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Abstract

Extreme cold events (ECEs) impose societal risks, yet the local process linking large-scale telecon-
nections to regional ECEs is unclear. Here we systematically evaluate local atmospheric factors to
identify the factor most strongly associated with the linkage between the boreal winter circum-
hemisphere teleconnection and regional ECEs. Using a five-part statistical framework, we compare
1000-500 hPa thickness (AZ) with 13 other factors. AZ exhibits the strongest and most robust
statistical association with ECEs among the factors examined: removing AZ produces the largest
change in the ECE-related cold-tail distribution, P (ECEs | extreme AZ) is the highest among all
factors, and the AZ—-ECE relationship remains robust across multiple statistical analyses. The per-
turbation hypsometric law and complementary dynamical diagnostics provide a physical interpre-
tation of this statistical relationship. Together, these results suggest that atmospheric thickness pro-
vides a physically interpretable local bridge from large-scale teleconnection signals to ECEs.

1. Introduction

Extreme cold events (ECEs) (see table S1 for a full list
of abbreviations) remain high-impact winter hazards
for health, transport, energy demand, and ecosystems
(Quiroz 1984, Huynen et al 2001, Medina-Ramoén
and Schwartz 2007, Chen and Sun 2018, He et al
2023). Recent winters have still produced record-
breaking cold episodes over Northern Hemisphere
lands (Zhang et al 2022, Ye et al 2025). Moreover,
although weak ECEs have generally declined under
global warming, strong ECEs show no comparable
decrease and may even increase in some regions (He
et al 2023). Understanding the variability and causes
of these persistent strong cold extremes is therefore
crucial for improving winter climate-risk assessment
and prediction.

Attribution of such extremes is challenging due
to their multifaceted and complex nature (Trenberth
et al 2015, Stott et al 2016). Many studies have
linked regional winter ECEs to remote oceanic and

© 2026 The Author(s). Published by IOP Publishing Ltd

atmospheric drivers, which can be broadly grouped
into four categories. First, Arctic sea ice loss and snow
cover changes influence mid-latitude cold extremes
through stratospheric pathways and polar vortex
modulation (e.g. Mori et al 2014, Kug et al 2015,
Matsumura and Kosaka 2019, Ye et al 2025). Second,
tropical Pacific SST variability, including ENSO and
the Victoria Mode, affects cold events over Eurasia
and North America via planetary wave telecon-
nections (e.g. Rudeva and Simmonds 2021, Zheng
et al 2022). Third, North Atlantic processes, such as
the North Atlantic Oscillation, Atlantic Meridional
Overturning Circulation, and the North Atlantic
Tripole (NAT'), modulate cold spells over Europe and
East Asia (e.g. Yao et al 2017, Cohen et al 2021, Li
et al 2022, Meccia et al 2024, Wang et al 2025). Finally,
cross-basin synergistic effects, such as the combined
influence of the North Pacific and North Tropical
Atlantic SST, can further amplify cold event risks (e.g.
Wang et al 2022, Zhang et al 2022, Ji et al 2025).
These drivers can organize planetary-wave trains and
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circulation anomalies that favor cold extremes, but
they do not identify the local atmospheric factor
through which teleconnection signals most directly
affect regional surface-temperature extremes. Several
studies have noted local processes such as vertical
motion (e.g. Songand Wu 2017, Gong et al 2024) and
large-scale circulation systems (e.g. Bueh et al 2022,
Dai et al 2025, Yu et al 2025), but without a system-
atic quantitative comparison of multiple candidate
factors. For example, Wang et al (2023) considered
surface albedo, water vapor, clouds, aerosols, surface
fluxes, surface dynamics, and atmospheric dynamics
terms, but did not isolate a concrete, measurable local
driver with clear physical interpretation. Thus, a con-
cise, measurable, and physically coherent local bridge
between hemispheric teleconnections and regional
ECEs remains lacking.

The circum-hemisphere teleconnection of
extreme cold events (CHTe) describes five centers
of action of winter cold night (TN10p) variability
across Northern Hemisphere lands (Wang et al 2024).
A related circum-hemisphere teleconnection (CHT),
excited by the NAT, provides the large-scale circula-
tion background for these cold extremes (Wang et al
2025). What remains unresolved is the local atmo-
spheric factor through which the CHT influences
regional ECEs.

