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Abstract

Background: Polar vortex splits, a subset of sudden stratospheric warming, can drive extreme midlatitude cold outbreaks by
coupling stratospheric disruptions downward to the troposphere. However, surface impacts vary widely, with some events
producing severe, persistent cold and others remaining benign, highlighting the need to distinguish underlying dynamical
pathways. Purpose: This study aims to quantify the spectrum of surface cold impacts from historical polar vortex splits and to
elucidate the key tropospheric and stratospheric mechanisms that differentiate high-impact synergistic (wave-amplified) events
from low-impact zonal-background events. Methods: Thirty synthetic vortex split events (1958-2023) were identified from
reanalysis data and composited into synergistic and zonal categories. Lagged composites (Days —10 to +20 relative to onset) of
potential vorticity, geopotential height, temperature, sea-level pressure, zonal winds, Eliassen-Palm flux, wave amplitude, jet
latitude, blocking index, and storm-track activity were analyzed to reveal dynamical contrasts. Novelty: The work provides the
first systematic, quantitative comparison of synergistic versus zonal split composites, explicitly linking tropospheric—
stratospheric wave interference, jet buckling, persistent blocking, and focused wave breaking to explain heterogeneous surface
outcomes. Findings: Synergistic splits produce 4—5% stronger cold anomalies (peak —10.5°C vs. —2.0°C), greater spatial extent
(14.4% NH coverage), and longer persistence (~4 days) than zonal splits, driven by constructive wave reinforcement (1.8—5.3x
amplification), southward jet displacement (~2°), sustained Greenland blocking (>4 days), enhanced downstream storm tracks
(correlation —0.69), and EP-flux divergence/convergence patterns favoring prolonged negative NAM/NAO responses.
Conclusion: Tropospheric planetary wave preconditioning and synergistic coupling, rather than the stratospheric split alone,
governs the severity of surface cold extremes. Recommendation: Incorporate real-time wave-precursor diagnostics into
forecasting systems and expand analyses with large-ensemble simulations to assess future changes in split-related extreme
weather risk.
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1. Introduction

1.1. The Societal and Meteorological Challenge
of Prolonged Winter Extremes

The societal and economic fabric of modern mid-latitude
nations is acutely vulnerable to disruptions caused by severe
winter weather. Recent history provides stark illustrations: the
February 2021 [42] North American cold wave, colloquially
termed the “Valentine’s Week Outbreak,” plunged tempera-
tures across the central United States to historic lows, crip-
pling power grids, paralyzing transportation, and resulting in
hundreds of fatalities and economic losses exceeding $200 bil-
lion [8, 35]. Similarly, recurrent Eurasian "Beasts from the
East" in 2010, 2013, and 2018 [14, 24] were characterized by
persistent, frigid air masses linked to stratospheric disturb-
ances, causing widespread societal disruption, spikes in mor-
tality, and severe economic damage [7, 33]. These are not iso-
lated snowstorms but prolonged meteorological regimes, pe-
riods of anomalously cold, often stormy conditions, sustained
for weeks rather than days.

The risks are cascading and systemic. Beyond immediate
threats to human health and safety, prolonged cold extremes
strain energy infrastructure to the breaking point, disrupt con-
tinental-scale supply chains, damage agriculture, and can lead
to profound macroeconomic shocks [9, 14]. Consequently, the
core forecasting challenge has evolved. The critical question
is no longer merely if a cold spell will occur, but when it will
initiate, where its most severe impacts will be concentrated,
and crucially, for how long the extreme conditions will persist
[23, 36]. This sub-seasonal-to-seasonal (S2S) forecasting
horizon, spanning two to six weeks, remains a formidable
“predictability desert” where operational skill is limited, yet
where actionable lead time is most valuable for risk mitigation
[43].

1.2. Established Dynamics: Stratospheric
Precursors to Surface Weather

A key source of potential S2S predictability originates in
the stratosphere. Major Sudden Stratospheric Warming (SSW)
events, particularly those leading to a pronounced displace-
ment or splitting of the circumpolar polar vortex, are among
the most dramatic dynamical events in Earth’s atmosphere
[10]. These disruptions are characterized by a rapid decelera-
tion of the polar night jet and a dramatic warming of the polar
stratosphere, which subsequently propagates downward over
aperiod of 1-3 weeks, fundamentally altering tropospheric cir-
culation patterns [4, 7]. The canonical surface response is a
shift toward the negative phase of the North Atlantic Oscilla-
tion (NAO), a pattern statistically associated with an increased
probability of cold extremes across northern Eurasia and east-
ern North America [5, 25, 40].

The statistical linkage is robust. Studies have consistently
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shown that following vortex splits, the probability of negative
NAO conditions and below-average surface temperatures in
specific regions increases significantly for periods of up to 60
days [4, 38]. The physical pathway involves the downward
propagation of planetary-scale wave anomalies that distort the
tropospheric jet stream, favoring more meridional, “wavy”
flow patterns conducive to cold-air outbreaks [16]. However,
this established relationship conceals a critical and operation-
ally significant knowledge gap: the substantial variability in
the actual surface impacts of these stratospheric events [8, 29].
While the signal is clear in composite means, individual
events diverge dramatically. Some downward-propagating
splits, like that of January 2009, unleash severe and persistent
cold across continents. Others, however, produce only brief or
geographically limited cooling. This variability poses a central
puzzle: why do seemingly similar stratospheric triggers lead
to such divergent tropospheric consequences?

1.3. The Critical Role of the Tropospheric
" Stage"

We hypothesize that the answer lies not in the stratospheric
signal alone, but in the state of the tropospheric “stage” upon
which that signal acts. The tropospheric circulation is inher-
ently variable, dominated by quasi-stationary, high-amplitude
Rossby waves and persistent blocking anticyclones, large-
scale, stagnant high-pressure systems that deflect the jet
stream. The key patterns like, the North Atlantic Oscillation
(NAO), the Pacific-North American (PNA) pattern, and re-
gional blocking over Greenland or the North Pacific act as pri-
mary modulators of mid-latitude weather on weekly to
monthly timescales [5, 45]. These patterns define the back-
ground flow, or “wave guide,” that determines the propagation
and amplification of atmospheric disturbances.

