neglecting this
magnitude-dependent mechanism limits our understanding of why robust
WACE patterns can emerge even when the background circulation (i.e.,
positive AO) theoretically opposes them.

Motivated by this gap, this study focuses on the positive AO phase,
specifically distinguishingbetween strongandweak regimes, to elucidate the
threshold-dependent mechanisms governing UB persistence. Crucially, we
emphasize the AO-magnitude-dependent storm track shift as the key ele-
ment that ties together the large-scale AO regime and the subsequent
thermodynamic feedback loop. By examining how the magnitude of the
positive AO index modulates the poleward steering of North Atlantic
storms, we identify the specific dynamical pathway that facilitates the heat
and moisture transport necessary for sustained blocking.

This paper is organized as follows. The results of our analysis on UB
persistence, storm track dynamics, and potential vorticity evolution under
strong versus weak positive AO conditions are first presented. Then, we
provide a summary and discussion regarding the broader implications for
Arctic–midlatitude linkages and the WACE pattern. Finally, the data and
methodologies used in this study are described.

Results
Positive Arctic Oscillation magnitude modulates North Atlantic
storm organization and penetration into the Arctic
The processes of storm-driven Arctic warming are closely linked to AO
variability, as Arctic cyclone activity varies in tandemwith AO phases13. To
capture these interactions, we examine the trajectories of individual storm
events based on the AO amplitude. Our tracking analysis of individual
storm trajectories (Fig. 1) shows storm tracks more frequently extend into
theArctic—particularly over theBKS—as theAOmagnitude increases.This
facilitates poleward energy transport and surface warming that may pre-
condition the region for UB formation.

Notably, even within the positive AO phase, storm penetration varies
with AOmagnitude at the time of the storm’s maximum intensity (i.e., the
date of minimum central SLP). When the AO index exceeds +1 standard
deviation (σ), approximately 71.6% of storms reach the Arctic (Fig. 1a). In
contrast, during moderate positive AO phases (0 < AO Index≤+1 σ), this
fraction drops to about 55% (Fig. 1b). Consistent with these results, the
binned analysis in Fig. 1e demonstrates a clear upward trend in the Arctic-
entering ratio as the AOmagnitude strengthens. Specifically, for AO values
exceeding +1 σ, the ratio consistently remains above 60% and reaches as
high as 100% in certain high-magnitude bins, further confirming the robust
steering effect of a strong AO phase.

This behavior is consistent with the AO’s characteristic pressure
structure, which involves a tighter linkage to the Azores–Icelandic pressure
dipole and a northeastward extension of the upper-tropospheric jet stream
(Figure S1). When the AO magnitude exceeds +1 σ, this modified jet
structure effectively steers synoptic-scale cyclones toward the BKS, rather
than keeping them zonally confined in the mid-latitudes. These findings
highlight the nonlinear influence of AO amplitude in organizing storm
activity and regulating poleward heat transport into the Arctic.

Characteristics of Ural blocking under different AO conditions
To examine howAOmagnitude influences UB characteristics, we classified
UB events into two groups based on the Climate Prediction Center (CPC)
AO index averaged from 7 to 3 days before UB onset (see “Methods”
section): Strong PositiveAO (SPAO)UB (18 events) andWeakPositiveAO

(WPAO) UB (15 events). Figure 2 compares the spatial distribution,
duration, and intensity of UB events under these two conditions.

Figure 2a, d show the spatial distributionofUBevents under SPAOand
WPAO. In both conditions, UB events occur most frequently between
60°–70°N latitude band: 10 out of 18 events (56%) for SPAOand 7 out of 15
events (47%) for WPAO (Fig. 2a, d).

In contrast, the mean duration of UB events is longer under
SPAO (6.1 days) than under WPAO (4.7 days); the difference
(1.4 days, ~30% increase) is marginally significant (p � 0:1, two-
tailed t-test), indicating that stronger positive AO phases are asso-
ciated with more persistent blocking events (Fig. 2b, d). This rela-
tionship is further supported by a scatter plot showing a marginal but
physically consistent positive correlation (r ¼ 0:33; p ¼ 0:055)
between the positive AO magnitude and the UB duration (Figure S2).

The intensity histograms (Fig. 2c, f) show that UB events under SPAO
tend to be stronger, with a peak frequency in the 300–400 gpm range, while
those under WPAO peak in the 200–300 gpm range. On average, blocking
intensity is slightly higher under SPAO (340 gpm) than underWPAO (326
gpm), although this difference is not statistically significant.