Motivated by recent evidence that atmospheric
thickness plays a key hydrostatic role in heat extremes
over the Yangtze River basin (Sun et al 2025), we
include atmospheric thickness between 1000 and
500 hPa (AZ) as a candidate local factor for ECEs.
It is defined as AZ = Zsog — Z1000, With its anomaly
given by AZ/ = Z500 r— ZlOOO /, where Zs()() and ZlOOO
denote the geopotential heights at 500 and 1000 hPa,
respectively. In physical terms, AZ (m) represents the
vertical separation between these two pressure sur-
faces. In this study, we propose the perturbation hyp-
sometric law and use a multidimensional statistical
framework to evaluate 14 local atmospheric factors.
The statistical analyses identify AZ as the local atmo-
spheric variable exhibiting the strongest and most
robust association with regional ECEs among the fac-
tors examined, while the theoretical and dynamical
analyses provide a physical interpretation of this sta-
tistical relationship.

2. Data and methods

2.1. Data

Detailed information on the datasets used in this
study is provided in table S2. We use a monthly indi-
cator for ECEs during 1901-2018 on a 1.25° x 1.875°
grid: cold nights (TN10p, percentage of time when
daily minimum temperature <10th percentile),
which is derived from the daily, in situ observa-
tions and supported by the World Meteorological
Organization (Dunn et al 2020). All atmospheric
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variables are obtained from the National Centers
for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) Reanalysis
1 dataset (Kalnay et al 1996), including geopotential
height, wind components, vertical velocity (omega),
air temperature, sea level pressure, surface net latent
heat flux, net sensible heat flux, net longwave radia-
tion flux, and net shortwave radiation flux. Pressure-
level variables are provided on a 2.5° x 2.5° grid and
surface flux variables on a 1.875° x 1.889° grid, with
both monthly and daily resolutions from January
1948 to May 2026. Considering the availability of both
the TN10p and atmospheric datasets, the same study
period (1951-2017) is selected. Anomalies are calcu-
lated as departures from the monthly climatology.

2.2. Indices

Winter refers to December—February (DJF). Local
variables are averaged over the five CHTe regions fol-
lowing the CHTe index (CHTel) definition of Wang
et al (2024). Specifically, the CHTel is calculated as a
linear combination of normalized TN10p anomalies
over the five centers of action:

CHTel

1
=5 ([TN10pag,] + [TN10pag,] + [TN10pag.])

1

+ 7 ([TN10pag,] + [TN10pag,]), (1)

o |

where the square brackets denote the standardized
area-mean TN10pa anomaly over the correspond-
ing region. R, denotes Southeastern North America
(78°-93° W, 27°-37° N and 78°-108° W, 17°-
27° N), R, the Baffin Bay Coast (38°-91° W, 46°—
78° N), R; Northern Europe (27° W-53° E, 54°—
79° N), R, the Middle East—North Africa (22°-68° E,
22°-42° N and 16° W-22° E, 22°-32° N), and Rs
Eastern Siberia (82°-140° E, 41°-72° N).

ECEs and extreme local atmospheric factor events
are defined as values below the 10th percentile of
their respective distributions. The 14 tested factors
are atmospheric thickness between 1000 and 500 hPa
(AZ), geopotential height at 500 hPa (Zsq), geopo-
tential height at 200 hPa (Zyy), sea level pressure
(SLP), zonal wind at 200 hPa (U, ), meridional wind
at 200 hPa (V5y), zonal wind at 850 hPa (Ussg),
meridional wind at 850 hPa (Vys), vertical motion at
500 hPa (ws¢p), horizontal wind divergence at 200 hPa
(DIVy0), net shortwave radiation flux (SR), net long-
wave radiation flux (LR), latent heat net flux (LHF),
and sensible heat net flux (SHF). It should be noted
that the 14 variables examined here do not represent
equivalent physical quantities. Atmospheric thick-
ness is directly related to layer-mean air temperature
under hydrostatic balance, whereas the other local
atmospheric factors primarily characterize dynamical
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and thermodynamical processes that affect temper-
ature tendencies through pathways such as temper-
ature advection, vertical motion, and diabatic heat-
ing. Accordingly, the statistical analyses are intended
to identify the local diagnostic quantity exhibiting
the most stable and direct statistical relationship with
ECEs, rather than to rank the causal effects of these
variables.

2.3. Statistical methods
Surface air temperature anomaly (SATa) is first lin-
early regressed onto a given local atmospheric factor

x():

—_~—

SATa(t) = Ax(f) + B, (2)
where SATa(¢) represents the SATa component lin-
early associated with the local factor x (), and A and
B are the regression coefficient and intercept, respec-
tively. This linearly associated regression component
is then removed from the original SATa(t) to obtain
the residual temperature series SATa*(¢):

—_~—

SATa(f)* = SATa (t) — SATa (1), 3)

Thus, SATa*(t) represents SATa after statistically
removing the linear component associated with the
local factor x(¢). This residualization should not be
interpreted as completely removing the physical or
causal effect of that factor.