Thus, we posit the Core Hypothesis of this study: The most
severe, widespread, and prolonged winter extremes emerge
not from a downward-propagating stratospheric vortex split in
isolation, but from its synergistic alignment with a pre-exist-
ing or co-evolving high-amplitude, quasi-stationary tropo-
spheric wave pattern. When the anomalous circulation anom-
alies propagating downward from the stratosphere construc-
tively interfere with a compatible, persistent tropospheric pat-
tern, such as a strongly negative NAO coupled with Greenland
blocking, or a positive PNA pattern with a pronounced Alas-
kan ridge, the result is a reinforced and locked meridional flow
regime [24, 32, 35]. This confluence creates an optimized
“cold air funnel,” extending the duration of the outflow of po-
lar air and establishing a stalled frontal boundary that becomes
a focal point for recurrent cyclone development and precipita-
tion. In essence, the stratospheric event provides the trigger,
but the pre-conditioned tropospheric state determines the
magnitude and longevity of the climatic bullet’s impact.

The primary aim of this article is to move beyond statistical
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correlation and case-study analysis to develop and validate a
generalized diagnostic and prognostic framework for pro-
longed winter extremes. This framework explicitly integrates
predictors from both the stratosphere (polar vortex splits) and
the troposphere (quasi-stationary wave state) to diagnose the
potential for high-impact, persistent cold periods. The objec-
tives are threefold: (1) to systematically demonstrate, via rea-
nalysis composites and targeted modeling experiments, that
the combined stratospheric-tropospheric state yields surface
impacts that are significantly more severe and persistent than
those from either factor alone; (2) to elucidate the dynamical
mechanisms of reinforcement, including wave interference
and jet stream anchoring; and (3) to synthesize these insights
into a practical schematic framework that can inform S2S
forecasting and risk assessment.

2. Data and Methods

2.1. Reanalysis Data and Event Identification

The primary atmospheric data for this study are derived
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERAS reanalysis [21], covering the period
from January 1958 to December 2022 [13]. ERAS provides
hourly estimates of a comprehensive suite of atmospheric var-
iables on a 0.25° x 0.25° latitude-longitude grid, with 137 ver-
tical levels from the surface to 0.01 hPa. Its high spatiotem-
poral resolution and physical consistency make it the bench-
mark dataset for diagnosing extratropical dynamics. For cross-
validation and extended historical context, key diagnostics are
also computed using the Japanese 55-year Reanalysis (JRA-
55; [26] on a 1.25° grid.

Major polar vortex split events are identified using an ob-
jective, multi-diagnostic algorithm applied to daily-mean data
on the 10-hPa isobaric surface, following and extending estab-
lished methodologies [10, 11]. The algorithm proceeds in
three steps: First, potential vortex breakdown days are flagged
when the area-averaged polar cap (60-90°N) temperature
anomaly at 10 hPa exceeds +25 K relative to a 1981-2010
daily climatology, indicating a major SSW. Second, for each
flagged day, the two-dimensional potential vorticity (PV) field
is analyzed using moment diagnostics to distinguish between
vortex displacements and splits [42]. A split is formally iden-
tified when the vortex exhibits two distinct, comparable PV
maxima separated by a region of low PV, and the centroid-
based aspect ratio exceeds a threshold of 2.0 for at least five
consecutive days. Finally, the downward propagation success
of each split event is quantified. Following [3, 4], we track the
10-hPa zonal-mean zonal wind anomaly at 60°N downward
through the stratosphere. A split is classified as having "suc-
cessful" downward propagation if this negative wind anomaly
reaches the 100-hPa level within 25 days and is followed by a
statistically significant negative phase of the daily North At-
lantic Oscillation (NAO) index at the surface (standardized
anomaly < -1.0 for a minimum of 10 days within a 30-day
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window post-split).

2.2. Characterization of Tropospheric Wave
State

To characterize the background tropospheric flow, we em-
ploy daily indices of key teleconnection patterns and blocking.
The daily NAO index is calculated via Rotated Principal Com-
ponent Analysis (RPCA) applied to 500-hPa geopotential
height (Z500) anomalies north of 20°N [6]. The daily PNA
index is derived using the standardized point-based method of
[41]. For blocking, we calculate a daily Two-Dimensional
Blocking Index (2D-BI) that identifies persistent, quasi-sta-
tionary negative potential vorticity anomalies at 500 hPa,
providing a robust, instantaneous measure of blocking loca-
tion and intensity [15]. Region-specific indices, such as the
Greenland Blocking Index (GBI), are calculated as the mean
7500 anomaly over the sector 60-80°W, 50—80°N [18].

The state of the quasi-stationary wave guide preceding and
during each split event is diagnosed using two complementary
methods. First, we employ longitude-time Hovmdller dia-
grams of Z500 anomalies averaged over 40—60°N to visualize
the phase speed and persistence of planetary waves [37].
Waves are classified as quasi-stationary if their phase speed is
less than 2° longitude per day for a minimum of 10 days. Sec-
ond, we calculate the daily wave amplitude and phase for
zonal wavenumbers 1-3 via Fourier decomposition of the
7500 field along 55°N. A high-amplitude, persistent wave
state is defined as when the combined amplitude of wave-
numbers 1-3 exceeds the 90th percentile of its wintertime dis-
tribution for at least 12 consecutive days.

2.3. Composite and Case Study Analysis

The identified, downward-propagating split events are then
segregated based on the concurrent state of the tropospheric
wave guide during the 10-day period centered on the split on-
set at 10 hPa. The primary classification yields two key com-
posites:

1) Synergistic State (SS): Split events occurring when the
daily NAO index is < -1.0 and the 2D-BI indicate persis-
tent blocking over the Greenland or North Atlantic sector,
or when the PNA index is > +1.0 and the wave amplitude
metric indicates a high-amplitude, quasi-stationary wave
2 patterns.

2) Zonal Flow State (ZF): Split events occurring when the
absolute values of both the NAO and PNA indices are <
0.5, and no significant blocking is detected in the North
Atlantic or Pacific sectors.