Large-scale circulation patterns and wave propagation
To compare the large-scale atmospheric patterns associated with UB under
different AO conditions, we analyzed composite maps of detrended 2-m
temperature (T2M) anomalies, 500-hPa GPH anomalies, and wave activity
flux (WAF) from Lag−3 to+8 days relative to blocking onset (Fig. 3). The
key differences between the two AO conditions are examined below.

At Lag -3 days, SPAO shows no pre-existing WACE pattern, with
relatively neutral temperature conditions across both Arctic and Eurasian
regions. A distinct dipole structure between the Icelandic Low and the
Azores High is evident under SPAO, leading to pronounced wave propa-
gation over theNorthAtlantic (Fig. 3a). In contrast,WPAOalready exhibits
awell-establishedpattern resemblingWACEbeforeblockingonset,with the
low-pressure system shifted eastward toward Europe, resulting in a more
zonal wave propagation pattern (Fig. 3b). Crucially, high-pressure
anomalies and positive T2M anomalies are already present over northern
Siberia, while negative T2M anomalies extend across the southern and
central parts of the Eurasian continent.

AtUBonset, under SPAOwavepropagation fromtheNorthAtlantic is
enhanced, reinforcing a high-pressure anomaly over the Ural region, cen-
tered over the BKS (Fig. 3c). This is accompanied by significant positive
T2M anomalies in the Arctic region. In contrast, under WPAO, wave
propagation from Europe to the Ural region is more dominant, and the
high-pressure anomaly is centered slightly farther south (Fig. 3d).

At Lag +4 days, under SPAO, Arctic warming intensifies, with T2M
anomalies exceeding 8 °C over the BKS. The well-developed high-pressure
systemover theUral region facilitates strongdownstreamwave propagation
into CEU, forming a pronounced cold anomaly (Fig. 3e). Under WPAO,
wave propagation from the Ural high-pressure system into Eurasia is also
evident, but the cold anomaly is weaker, more diffuse, and extends farther
eastward into East Asia at a faster rate (Fig. 3f).

At Lag +8 days, the high-pressure anomaly over the Ural region
persists under SPAO, reinforcing the cold anomaly overCEUandextending
into East Asia (Fig. 3g). Meanwhile, Arctic warming over the BKS remains
strong. UnderWPAO, however, Arctic warmingweakens significantly. The
high-pressure system shifts westward, intensifying the cold anomaly over
Europe and western Eurasia (Fig. 3h).

Overall, the evolution of the WACE pattern differs fundamentally
between the two conditions. In SPAO, the WACE pattern undergoes
dynamic development where intense wave propagation from the North
Atlantic actively creates the anomalies from initiallyneutral conditions. This
results in a concentrated and robust cooling center over Central Eurasia,
directly downstream of the anchored UB.

In contrast, WPAO reflects a migratory evolution of pre-existing
WACE-like conditions. UnderWPAO, the relatively weakenedmidlatitude
westerlies compared to SPAO reduce the eastward phase speed of the
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Fig. 1 | North Atlantic winter storm tracks andArctic entry rates stratified by the
Arctic Oscillation (AO) index. Individual storm trajectories are shown for four AO
regimes defined by the AO magnitude at each storm's peak intensity date: a AO
Index >+1 σ, b 0 < AO Index ≤+1 σ, cAO Index <–1 σ, and d –1 σ ≤AO Index < 0.
Here, 1 σ corresponds to the wintertime (DJF) standard deviation of the daily AO
index (approximately 1.95). Each line represents an individual storm track, with
shades of gray indicating storm intensity percentiles based on central pressure,
where darker lines denote stronger cyclones (as indicated in the legend). The red

dashed circle marks the Arctic domain (≥60°N). The percentage in the top-right of
each panel indicates the fraction of storms that entered the Arctic under each AO
regime. e Storm frequency binned by AO index magnitude (0.2 intervals), where
gray bars represent the total number of storms and yellow bars indicate the number
of Arctic-entering storms (≥60°N). The red dashed line shows the corresponding
Arctic-entering ratio (%). Vertical dashed lines in (e) mark the +1 σ and −1 σ
thresholds.
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system, providing a favorable environment for the UB to shift
westward. This migration is accompanied by suppressed synoptic
eddy activities, which trigger a nonlinear eddy-to-mean flow
feedback21 that induces a broad Arctic-warming and Eurasian-
cooling dipole. Consequently, the WPAO regime produces a more
diffuse WACE pattern that migrates from Central Eurasia toward
Western Europe.