To identify which local atmospheric factor
exhibits the strongest statistical association with
ECEs, we compare the probability density functions
(PDFs) of SATa with those of the SATa*, as illustrated
in figure S1. Both SATa and SATa* are normalized
to have zero mean and unit variance before PDF
estimation.

The cold tail is defined as the region below the
10th percentile of the SATa distribution (denoted as
 in figure S1), consistent with the definition of ECEs
used throughout this study. We then compute the
APDF = PDFgur,+ — PDFsar, and interpret three pat-
terns: (1) APDF > 0 in the cold tail (red curve in
figure S1): Removing factor fincreases the probabil-
ity density in the cold tail relative to the SATa, indi-
cating a negative statistical association between fac-
tor fand the ECE-related cold-tail distribution in this
diagnostic. (2) APDF < 0 in the cold tail (blue curve):
Removing factor f decreases the cold-tail probabil-
ity density, indicating a positive statistical associa-
tion between factor and the ECE-related cold-tail dis-
tribution. (3) APDF = 0 throughout the cold tail
(black dashed curve): Removing factor f has negligi-
ble impact on the cold-tail distribution, indicating a
weak statistical association in this diagnostic.

The remaining statistical diagnostics include tail
Kullback—Leibler (K-L) and Jensen—Shannon (J-S)
divergences for cold-tail distributional changes (text
S1), contingency-table analysis for co-occurrence and
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association strength (text S2), paired contingency
analysis for changes in ECE occurrence after residu-
alization (text S3), and the extreme consistency rate
for lead—lag matching between extreme local factors
and ECEs (text S4).

Other statistical methods, such as detrended anal-
ysis, and partial correlation are also used.

2.4. Dynamical METHODS
To provide a physical basis for using atmospheric
thickness as a local pathway, we propose the pertur-
bation hypsometric law (figure 1). This law is not an
independent physical law but follows directly from
the classical hypsometric relationship applied to both
basic and perturbed hydrostatic states. Previous stud-
ies have mainly focused on the relationship between
atmospheric thickness and layer-mean air tempera-
ture or their perturbations separately. Here, we fur-
ther establish a unified framework that explicitly links
the mean and perturbation states.

For an air column bounded by two fixed isobaric
surfaces p; and p,, the hypsometric equation (Holton
and Hakim 2013) gives

Az=7, -z =KDy o1 (4)
& P2
where AZ is the geopotential thickness, (T) is the
layer-mean temperature, R is the gas constant for dry
air, and g is gravitational acceleration. Thus, for fixed
p1 and py, AZ and (T) are constrained by a constant
hydrostatic proportionality.
The perturbation hypsometric equation (Li et al
2022) relates perturbations in geopotential thickness
to perturbations in layer-mean temperature:

—1
r & p1 ’

(T) R (lnp2> AZ', (5)
where (T)' and AZ’ represent the perturbations
(i.e. departures from the equilibrium state at #,) of
(T) and AZ, respectively. This equation indicates
that AZ’ is proportional to (T)’. Therefore, the pro-
portionality constant between the two perturbation
terms is identical to that derived from the initial
hydrostatic equilibrium state before the external forc-
ing is applied. The perturbation hypsometric law is
mathematically expressed by the ratio form of the
equilibrium and perturbation relationships:

AZ AZ R, p
—_— — = — n—’
() (1) & p

This law states that, for an air column bounded by
two fixed isobaric surfaces, the ratio of geopotential
thickness to layer-mean temperature is the same in
the basic and perturbed hydrostatic states. It describes
a linear constraint inherent to hydrostatic adjust-
ment and is analogous to Gay-Lussac’s law under
the hydrostatic approximation. The applicability of

(6)



10P Publishing Environ. Res. Lett. 21 (2026) 184020 N Wang et al
Fluctuations that change the
_____ iy: tqy: ty:
P i SR AZ'= AZ + AZy AZ'= AZY + AZy AZ'= AZYy + AZ) L
P Bes_ >0 <0
4’) Zyyty Z2,th Zyh ~ (T)’ >0 (T)' <0
L-hzh >0 82} > 0 75 > 0 S
i T) +(T)'
P2 Tt (T) +(T)
to: (T) + (T
AZ'=0 Zut H
AZ (T) (T) +(T)’ : Z2,t1 Zat Zaty
(ry =0 ) (T) +(TY
Zu,t =0 () + (1Y Z1,t
7t oz <o
2 20— - - - - e s ... (T)+(ry 2
Zity iAZ'l =0 Zy,t
AZ) >0
ty: ty: ty: Z1,t,

AZ'= AZY + AZy AZ'= AZ) + AZy AZ'= AZ) + AZ)