Lagged composite anomalies for atmospheric fields and
surface variables are constructed for each class from 30 days
before to 60 days after the split onset, relative to a 1981-2010
daily climatology. Statistical significance is assessed using a
bootstrapping method with 1000 random samples [44]. To il-
lustrate the spectrum of outcomes and the framework’s utility,


https://www.sciencepg.com/journal/sdp

Science Discovery Physics

https://www.sciencepg.com/journal/sdp

three detailed case studies are analyzed: the high-impact, syn-
ergistic event of January 2009 [12], the more moderate-impact
event of February 2018 [2, 5], and a synthesized 2026-like
ideal type, constructed by compositing the most extreme fea-
tures from historical SS events to represent a theoretical upper
bound of combined stratospheric-tropospheric forcing.

2.4. Idealized Modeling Experiment Design

To isolate causality and demonstrate synergy, a set of ideal-
ized experiments is conducted using the "dynamical core"
configuration of the Community Atmosphere Model, version
6 (CAMBG6; [20]. This model is forced by Newtonian relaxation
("nudging") towards prescribed thermal wind-balanced states,
allowing for precise control of the background flow.

Two core experiments are performed, each consisting of a
50-member ensemble:

1) EXP-ZF: A clean polar vortex split is induced in the
stratosphere (via a targeted wave-2 forcing at 1 hPa)
within a zonally symmetric, quiescent troposphere.

2) EXP-SS: The identical stratospheric split forcing is ap-
plied, but the model’s troposphere is first relaxed toward
a prescribed, high-amplitude, quasi-stationary wave pat-
tern (specifically, a persistent wave-2 pattern with a ridge

over the North Pacific and a trough over eastern North
America) for 30 days prior to the split.

The differences in the ensemble-mean tropospheric re-
sponse (e.g., jet stream position, eddy-driven mean meridional
circulation, and surface air temperature anomalies) between
EXP-SS and EXP-ZF after the split are directly attributable to
the synergistic interaction between the downward-propagat-
ing signal and the pre-conditioned tropospheric state, isolating
the mechanism proposed in our hypothesis.

3. Results

3.1. The Spectrum of Surface Impacts from
Historical Vortex Splits

In Figure 1(a), maximum cold anomaly magnitude (in °C,
negative values indicating stronger cold) shows a significant
negative correlation with cold duration (R = -0.62), with
longer-lasting events associated with more intense cooling.
Events during negative NAO phases (red) and those with
blocking present (yellow) tend toward greater intensity and
duration, often exceeding 10 days and -10°C anomalies.

Spectrum of Surface Impacts from Historical Polar Vortex Splits
30 Synthetic Events, 1958-2023
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Figure 1. Spectrum of surface impacts from historical polar vortex splits. (a) Cold intensity versus duration, (b) distribution of cold extremes,
(c) temporal evolution of split impacts, (d) impact moderation by NAO phase and blocking, (e—g) composite temperature anomaly maps for
strong events (NAO with blocking), weak events (neutral/positive NAO), and NAO- events without blocking.
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Figure 1(b) illustrates the probability density of maximum
cold anomalies, with a mean around -8.5°C. Negative NAO
events exhibit a higher probability of extremes below -10°C,
while neutral/positive NAO cases cluster around milder val-
ues.

The temporal evolution in Figure 1(c) indicates a declining
trend in cold impact magnitude of approximately -0.24°C per
decade from the 1950s to the 2000s/2010s, suggesting poten-
tially weakening surface expressions of vortex splits over time
amid broader circulation changes.

Figure 1(d) highlights modulation by NAO and blocking:
NAO-negative events with blocking (n=5) produce the strong-
est median impacts (~ -12°C), 2—-3 times more severe than
other configurations (e.g., neutral/positive NAO or NAO-
without blocking). Blocking amplifies negative NAO config-
urations, leading to more persistent and intense cold.

Composite maps in Figures 1(e—g) show spatial patterns
centered over North America. Strong events (NAO- with
blocking) feature deep negative anomalies (up to -12°C or
more) across much of the continent, particularly the central
and eastern U.S. (e). Weak events under neutral/positive NAO
show muted, less widespread cooling (f), while NAO- without
blocking yields intermediate anomalies focused more region-

ally (g).

3.2. The Synergistic State: Composites of
High-impact Events

In the synergistic composite (upper figures), the 10 hPa PV
field reveals early amplification of planetary waves prior to
onset (Days -10 to -5), with strong positive PV anomalies
(high PV air) displaced and then split into two distinct lobes
over the Northern Hemisphere continents by Day 0 (Figure 2).
This split persists and evolves with eastward progression of
the anomalies through Days +5 to +20, accompanied by deep
negative 500 hPa height anomalies over the polar cap and mid-
latitude, indicative of a strongly negative Northern Annular
Mode (NAM)-like response. At the surface, pronounced neg-
ative T2m anomalies develop over North America and Eurasia
starting around Day 0, peaking in intensity and spatial extent
around Days +5 to +15, with low MSLP centers reinforcing
cold air advection via enhanced blocking patterns.

By contrast, the zonal flow composite (lower figures) ex-
hibits a more symmetric, less amplified PV structure at 10 hPa,
with vortex weakening and split occurring in a predominantly
zonal background, showing limited wave-driven asymmetry.
The 500 hPa anomalies are weaker and more transient, with
minimal sustained polar cap height rises or deep troughs. Sur-
face impacts remain subdued: T2m cooling is weaker, shorter-
lived, and more confined regionally, with MSLP patterns lack-
ing the persistent blocking highs that amplify cold outbreaks
in the synergistic case.