Influence of North Atlantic storms on Ural blocking and surface
response
To investigate the role of North Atlantic storm activity and upper-level jet
structure in UB development under different AO conditions, we analyzed
storm tracks during the seven days preceding UB onset and 300-hPa zonal
wind averaged over Lag –7 to –3 days (Fig. 4).

Although the storm count per UB event is slightly higher under SPAO
(1.6) than WPAO (1.3), this difference is not statistically significant. In
contrast, the spatial patterns of storm tracks show more pronounced dif-
ferences. Under SPAO conditions (Fig. 4a), storms follow a coherent path
along the Gulf Stream with limited meridional spread, regardless of inten-
sity. In WPAO (Fig. 4b), on the other hand, tracks are more scattered and
irregular, reflecting weaker steering by the large-scale flow.

The spatial differences in storm tracks are closely linked to the upper-
level jet structure. Under SPAO (Fig. 4c), the 300-hPa jet core is located
farther south and extends poleward, enhancing poleward warm air trans-
port and contributing to BKSwarming. In contrast, underWPAO (Fig. 4d),
the jet shifts slightly northward and becomes more zonal over Europe,

favoringmore zonal wave propagation andweakerwarm advection into the
Arctic.

Climatological composites of 300-hPa zonal wind (Figure. S3) further
show a stronger and more extensive westerly jet under SPAO, with wind
speeds exceeding +8m/s from the North Atlantic to the Ural region
(~60°W–60°E). This stronger jet enhances wave propagation and guides
North Atlantic storms along a more poleward trajectory22,23, effectively
acting as a focused waveguide that minimizes meridional scattering. This
highly organized transport facilitates increased warm air transport into the
Arctic and reinforces BKS warming.

These results highlight the key role of storm tracks and jet structure in
modulatingArcticwarmingandUB formation.Under SPAO, storms follow
organized, poleward paths that enhance BKS warming and support pro-
longed UB (Fig. 3c, e, g). In contrast, weaker jet guidance under weak AO
leads to scattered storm paths, weaker warming, and shorter-lived blocking
(Fig. 3d, f, h).

This difference in storm organization leads to a distinct separation in
poleward energy transport efficiency. To quantify this, we examine the
composite of Meridional Eddy Heat Flux (v’T’) and Meridional Eddy
Moisture Flux (v’Q’) at 850 hPa on the UB onset date (Fig. 5). Under SPAO
conditions (Fig. 5a, c), there is a pronounced, statistically significant
northward transport of heat and moisture extending from the North
Atlantic into the BKS region. This intense flux is consistent with the orga-
nized, poleward-shifted storm tracks shown in Fig. 4a. Specifically, the
strong positive v’T’ anomaly over the BKS region demonstrates that the
coherently organized storms under SPAO are highly effective at

Fig. 2 |Ural Blocking (UB) event characteristics under positiveArcticOscillation
(AO) regimes. a–c UB events identified during strong positive AO (SPAO; 18
events): a spatial distribution of blocking events, b histogram of blocking duration

(days), and c histogram of blocking intensity measured as 500-hPa geopotential
height (GPH) anomaly (gpm). d–f Same as (a–c), but for weak positive AO (WPAO;
15 events).
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transporting warm air masses into the high Arctic. Similarly, the enhanced
v’Q’ flux suggests significant moisture advection, which is critical for
strengthening DLR feedback.

In contrast, under WPAO conditions (Fig. 5b, d), the positive
anomalies of both heat and moisture fluxes are significantly weaker, more
diffuse, and lack the coherent high-latitude extension observed in SPAO
events. This reflects the scattered storm tracks and weaker jet guidance
under WPAO, resulting in less efficient energy transport into the Arctic. A
difference map further indicates that the moisture transport (v’Q’) under
SPAO is more intense than under WPAO, particularly over the BKS
entrance (Figure S4b). These results suggest that the magnitude of the
positive AOphase acts as a criticalmodulator of poleward energy transport,
directly determining the thermodynamic precondition for prolonged UB.

To further investigate how these differences in storm tracks and jet
structure influence regional thermodynamic feedback, we analyzed atmo-
spheric and surface variables from Lag−7 to+14 days relative to UB onset
(Fig. 6). The time series illustrates the evolutionofT2M, SIC,DLR, LHF, and
SHF over the BKS, as well as T2M changes in CEU.