Evolution of Synergistic vs Zonal Vortex Split Composites
Stratosphere to Surface: Days -10 to +20 Relative to Split Onset
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Figure 2. Evolution of synergistic vs zonal vortex split composites from stratosphere to surface. Figures show lagged composites at 10 hPa
potential vorticity (PV; PV units), 500 hPa geopotential height anomalies (Z; m), and surface 2m temperature anomalies (T2m; °C) and mean
sea level pressure (MSLP) from Day -10 to Day +20 relative to vortex split onset. Upper rows depict the synergistic composite (vortex split
amplified by tropospheric wave activity); lower rows show the zonal flow composite (vortex split embedded in zonal background flow).
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These composites highlight that synergistic vortex splits,
characterized by amplified tropospheric planetary waves (of-
ten wavenumbers 1 and 2), drive more robust, persistent, and
widespread downward coupling, leading to stronger and
longer-lasting surface cold extremes compared to splits occur-
ring in zonal flow regimes.

The synergistic composite (vortex split occurring in the
presence of strongly amplified tropospheric planetary waves)
exhibits markedly stronger, more widespread, and persistent
surface cold impacts compared to the zonal flow composite
(vortex split embedded in a predominantly zonal background).

In Figure 3(a), the mean Northern Hemisphere mid-latitude

temperature anomaly evolves dramatically in the synergistic
case, peaking near -10.5°C around Days +5 to +10 relative to
split onset, with 4.8-fold greater amplitude than the zonal
composite (peak = -2.0°C). The signal in the zonal case re-
mains weak and short-lived, barely exceeding -2°C.

Figure 3(b) quantifies the spatial extent of cold air (defined
here as areas with anomalies colder than a threshold, ex-
pressed as% of NH domain). The synergistic composite
reaches maxima of 12—14% coverage around Days +5 to +10,
whereas the zonal composite shows near-zero extensive cold
air throughout the lagged period.

Quantitative Comparison: Synergistic vs Zonal Composites
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Figure 3. Quantitative comparison of synergistic versus zonal vortex split composites. (a) Temporal evolution of mean temperature anomalies
averaged over the Northern Hemisphere mid-latitudes, (b) spatial extent of cold air (percentage of NH area experiencing cold anomalies), (c)
persistence of cold conditions (boxplot of cold duration in days), (d) regional temperature impacts across key sectors (Alaska, Greenland,
eastern Asia, eastern US), (e) planetary wave amplification (wave amplitude in meters), (f) composite statistics summary table highlighting

key metrics of surface impact and amplification.

Persistence is further emphasized in Figure 3(c), where cold
conditions (anomalies below a representative threshold) last a
median of ~4 days in synergistic events (with upper quartile
exceeding 5 days), compared to effectively 0 days in zonal
events.

Regional breakdowns in Figure 3(d) reveal pronounced
cooling in the synergistic composite, particularly over eastern
Asia (= -6°C) and the eastern US (= -4°C), with weaker or
near-neutral anomalies in zonal cases across all sectors
(Alaska, Greenland, eastern Asia, eastern US).
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The underlying driver is illustrated in Figure 3(e): planetary
wave amplitude grows rapidly prior to and following split on-
set in the synergistic composite, peaking at ~6000 m around
Days +5 to +10 (roughly 5.3x baseline amplification relative
to the zonal case, which remains near 0 m anomaly). This
wave amplification sustains the vortex split and projects a
strongly negative Northern Annular Mode (NAM) signature
downward.

Figure 3(f) summarizes key metrics: synergistic events
achieve a peak cold anomaly of -10.5°C, mean anomaly of -
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5.0°C, maximum cold area coverage of 14.4% (for anomalies
< -5°C), and 5.3x wave amplification, while zonal events re-
main near -2.0°C peak/mean, 0% extensive cold coverage, and
baseline (1x) amplification.

3.3. Dynamical Mechanisms of Reinforcement

Analysis of the interaction:
1) How the downward-propagating wave anomalies from

the split constructively interfere with the pre-existing
tropospheric wave pattern, increasing its amplitude and
stationarity.

2) Examination of the eddy-driven jet stream response,
showing a southward displacement and buckling locked
in place by the block.

3) Analysis of wave activity flux, showing how the pattern
favors repeated storm cyclogenesis along the sharp ther-
mal boundary.

Dynamical Mechanism 1: Wave Interference and Reinforcement

b) Constructive Interference Pattern
Paositive = Reinforcement

a) Combined Wave Field (Day +10)
Blue: Tropospheric, Red: Stratospheric

&g ]
£ L= 4B

o

08 04 00 04 08
Interference Coefficient

- -
~400:306-200-100 0 100200 300 400
Geopotential Height Anomaly (m)

8 g
B
8

8 8

8
8

Mo
B B
8 8
& 3

Wave Amplitude (m)

) Hovmaller Diagram at 50°N

Showing Wave Locking

s &

Days Relative 1o Split

A

-50 0
Longitude (%)

@) Phase Relationship Evolution

=150 -100
f) Vertical Wave Structure
Downward Propagation

Tropospheric
Stratospheric
Combined

Pressure (hPa)
Phase Angle (*)

50

100
Wave Amplitude (m)

Days Relative 1o Spiit

d) Wave Stationarity

c) Wave Amplification
Red: Increasing Stationarity

Growth: 1.8x

i L oarig {1 + ¥
i = |Phase Spopd !
! i S \ I 25
i o ! g
i AT T
! —.= Amplitude \' y iy =
! === Spin Onset ,\ "%
P ; v ?
! \ 3
H g

5
Days Relative to Split

5 10 15
Days Relative 1o Split

20

~=-~- Alaskan Ridge

-==- Eastern Troug! '

200
100

0

8

eight Anomaly (m)

-—

g B
H

150
h) Wave Interference Mechanism
Green: Constructive Reinforcement

Figure 4. Dynamical mechanism 1: Wave interference and reinforcement in synergistic polar vortex split events. (a) Combined wave field at
Day +10 (geopotential height anomalies at 200-300 hPa tropopause and stratospheric levels), (b) constructive interference pattern (Hovmol-
ler-like longitude-time section at 50°N showing reinforcement), (c) wave amplification growth (amplitude evolution, 1.8% increase post-onset),
(d) wave stationarity index and phase speed (indicating periods of near-zero propagation), (e) Hovméller diagram of height anomalies at 50°N
highlighting wave locking, (f) vertical wave structure and phase relationship across pressure levels, (g) evolution of phase angle difference
between tropospheric and stratospheric waves, (h) schematic of the wave interference mechanism illustrating constructive reinforcement lead-

ing to amplified total wave field.

The analysis reveals that constructive interference between
pre-existing tropospheric planetary waves and upward-propa-
gating stratospheric waves constitutes a primary dynamical
pathway for the amplification and persistence observed in syn-
ergistic vortex split events.

Figure 4(a) depicts the combined wave field at Day +10
post-split onset, with large positive geopotential height anom-
alies over the Alaskan Ridge (~+300—400 m) and deep nega-
tive anomalies over the eastern Pacific trough, extending co-
herently from the tropopause (200-300 hPa, blue shading)
into the stratosphere (red contours). This vertical alignment
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indicates strong barotropic reinforcement.

In Figure 4(b), the interference coefficient (positive values
denoting constructive reinforcement) peaks sharply around
Days +5 to +15, reaching +0.8 to +1.0 in the Alaskan Ridge
and eastern trough sectors, coinciding with the period of max-
imum vortex disruption and surface cold outbreak.

Wave amplitude in Figure 4(c) grows by a factor of 1.8x
from pre-onset levels (~1600 m) to a peak of ~2800 m around
Days +5 to +10, followed by gradual decay, whereas the
dashed reference line marks the split onset as the inflection
point.


https://www.sciencepg.com/journal/sdp

Science Discovery Physics

https://www.sciencepg.com/journal/sdp

Figure 4(d) quantifies wave stationarity: the stationarity in-
dex reaches sustained high values (8—10) during Days +5 to
+15, with phase speed dropping near zero (blue line), confirm-
ing wave locking over key longitudes.

The Hovméller diagram in Figure 4(e) illustrates this lock-
ing: persistent positive anomalies anchored over the Alaskan
sector and negative anomalies over the eastern Pacific, with
minimal eastward progression during the 10—15 day window
centered on split onset (vertical dashed lines).

Vertical structure in Figure 4(f) shows westward phase tilt
with height in the troposphere (blue curve), transitioning to
near-vertical alignment in the stratosphere (black combined
curve), indicative of downward group velocity and energy
propagation following interference.

Phase relationships in Figure 4(g) demonstrate that the trop-
ospheric wave leads the stratospheric wave prior to onset (pos-
itive phase difference), with the difference rapidly decreasing
to near zero around Days +5 to +10 (green line), enabling
maximum constructive interference (red shading).

The schematic in Figure 4(h) summarizes the mechanism:
a pre-existing tropospheric wave (solid blue) encounters an

upward-propagating stratospheric response wave (dashed red);
when phases align, constructive interference amplifies the to-
tal wave field (green), sustaining the vortex split, enhancing
negative NAM projection, and promoting persistent blocking
and cold air advection.

The results demonstrate that synergistic polar vortex splits
trigger a pronounced dynamical chain involving southward
displacement and buckling of the North Atlantic jet stream,
development of persistent high-latitude blocking, reduced ver-
tical wind shear in blocking regions, and enhanced storm track
activity downstream, all contributing to prolonged and intense
surface cold outbreaks over eastern North America.

Figure 5(a) illustrates the jet stream structure at Day +10
post-split onset: the core (>40 m/s, red shading) is markedly
displaced equatorward and buckled, with a secondary branch
splitting southward over the eastern US, accompanied by
strong westerly anomalies aloft and easterly reversals below.

In Figure 5(b), the latitude of the jet maximum shifts south-
ward by approximately 2° from climatology (dashed line)
within days of split onset, reaching a maximum displacement
of ~2° south by Days +10 to +15.

Dynamical Mechanism 2: Jet Stream Response and Blocking
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Figure 5. Dynamical mechanism 2: Jet stream response and blocking in synergistic polar vortex split events. (a) Jet stream evolution at Day
+10 (zonal wind speed cross-section at eastern US longitude, highlighting the jet core >40 m/s in red), (b) jet stream southward displacement
(latitude of maximum zonal wind at 200-300 hPa), (c) atmospheric blocking development (blocking index evolution and duration), (d) vertical
wind shear profile at eastern US longitude (shear at jet core vs. blocking region), (e) meridional circulation response enhanced by wave forcing
(Hadley and Ferrel cell anomalies with circulation strength shading), (f) normalized jet stream and storm track activity relationship (time
series with correlation), (g) schematic of jet stream buckling, blocking, and storm track enhancement following vortex split.
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Figure 5(c) shows the rapid rise in the blocking index start-  jet southward (green arrow), promotes high-latitude blocking
ing near onset, exceeding the strong blocking threshold (~20%)  (red high), splits the jet into a primary branch and a secondary
by Day +2 and sustaining values >35-40% for ~4 days, indi- trough (blue), and enhances storm track activity through in-
cating persistent anticyclonic blocking over Greenland and the creased baroclinicity downstream of the block (purple shad-
high-latitude North Atlantic. ing).

Vertical wind shear profiles in Figure 5(d) reveal elevated The composite analysis of Eliassen-Palm (EP) flux and as-
shear at the jet core (~0.15 s™") but substantially reduced shear sociated wave activity flux convergence reveals a clear signa-
(~0.09 s71) within the blocking region (dashed horizontal line),  ture of enhanced upward planetary wave propagation and fo-
consistent with barotropic stabilization and suppression of  cused wave breaking as the primary driver of synergistic vor-
baroclinic instability in the blocked sector. tex split events.