Over theBKS,T2Mrises sharplyunderSPAO, initiating~2days before
UB onset and peaking at +8 °C by Lag +4 days (Fig. 6a). This warming
precedesUB intensification and alignswith enhancedwarmadvection from
more frequent, poleward-shifted Atlantic storms (Fig. 4a), reinforcing

feedback. In contrast, WPAO is associated with a slower T2M increase,
peaking at +6 °C after UB onset, reflecting reduced storm influence.

Under SPAO, BKS warming coincides with a marked increase in DLR
( ~ 40W/m² fromLag -2 to+3 days; Fig. 6b). This radiative enhancement is
physically supported by the intensified poleward moisture transport (v’Q’)
observed in Fig. 5, which facilitates the accumulation of atmospheric
moisture and cloud cover over the BKS. In contrast, under WPAO, DLR
increases more modestly (~20W/m²), suggesting a less efficient radiative
feedback and weaker Arctic warming.

Surface fluxes further distinguish the two regimes (Fig. 6c, d). Under
SPAO, SHF and LHF decline before UB onset—by ~15 and ~5W/m²,
respectively—suggesting reduced oceanic heat loss due to diminished
air–sea temperature gradients and suppressed surface evaporation. In
contrast, underWPAO, LHFand SHFfluctuatewithin±10W/m²without a
clear trend, indicating weaker air–sea coupling and less coherent warm air
transport. By Lag+13 to+14 days, both fluxes rise under SPAO, reflecting
secondary air–sea interactions triggered by sea ice loss and enhanced
heat–moisture exchange.

SIC shows a sustained and statistically significant decline under SPAO
from Lag−3 to+14 days (Fig. 6e), consistent with enhanced warming and
reduced heat flux. In contrast, no notable SIC reduction occurs under weak
AO, indicating insufficientwarming. This is consistentwith Luo et al.18, who

Fig. 3 | Composite anomalymaps forUral Blocking events under strong andweak
positive AO regimes at selected lag times. Each panel shows detrended 2-m tem-
perature anomalies (shading, °C), 500-hPa geopotential height anomalies (contours,
gpm), and wave activity flux (vectors, m2·s−2) for UB events under (left) SPAO and

(right) WPAO at: a, b Lag −3 days, c, d onset date, e, f Lag +4 days, and g, h Lag
+8 days. White dots indicate temperature anomalies statistically significant at the
95% confidence level based on a two-tailed Student's t test.
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showed that UB events co-occurring with a positive NAO phase induce the
strongest SIC decline via increased poleward heat and moisture transport.
Similarly, our results indicate that under SPAO, UB is associated with the
significant SIC loss7, reinforcing the role ofwarmair advection and radiative
feedback in Arctic warming.

Supplementary regression analysis (Figure S5) shows that higher AO
indices are significantly associated with reduced SIC over the BKS, even in
the absence of blocking. This indicates that a stronger positive AO can
precondition the Arctic for more active air–sea interactions, enhancing
surface warming via DLR-driven radiative feedback and subsequent SHF/
LHF responses. These results align with modeling studies17, which
demonstrate that extensive sea ice coverage inhibits ocean–atmosphere
coupling, thereby limiting Arctic warming and reducing UB persistence.

CEU, a downstream region where cold advection associated with UB
plays a significant role in temperature variability4,24,25, exhibits distinct
responses under different AO conditions (Fig. 6f). Under SPAO, CEU

initially experiences slight warming, followed by a sharp cooling beginning
just before UB onset and reaching a minimum of−2.5 °C by Lag+7 days.
This pattern reflects stronger cold air advection and the downstream
influence of a persistent UB. Under WPAO, cold anomalies emerge earlier
but intensify more gradually, stabilizing around −2.5 °C by Lag +11 days.
These differences suggest that stronger AO conditions are associated with
more abrupt and dynamic cold surges in CEU, reinforcing the eastward
extension of the WACE pattern.