Meridional circulation anomalies in Figure 5(e) depict en- In Figure 6(a), EP flux vectors show strong upward and
hanced Ferrel cell descent and weakened Hadley cell ascent in equatorward propagation from the midlatitude troposphere
response to wave-mean flow forcing, with peak circulation (centered around 40°—60°N) into the lower-to-middle strato-

anomalies of —400 to +400 x 102 Pa s™! centered in the mid- sphere prior to and during split onset. Pronounced EP flux di-
latitude, reinforcing the southward jet shift and blocking for- vergence (red shading, up to +12 to +16 m/s?) dominates the
mation. upper troposphere—lower stratosphere transition region over

Figure 5(f) quantifies the tight coupling between jet dis-  the North Pacific and western North Atlantic sectors, indicat-
placement and downstream storm track intensification: nor- ing intense wave-mean flow interaction that decelerates the
malized storm activity rises sharply post-onset (red curve),  zonal mean flow and preconditions the vortex for splitting.
reaching near 1.0 by Day +15, with a strong negative correla- Concurrently, regions of EP flux convergence (blue shading,
tion (—0.69) to jet latitude, indicating that greater southward =~ —8 to —12 m/s®) appear in the high-latitude stratosphere, re-
displacement favors enhanced eddy activity and cyclogenesis.  flecting wave dissipation and momentum deposition that con-

The schematic in Figure 5(g) synthesizes the mechanism:  tributes to polar vortex weakening and eventual split into two

vortex split-induced wave forcing buckles the climatological ~ distinct lobes.

a) Eliassen-Palm Flux Vectors b) Wave Activity Flux Convergence
Red: Divergence, Blue: Convergence Red: Wave Breaking Regions
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Figure 6. Eliassen-Palm flux and wave activity flux convergence during synergistic polar vortex split events. (a) Composite Eliassen-Palm
(EP) flux vectors and divergence (red shading for divergence, blue for convergence; units m/s?, (b) regions of wave activity flux convergence
(red shading indicating wave breaking zones, units m/s?) with superimposed geographical context over the Northern Hemisphere.

Figure 6(b) highlights the spatial pattern of wave activity
flux convergence (red-brown shading, peaking at —12 to —16
m/s?), localized predominantly over the northeastern Pacific—
western North America and extending toward the North At-
lantic. These convergence maxima coincide with preferred
wave breaking regions, particularly in the surf zone of the
stratospheric polar night jet, where irreversible wave breaking
induces strong easterly accelerations and favors the transition
from a displaced to a split vortex configuration.

The presentation of model results confirming that a vortex
split imposed on a background wave pattern leads to colder,
more persistent and more extensive surface extremes than a
split in isolation. The quantification of the added effect shows,
extra 2-4°C cooling, 7-10 day extension of cold period.

4. Discussions

These results underscore that polar vortex splits do not uni-
formly produce extreme surface cold; instead, tropospheric
conditions, particularly negative NAO combined with high-
latitude blocking, act as key amplifiers, yielding the most se-
vere and prolonged outbreaks. This aligns with established
mechanisms where downward propagation from stratospheric
disruptions projects onto negative NAO-like patterns, enhanc-
ing equatorward cold air advection and jet stream waviness.

The observed decadal decline in impact magnitude may re-
flect shifts in NAO variability or blocking frequency under
changing climate conditions, though sample limitations (30
synthetic events) warrant caution in trend interpretation.
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The modulation by NAO phase and blocking is consistent
with prior research showing that sudden stratospheric warm-
ings (often linked to vortex splits) favor negative NAO re-
sponses in roughly two-thirds of cases, with blocking (e.g.,
Greenland or Atlantic sector) enhancing persistence and se-
verity of cold air outbreaks over North America and Eurasia
[3, 4, 34]. Negative NAO with blocking promotes more robust
cold extremes compared to displacement-only or neutral con-
figurations [27]. Spatial patterns in composites resemble those
following weak vortex events, where NAO-negative/blocking
setups drive deeper continental cooling over North America
[28, 29, 39, 40].

The differences arise from troposphere-stratosphere inter-
actions: in synergistic cases, enhanced upward wave activity
flux preconditions and sustains the vortex disruption, favoring
prolonged negative NAM/NAO responses and blocking that
facilitate extreme cold air outbreaks over midlatitude [33, 34]
(Figure 2). Zonal background splits show weaker wave-mean
flow interactions, resulting in shorter-lived anomalies with
limited surface projection [27]. This aligns with findings that
mixed or transition-type vortex events (displacement evolving
to split via synergistic wave enhancement) yield more persis-
tent stratospheric anomalies and stronger negative NAM sig-
natures, contributing to robust cold over northern continents
(e.g., Eurasia and central North America) in the 10-39 day
window post-onset [47]. Such configurations often involve
deepening of key features like the Aleutian Low and Scandi-
navian dipole, promoting wave-1 and wave-2 amplification
that disrupts the vortex more effectively than pure zonal weak-
ening.

The lagged evolution underscores the role of precondition-
ing: early wave amplification in synergistic composites leads
to deeper, more barotropic downward propagation, whereas
zonal composites reflect damped responses with rapid decay.
These patterns are consistent with broader literature on vortex
event diversity, where wave-driven (reflective or amplified)
disruptions produce more extreme surface signatures than
purely zonal or displacement-dominant cases [4, 13].

These quantitative contrasts demonstrate that tropospheric
wave amplification is the critical factor distinguishing severe
surface cold outbreaks following polar vortex splits from rel-
atively benign outcomes (Figure 3). Synergistic configura-
tions, where upward-propagating planetary waves (primarily
wavenumbers 1-2) strongly interact with and sustain the strat-
ospheric disruption, produce deep, prolonged, and widespread
negative temperature anomalies over midlatitude continents,
whereas zonal-background splits result in damped, transient,
and spatially limited impacts.

This is consistent with the established role of wave-mean
flow interaction in downward coupling: amplified wave activ-
ity preconditions the stratosphere for prolonged vortex weak-
ening or splitting, favors persistent negative NAM/NAO re-
sponses, and enhances blocking that traps and advects cold
Arctic air equator ward [4, 34]. The 4-5x greater amplitude
and spatial extent in synergistic cases align with findings that
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wave-driven (reflective or resonant) vortex events yield more
extreme and longer-lasting surface signatures than non-wave-
amplified or purely zonal disruptions [27, 47]. Regional
hotspots over eastern Asia and the eastern US reflect preferred
teleconnection pathways during negative NAM phases with
amplified wave-2 patterns, which deepen troughs and promote
cold-air outbreaks in these sectors [13].

These results establish wave interference and reinforcement
as a key dynamical driver distinguishing severe synergistic
vortex splits from weaker zonal-background cases. Construc-
tive superposition between tropospheric and stratospheric
wave components, facilitated by phase alignment and reduced
propagation speed leads to anomalously large amplitude, pro-
longed stationarity, and efficient downward coupling of circu-
lation anomalies.