Overall, these results highlight distinct atmospheric and surface
responses to UB under different positive AO conditions. Under SPAO,
intensified North Atlantic storms lead to rapid Arctic warming, driven by
enhanced DLR and radiative feedback, with suppressed SHF sustaining
warming, sustained SIC reduction enhancing air–sea interactions, and
secondary SHF/LHF increases by Lag +13 to +14 days. Supplementary
regression analysis (Figure. S5) suggests that a higher AO index precondi-
tions the Arctic for reduced SIC, enabling more effective DLR-driven

Fig. 4 | NorthAtlantic storm tracks and upper-level zonal wind anomalies during
the pre-onset period of Ural Blocking events under SPAO andWPAO. a, b Storm
tracks during the 7 days precedingUBonset under a SPAO (18 events) and bWPAO
(15 events); line colors represent storm intensity percentiles, where red (top 0–10%)
indicates the strongest storms and black (90–100%) the weakest. c, d Composite

maps of 300-hPa zonal wind anomalies (shading, m/s) averaged over Lag −7 to
−3 days before UB onset for c SPAO and dWPAO. White dots indicate regions of
statistical significance at the 95% confidence level based on a two-tailed Stu-
dent's t test.
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feedback. Crucially, this comprehensive thermodynamic preconditioning is
widely absent underWPAO, explaining the significantly shorter duration of
UB events despite similar initial large-scale circulation anomalies.

These processes resemble the 2015/16 Arctic warming event described
by Overland et al.16, where a strong Atlantic storm under positive AO
conditions triggered abrupt warming, sea ice loss, and prolonged UB. In

contrast, under WPAO, these mechanisms are less active—resulting in
more gradual warming, limited SIC decline, andminimal heat flux changes.
CEU also experiences stronger and more variable cold anomalies under
strong AO, further reinforcing the WACE pattern. These findings under-
score the importance of storm activity, radiative feedback, and air–sea
interactions in shapingUBcharacteristics anddownstreamclimate impacts.

Fig. 5 | Composite maps of low-level eddy heat and moisture fluxes on the onset
date of Ural Blocking events under SPAO and WPAO. a, b 850-hPa Meridional
EddyHeat Flux (v’T’, K·m/s) and c, d 850-hPaMeridional EddyMoisture Flux (v’Q’,

kg/kg·m/s) composited on the UB onset date for a, c SPAO (18 events) and
b, d WPAO (15 events). Hatched areas indicate regions that are statistically sig-
nificant at the 95% confidence level based on a two-tailed Student’s t test.
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Potential vorticity dynamics and the longevity of Ural blocking
Meridional potential vorticity gradient (PVy) is critical for regulating
Rossby wave breaking and atmospheric blocking persistence26. A weakened
PVy reduces the restoring force on planetary waves, thus supporting the
formation and longevity of blocking systems such as UB26–28. Recently, Nie
et al.29 demonstrated that sub-seasonal sea ice anomalies and thermal for-
cing act to maintain theWACE pattern by increasing the persistence of the
Ural anticyclonic anomaly through a reduction of the background flow
and PVy.

Building on this framework, we investigate how the AO mag-
nitude specifically modulates this PV environment through synoptic-
scale storm processes, providing a more detailed dynamical engine
for the observed blocking longevity. While our previous findings
indicate that UB events persist longer under SPAO conditions—
coinciding with intensified storm activity and amplified Arctic
warming—the direct link to PVy modulation remains to be clarified.
To understand the underlying dynamics, we examine whether the
storm-driven thermodynamic feedback and associated circulation
changes under SPAO significantly weaken PVy, thereby facilitating
the prolonged life cycle of UB.

Under SPAO, pronouncedPVyweakeningoccurs around60°–70°N in
themid-to-upper troposphere (320–300 K; ~500–300 hPa), coincidingwith
the primary latitudes of UB occurrence (Fig. 7a, see also Fig. 2a). This
vertically coherent PVy reduction is attributed to intensified storm-driven
Arcticwarming and the subsequent radiative feedback. This implies that the
transient stormenergy is converted into a stationarydynamical structure via
PV modification. The reduced meridional PV gradient consequently
weakens Rossby wave restoring forces, creating favorable conditions for
blocking persistence and longevity.

To quantify the link between the initial dynamical state and blocking
longevity, we calculated the event-by-event Pearson correlation coefficient
(r) between the PVy anomalies at the onset date (at 320 K) and the total
durationof each individualUBevent.Under SPAO,a statistically significant
negative relationship is highlighted within the Ural region (Fig. 7c). This
indicates that under the SPAOregime, a stronger PVy reduction at the onset
—pre-conditioned by robust storm-driven Arctic warming—serves as a
reliable precursor for a longer-lasting UB.

Conversely, under WPAO, PVy reductions are not only weaker in
magnitude but also statistically insignificant across the primary blocking-
occurrence latitudes (50°–70°N; Fig. 7b). Correlation analysis (Fig. 7d)

Fig. 6 | Time series of atmospheric and surface variables relative to Ural Blocking
onset under SPAO and WPAO. All variables are shown from Lag −7 to Lag
+14 days relative to UB onset, with SPAO composites in colored lines and WPAO
composites in black lines. a–e Variables averaged over the Barents–Kara Sea (BKS;
75°–85°N, 30°–80°E): a 2-m temperature (T2M, °C), b downward longwave

radiation (DLR, W/m2), c latent heat flux (LHF, W/m2), d sensible heat flux (SHF,
W/m2), and e sea ice concentration (SIC, %). f T2M (°C) averaged over Central
Eurasia (CEU; 40°–60°N, 60°–100°E). Orange markers indicate values statistically
significant at the 95% confidence level based on a two-tailed Student's t test.
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Fig. 7 | Vertical and horizontal structures of PVy anomalies and their correlation
withUral Blocking duration under different AO conditions. a, bVertical–latitude
cross-sections of PVy anomalies (PVU m−1; 1 PVU = 10−6 K m2 kg−1 s–1) averaged
over 30°–80°E on theUBonset date for a SPAO (18 events) andbWPAO(15 events).
The x-axis indicates latitude (30°–90°N), and the y-axis shows isentropic levels
(340–290 K). White x marks denote regions statistically significant at the 95%

confidence level based on a two-tailed Student’s t test. Horizontal distribution of the
Pearson correlation coefficient (r) calculated between PVy anomalies at UB onset
date (320 K) and the total duration (days) for c SPAO and d WPAO. White dots
indicate regions where correlations are statistically significant at the 95% confidence
level based on a two-tailed Student’s t test.
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similarly shows no clear connection between these initial PVy anomalies
and UB duration. Following the framework of Nie et al.29, this implies that
under WPAO, the external forcing—including sea ice anomalies and
thermal feedback—are insufficient to modulate the background PVy to a
degree that effectively anchors the UB system.

Collectively, these findings emphasize PV dynamics’ critical role in
modulating UB persistence across different AO magnitudes. Specifically,
significant PVy weakening and its robust negative correlation with UB
duration under SPAO highlight how dynamically and thermodynamically
driven PV modifications enhance blocking longevity.

Discussion
This study investigates how the magnitude of the positive AO phase
modulates UB characteristics and the WACE pattern, focusing on the
interplay between storm activity, Arctic warming, and PV dynamics.

A fundamental finding of this study is that the AO magnitude mod-
ulates storm trajectories, serving as the key link to the ensuing
synoptic–thermodynamic chain. Our analysis reveals a distinct “steering
effect”: as the positive AO strengthens, the intensified jet stream acts as a
coherent waveguide, channeling North Atlantic storms directly into the
BKS. This highlights that the AO magnitude—not just its phase—deter-
mines the efficiency of storm-driven energy injection into the Arctic. This
shift in storm organization fundamentally differentiates the maintenance
mechanisms of SPAO-related and WPAO-related UB.

In SPAO UB events, the focused storm train facilitates intense pole-
ward heat and moisture transport, triggering rapid BKS warming (peaking
at +8°C) and accelerating sea ice loss. According to Kim and Kim30, such
moisture and heat advection significantly increase precipitable water and
cloud cover, which are primary drivers for the enhanced DLR in the Arctic.
Consistent with this mechanism, our results show a substantial enhance-
ment of DLR (+ 40W/m²), which creates a positive feedback loop that
weakens the meridional PV gradient in the mid-to-upper troposphere.

Notably, this storm-induced feedback acts as a thermodynamic
maintenance mechanism rather than an impulsive force for the initial
amplification of the blocking system. According to Nonlinear Multiscale
Interaction (NMI) theory, a reducedmeridional PV gradient diminishes the
Rossby wave restoring force, favoring the anchoring and extended persis-
tence of the blocking system28. This is consistent with our finding that while
SPAO significantly enhances UB longevity (6.1 days vs. 4.7 days) without
necessarily increasing its peak intensity. The importance of this persistence
is further supported bynumerical evidence showing that realistic icemelting
is essential for sustaining ocean–atmosphere interactions and extending the
duration of Arctic warming17. Consequently, themodified PV environment
under SPAOUB effectively anchors the blocking system, prolonging its life
cycle at a nearly fixed location.