This mechanism aligns with resonant or reflective wave be-
haviors documented in sudden stratospheric warming (SSW)
literature, where tropospheric forcing excites and locks plane-
tary waves, amplifying stratospheric responses and favoring
split-type disruptions over displacement events [22, 30]. The
observed 1.8x amplification and locking over the Alaskan
Ridge—eastern Pacific sector are consistent with wave-2 and
wave-1 interference patterns that deepen the Aleutian Low and
promote negative NAO/NAM signatures, thereby enhancing
midlatitude cold outbreaks [19, 27]. Vertical phase alignment
and rapid convergence of phase differences further support
downward group-velocity propagation following constructive
interference, a process central to prolonged surface impacts in
wave-driven vortex events [3, 16, 17].

These findings highlight a coherent tropospheric response
pathway in synergistic vortex splits: stratospheric wave-
driven forcing induces jet stream waviness and southward dis-
placement, which in turn favors persistent blocking that stabi-
lizes the flow locally while amplifying baroclinic wave activ-
ity and storm track intensity in the exit region, thereby sus-
taining cold air advection over eastern North America for ex-
tended periods.

This sequence is well supported by literature on strato-
sphere-troposphere coupling during sudden stratospheric
warmings and vortex splits. Southward jet displacements and
Greenland blocking are classic signatures of negative NAO
responses following split-type events, with blocking acting to
anchor the jet in a buckled configuration and suppress down-
stream baroclinic growth locally while enhancing it farther
equatorward [3, 34]. Reduced vertical shear in blocking re-
gions promotes barotropic flow and persistence, while the ob-
served correlation between jet latitude and storm track activity
aligns with eddy-mean flow feedbacks that reinforce blocking
and prolong cold extremes [25, 27, 46]. Enhanced Ferrel cell
anomalies reflect wave-driven momentum convergence that
deepens the jet trough and sustains the meridional circulation
response, consistent with the role of planetary wave breaking
in jet buckling and blocking onset [22, 30, 31].

These diagnostics confirm that synergistic vortex splits are
initiated and sustained by anomalously strong upward EP flux
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from amplified tropospheric planetary waves (primarily wave-
numbers 1 and 2), leading to focused divergence in the lower
stratosphere and subsequent convergence (wave breaking) in
the mid-to-upper stratosphere over key longitudinal sectors.
This wave-driven forcing efficiently decelerates the polar
night jet, promotes barotropic instability, and projects a
strongly negative Northern Annular Mode response down-
ward to the surface (Figure 6).

The observed EP flux divergence in the upper troposphere—
lower stratosphere aligns with classical tropospheric forcing
of sudden stratospheric warmings (SSWs), particularly split-
type events, where enhanced wave activity flux from the trop-
osphere drives zonal wind deceleration and temperature in-
creases in the stratosphere [1, 3]. Localized wave breaking re-
gions over the Pacific—Atlantic sectors are consistent with re-
flective or resonant wave behaviors that amplify and prolong
vortex disruptions, distinguishing synergistic cases from
weaker displacement-dominant or zonal-background events
[22, 30]. The convergence maxima support the critical-layer
interaction mechanism, whereby waves break at levels where
their phase speed matches the background zonal wind, depos-
iting easterly momentum and sustaining the split vortex struc-
ture over 10-20 days [27, 31]. Such patterns further explain
the downstream jet buckling, blocking development, and per-
sistent cold outbreaks documented in prior composites, as
wave breaking enhances meridional temperature gradients and
reinforces negative NAM/NAO anomalies [17, 34].

4.1. Limitations

The present study, while providing detailed composites and
mechanistic insights into synergistic versus zonal polar vortex
split events, is subject to several important limitations. The
primary dataset comprises only 30 synthetic historical events
[14, 20], constructed from reanalysis products and identified
via threshold-based criteria for vortex splits; this modest sam-
ple size restricts statistical power, particularly for trend detec-
tion, rare sub-types (e.g., extreme blocking configurations),
and robust uncertainty quantification. Compositing inherently
smooths out case-to-case variability, potentially masking non-
linear interactions or threshold behaviors that govern real-
world event diversity. Reliance on reanalysis data introduces
uncertainties in stratospheric representation (especially pre-
1979 due to sparse observations) and in derived fields such as
EP flux and wave activity convergence, which can be sensitive
to vertical resolution and assimilation increments. The separa-
tion into synergistic (wave-amplified) and zonal-background
composites, while mechanistically motivated, depends on
somewhat arbitrary amplitude and wave-growth thresholds,
introducing subjectivity in event classification. Regional sur-
face impacts focus predominantly on North America, with less
emphasis on Eurasian outcomes despite known vortex-split
teleconnections to both sectors; this geographic bias may limit
generalizability. Finally, the analysis does not explicitly ac-
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count for potential modulating influences from tropical varia-
bility (e.g., ENSO, QBO), sea-ice anomalies, or anthropo-
genic climate change trends in blocking frequency and NAO
persistence, which could alter the baseline probability and se-
verity of split-related cold extremes in recent decades. These
constraints collectively imply that while the identified mech-
anisms are robust for the sampled events, extrapolation to fu-
ture climate regimes or individual extreme winters should be
undertaken with caution.

4.2. Future Directions

Future work should prioritize expanding the event sample
through inclusion of large-ensemble climate model simula-
tions (e.g., CMIP6 large ensembles, SPEAR, or CESM2-LE)
to achieve statistical robustness and to explore how vortex-
split frequency, intensity, and surface coupling may evolve un-
der different warming scenarios. Targeted sensitivity experi-
ments could disentangle the relative roles of tropospheric
wave precursors versus stratospheric preconditioning in trig-
gering synergistic splits, potentially using idealized models
with prescribed wave forcing or nudged-QBO configurations.
Improved classification schemes, leveraging machine learn-
ing to identify wave interference patterns or jet-buckling pre-
cursors in real time—would reduce subjectivity and enable
early-warning diagnostics for cold-air outbreaks. Extending
the analysis to include Eurasian impacts and quantifying the
contribution of tropical drivers (ENSO, MJO) and cryospheric
feedbacks (Arctic sea-ice loss, snow cover) would provide a
more hemispheric perspective on split-event teleconnections.
Finally, coupling these dynamical insights with impact models
(energy demand, agriculture, transportation) could translate
mechanistic understanding into probabilistic risk forecasts,
enhancing societal preparedness for extreme winter weather
linked to polar vortex variability in a changing climate.

5. Conclusions and Recommendations

5.1. Conclusion

Polar vortex splits constitute one of the most dramatic man-
ifestations of stratosphere-troposphere coupling, yet their sur-
face impacts exhibit remarkable heterogeneity. This study
demonstrates that the severity, spatial extent, duration, and
persistence of cold extremes following such events are not pri-
marily determined by the stratospheric split itself, but rather
by the degree of tropospheric planetary wave amplification
and its constructive interaction with stratospheric responses.
Synergistic splits, characterized by pre-onset wave precondi-
tioning, rapid amplitude growth (1.8-5.3x baseline), phase
alignment, and prolonged Stationarity, produce peak midlati-
tude cold anomalies of —10.5°C, mean anomalies around —
5.0°C, extensive coverage reaching 14.4% of the Northern
Hemisphere domain, and median persistence of approxi-
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mately 4 days. In stark contrast, zonal-background splits, lack-
ing significant wave-mean flow interaction, yield only mild
anomalies (~—2.0°C peak), negligible spatial extent, and vir-
tually no sustained cold conditions.

The identified dynamical chain provides a coherent expla-
nation for this disparity. First, constructive interference be-
tween tropospheric and stratospheric wave components locks
large-amplitude planetary waves over critical longitudes (e.g.,
Alaskan Ridge and eastern Pacific trough), sustaining vortex
disruption and enabling efficient downward propagation of
circulation anomalies. Second, the resulting wave forcing in-
duces pronounced southward buckling of the subtropical jet
(~2° displacement), persistent high-latitude blocking (>4 days
over Greenland sector), reduced vertical shear in blocked re-
gions, and downstream enhancement of baroclinic storm-track
activity (correlation —0.69 between jet latitude and storm in-
tensity). Third, focused Eliassen-Palm flux divergence in the
upper troposphere—lower stratosphere, followed by irreversi-
ble wave breaking and convergence in the stratospheric surf
zone, decelerates the polar night jet and favors the transition
to a split vortex configuration over a mere displacement.

These processes collectively project a strongly negative
Northern Annular Mode (NAM)/North Atlantic Oscillation
(NAO) signature to the surface, anchoring deep troughs, rein-
forcing cold-air advection, and trapping Arctic air masses over
midlatitude continents, particularly eastern North America,
for extended periods. Zonal splits, by contrast, exhibit damped
vertical coherence, rapid anomaly decay, and limited tropo-
spheric projection.

The results extend and refine prior understanding of sudden
stratospheric warming (SSW) diversity, emphasizing that
wave-driven (reflective/resonant) pathways, rather than ge-
neric vortex weakening, are responsible for the most extreme
surface signatures. Although a modest sample of 30 events and
reliance on reanalysis data impose constraints on trend inter-
pretation and rare-event statistics, the mechanistic contrasts
are robust and align with established theory on blocking pre-
cursors, jet waviness, and eddy-mean flow feedbacks. Ulti-
mately, this work underscores that accurate attribution and
forecasting of vortex-split-related cold extremes require ex-
plicit consideration of tropospheric wave activity and its syn-
ergistic coupling with the stratosphere. Distinguishing event
subtypes is therefore essential for advancing subseasonal-to-
seasonal predictability, improving attribution of extreme win-
ter weather, and better anticipating high-impact cold out-
breaks in both present and future climates.

5.2. Recommendations

To enhance prediction skill and risk management for polar
vortex split-related extreme weather, forecasting centers
should integrate real-time monitoring of tropospheric plane-
tary wave precursors—such as amplitude growth, phase align-
ment between tropospheric and stratospheric components, up-
ward Eliassen-Palm flux anomalies, and early signs of jet
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buckling—into subseasonal-to-seasonal prediction systems.
These diagnostics, applied prior to and during vortex weaken-
ing episodes, could extend lead times for high-confidence
cold-air outbreak alerts beyond the current 10—15-day horizon
of operational models.

The research community should expand event databases by
leveraging large-ensemble climate model simulations (e.g.,
CMIP6, CESM2-LE, or UKESMI-0-LL ensembles) to
achieve statistically robust samples (>100 events), enabling
reliable assessment of how vortex-split frequency, the propor-
tion of synergistic configurations, surface coupling strength,
and blocking persistence may shift under continued green-
house warming, reduced Arctic sea-ice extent, and altered
stratospheric variability.

Targeted modeling studies, using idealized GCMs with pre-
scribed wave forcing, QBO-nudged runs, or ensemble sensi-
tivity experiments—would help disentangle the relative con-
tributions of tropospheric preconditioning, stratospheric inter-
nal dynamics, and tropical drivers (ENSO, MJO) in initiating
synergistic splits. Machine-learning frameworks trained on re-
analysis and model output could automate real-time classifi-
cation of event subtypes and precursor detection, supporting
probabilistic forecasts of extreme cold risk.

A more comprehensive hemispheric perspective is essential:
future analyses should systematically quantify impacts over
Eurasia alongside North America and explicitly evaluate mod-
ulating roles of cryospheric feedbacks (sea-ice loss, Siberian
snow cover), tropical, extratropical teleconnections, and deca-
dal NAO variability.

Finally, bridging dynamical insights with sectoral impact
modeling, energy demand, agriculture, transportation, and
public health would translate mechanistic understanding into
actionable risk assessments and adaptation strategies, thereby
strengthening societal resilience to high-impact winter ex-
tremes driven by polar vortex variability in a changing climate.

Abbreviations
CMA Community Atmosphere Model
NMA Northern Annular Model
NOA Northern Atlantic Oscillation
PNA Pacific North America
RPCA  Rotated Principal Component Analysis
SSw Sudden Stratospheric Warming
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