Conversely, WPAO UB events are associated with scattered storm
tracks that offer ineffectivemeridional steering, failing to generate sufficient
thermodynamic feedback or significant PV modification. The relatively
weaker jet under WPAO facilitates the westward migration of the UB by
reducing its eastward phase speed. According to Yin et al21., this environ-
ment suppresses synoptic eddy activities over high-latitude Eurasia,
triggering a nonlinear eddy-to-mean flow feedback that maintains the
Eurasian cooling. Without a stabilizing “anchor” from intense
storms, this feedback-driven cooling expands and migrates westward
along with the UB. This spatial displacement leads to a shorter
detection period compared to the SPAO regime, even if the high-
pressure system remains present.

Our findings offer crucial implications for resolving the “AO-
Blocking Paradox” and improving sub-seasonal predictability. First, this
study challenges the conventional view that the positive AO phase pri-
marily suppresses high-latitude blocking due to enhanced zonal flow. We
demonstrate a nonlinear, threshold-dependent mechanism: while a
positive AO generally creates a zonal background, an “excessively strong”
positive AO paradoxically promotes blocking persistence by efficiently
injecting storm-driven energy into the Arctic. This suggests that the

intensity of the jet stream is as critical as its phase in determining Arctic-
midlatitude linkages.

Second, the identification of the “Storm-PV coupling” mechanism
provides anewperspective on thedebate regarding the drivers of theWACE
pattern—whether it arises from internal atmospheric variability or
boundary forcing (sea ice loss).Our results indicate that these two factors are
not mutually exclusive but synergistic: strong internal variability (SPAO-
driven storms) acts as the trigger, while the boundary state (sea ice loss and
radiative feedback) serves as the amplifier. This implies that as the Arctic
continues to warm, the efficiency of this storm-driven blockingmechanism
may increase, potentially making Eurasian cold extremes more sensitive to
North Atlantic storm activity even under a positive AO regime.

Finally, these results have practical applications for sub-seasonal to
seasonal (S2S) forecasting. The distinct threshold behavior observed
between Weak and Strong Positive AO suggests that monitoring the mag-
nitude of the AO index, in conjunction with North Atlantic storm track
coherence, could serve as an early warning signal for prolonged Eurasian
cold spells. Future climate projections often anticipate a poleward shift and
intensification of the eddy-driven jet; our findings suggest that such a shift
might not simply reduce blocking frequency but could instead alter the
nature of blocking—favoring more thermodynamically driven, persistent
events initiated by intense storm intrusions. Future research should focus on
how this threshold-dependent storm-blocking interaction is represented in
climate models, which is essential for reducing uncertainties in projecting
winter extremes under Arctic amplification.

Methods
Data
Daily reanalysis data were obtained from the Japanese 55-year Reanalysis
(JRA-5531) for winter (December–February) during 1981/82–2022/23
(specifically, from December 1981 to February 2023). The winter season
(DJF) includes December of the previous year and January and February of
the current year. The dataset includes the following variables: 2-m tem-
perature (T2M), sea level pressure (SLP), 500-hPa geopotential height
(GPH), 850-hPa temperature (T850), 850-hPa relative vorticity, zonal and
meridionalwind components (U,V), downward longwave radiation (DLR),
latent heatflux (LHF), sensible heat flux (SHF), andpotential vorticity (PV).
All variables were analyzed at a horizontal resolution of 1.25° × 1.25°.

Daily Sea Ice Concentration (SIC) data were retrieved from theNOAA
Optimum Interpolation (OI) Sea Surface Temperature (SST) V2 High-
Resolution Dataset32 for the same period. The SIC data, originally at
0.25° × 0.25° resolution, were remapped to 1.0° × 1.0° resolution to balance
computational efficiency and spatial representation. Further details are
available at the NOAA Physical Sciences Laboratory (PSL).

Daily Arctic Oscillation (AO), North Atlantic Oscillation (NAO)
indices were obtained from the Climate Prediction Center (CPC) for the
winters of 1982–2023.

Region definition
For quantitative analysis, specific regions were defined as follows: the
Barents-Kara Sea (BKS; 75°–85°N, 30°–80°E) forArctic temperature and sea
ice concentration changes, and Central Eurasia (CEU; 40°–60°N,
60°–100°E) for mid-latitude temperature responses.

Ural blocking detection
To detect Ural blocking (UB) events during winter, we used the Regional
Hybrid (RHYB) blocking detection method. The RHYB method is a
modification of the original Hybrid detection (HYB) method33 to account
for regional variability in atmospheric circulation. In the original HYB
algorithm, the amplitude threshold is derived from the domain-averaged
standard deviation of 500-hPa geopotential height anomalies over the
Northern Hemisphere (30°–90° N); for the winter months (DJF), this
uniform threshold typically ranges between 220 and 230 gpm.

However, monthly standard deviation (σ) fields of geopotential height
anomalies show significant regional differences across the Northern
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Hemisphere, with the North Atlantic and North Pacific exhibiting much
higher variability (over 110 and 130 gpm, respectively) compared to Eurasia
(50–100 gpm) (Figure. S6). Despite these regional differences, the original
HYBmethod applies a uniform threshold across theNorthernHemisphere,
potentially causing under-detection of blocking events in low-variability
regions (e.g., Eurasia) andover-detection inhigh-variability regions (e.g., the
North Atlantic).

To address the limitations of a uniform threshold, the RHYB method
applies a region-specific threshold defined as 2.0σ at each grid point.
However, in low-variability regions, such as the midlatitudes of East Asia,
applying only the 2.0σ criterion may result in the false detection of weak,
transient ridges. To prevent over-detection of dynamically insignificant
system, an absolute minimum threshold of 170 gpm is enforced; thus, the
effective threshold at each grid point is determined as the larger value
between the local 2.0σ and 170 gpm.

RHYB retains the main features of the HYB algorithm, including the
identification offlow reversal and tracking criteria, whilemodifying only the
thresholds to account for regional variability. A blocking event is initially
identified based on three criteria: a total lifecycle of at least five consecutive
days, a minimum spatial scale of 2.5 × 10⁶ km², and an area overlap of at
least 50% between consecutive days34. Among these identified events, we
specifically define Ural blocking as those events where the blocking center
remains within the Ural region (30°–80°E, 30°–90°N) for at least three days
during its lifecycle. By applying the RHYB method, a total of 67 UB events
were identified for the 42 winters (December–February) during 1981/
82–2022/23. A more detailed description and technical validation of the
RHYB method will be presented in a separate manuscript currently under
review.

Arctic oscillation classification
To determine the background AO conditions associated with each UB
events, we averaged the CPCdaily AO index over a 5-daywindow from 7 to
3 days prior to theUB onset, following the lag relationship identified by Luo
et al. (2016a). Specifically, UB events were categorized based on this 5-day
mean AOmagnitude: events exceeding+1.0 (approximately 0.55 σ5d of the
wintertime mean) were classified as Strong Positive AO (SPAO) UB (18
events),while those between0 and+1.0were classified asWeakPositiveAO
(WPAO) UB (15 events).

North Atlantic storm tracking
To examine the impact of Atlantic storms on UB, we identified Atlantic
storms using JRA-55 reanalysis data for winter seasons from 1981/82 to
2022/23. The study employed 850-hPa relative vorticity and mean sea level
pressure fields at a 1.25° × 1.25° spatial resolution for storm detection. The
detection and tracking method, adapted from Hong et al.15 and modified
from Vitart et al.35, is optimized for identifying extratropical storms in the
Northern Hemisphere.

The storm detection procedure involved: (1) identifying candidate
storm centers every 6 h using local maxima of 850-hPa relative vorticity
(<2.0 × 10−⁵ s⁻¹) and the nearest local minima of mean sea level pressure
within a 400-km radius; (2) tracking storms by locating subsequent centers
within a 750-km radius of the previous position; and (3) reconstructing
storm life cycles by connecting tracked centers to formcomplete trajectories.
Storms were filtered for the cyclogenesis region (25°–65°N, 30°W–30°E)
with minimum lifetimes of ≥48 h and travel distances of ≥1000 km.

Data availability
The Japanese 55-year Reanalysis (JRA-55) daily data used in this studywere
obtained from the University Corporation for Atmospheric Research
(UCAR) Geoscience Data Exchange (GDEX) at https://gdex.ucar.edu/
datasets/d628000/. The NOAA Optimum Interpolation (OI) Sea Surface
Temperature (SST) V2 High-Resolution dataset was provided by the
National Centers for Environmental Information (NOAA/NCEI) and is
accessible at https://www.ncei.noaa.gov/data/sea-surface-temperature-
optimum-interpolation/v2.1/access/avhrr/. The Arctic Oscillation (AO)

and North Atlantic Oscillation (NAO) indices were obtained from the
NOAA Climate Prediction Center (CPC) at https://www.cpc.ncep.noaa.
gov/products/precip/CWlink/daily_ao_index/teleconnections.shtml.
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