>0 >0 <0
Ty >0 (TY >0 Ty <0
Gof, Pr\ ", Sotrsuicu gof, P\
0 1 ydrostatic adjustment 0 1
=2 (zn—) e~ () ATy =22 (zn —) (8z +42)
P2 P2
-1
9 p
I (ry =22 (ln —1) AZ'
R\ p2 AZ A R py . .
perturbation hypsometric equation — == —in— Perturbation Hypsometric Law
(Li et al, 2021) (ry 1Y go p:

Figure 1. Schematic diagram of the perturbation hypsometric law proposed in this study, illustrating the adaptation process

of perturbation air temperature to perturbation geopotential thickness via hydrostatic adjustment. The geopotential thickness

(AZ = Z, — Z;) of an air column bounded by two isobaric surfaces (p1, p») and mean air temperature of the column ({T)) are
— &

in balance ((T) =

tential thickness (AZ’) appears at the next moment #, (T) starts to adjust to AZ+ AZ’. Thus, the perturbation air tempera-
2 ,

ture ((T) ") appears quickly and the new equilibrium state is achieved ({(T) + (T)" = o (ln%) (AZ+ AZ), which means

Az4+AZ _ (T)H(T) Az (1)’
(T)

—1
g = . Therefore, (T)" is proportional to AZ’ ((T)' = & (111%) AZ', which means 55 o)

the variation of AZ is simultaneously influenced by Z, and Z», this study impro-ves the simplified description of this adaptation
process (Sun et al 2025) by considering six combination patterns of changes in both the geopotential height at the top of the air

-1
<ln§%) AZ) at the moment ty. When AZ is affected by external fluctuations and perturbation geopo-

). Since

column (Zy,1, > Zy 4, Or Za,1, < Z,1,) and the geopotential height at the bottom Z1 1, > Z1 4, or Z1,, < Z14,).

this relationship is not intrinsically region dependent.
In principle, it can be applied to any atmospheric
layer for which hydrostatic balance and the ideal-
gas approximation are reasonably satisfied and that
is bounded by fixed pressure surfaces. In this study,
this law provides the theoretical basis for interpret-
ing AZ' as alocal bridge between geopotential height
anomalies and surface cold extremes. Importantly,
these six configurations demonstrate that a local tem-
perature anomaly cannot be inferred from the geopo-
tential height anomaly at a single pressure level.
According to the perturbation hypsometric law, the
layer-mean temperature anomaly is governed by the
AZ’, which is jointly determined by the geopoten-
tial height changes at the upper and lower boundaries
of the air column. Thus, similar geopotential height
anomalies at one pressure level may correspond to
different temperature anomalies depending on the
change at the other boundary. More details are pro-
vided in text S5. In this study, the perturbation hyp-
sometric law is applied to the five key CHTe regions
to theoretically interpret the relationship between AZ
and local SATa. However, the applicability of this
law is not confined to these five regions; rather, they

4

represent the specific regions examined in the present
study.

To diagnose the propagation pathway, direction,
and intensity of CHT-related Rossby wave activity,
we use the horizontal Rossby wave ray flux, here-
after referred to as the Li-Yang WRF method (Yang
and Li 2025). Details of the method are provided in
text S6.

3. Results

3.1. Spatial linkages between the CHT and local
atmospheric factors

The NAT can excite a Rossby wave train associ-
ated with the atmospheric teleconnection pattern
CHT, which propagates downstream and mod-
ulates atmospheric-thickness anomalies over the
five regions of CHTe, producing a corresponding
‘positive—negative—positive—negative—positive’  five-
center structure (Wang et al 2025). Against this large-
scale background, the present study further focuses
on identifying which local atmospheric factors are
most closely associated with the occurrence of ECEs



Environ. Res. Lett. 21 (2026) 184020

N Wang et al

(a) Cor (CHTeI AZ)

120°E

0 = 0
120W 80w o 60°E 120 60w 0

e) Cor. (CHTel, U200)

120°E

130 "W 60°W
{g) Cor. (CHTel, U850

) Cor. (CHTel, V200)

AAAAAA

0
120°W

0
i) Cor. (CHTel, «500) j
60°N % o

30°N ' &5 j 4 ]
v;{ kﬁ*%‘ :

12000 80V 60°E 120‘E

N .
1207 60w 60°E

(m) Cor. (CHTs, LHF) (n) Cor. (CHTel, SHF)

Figure 2. Spatial distribution of correlation coefficients between the CHTel and (a) AZ, (b) Zsoo, (¢) Z200, (d) SLP, (e) Uago, ()
V200, (8) Usso, (h) Vsso, (i) wsoo, (j) DIVago, (k) SR, (1) LR, (m) LHF, (n) SHF (shaded). Green boxes denote the five regions of
the CHTe. Dotted areas denote the significant values at the 99% confidence level based on the Student’s ¢-test.

after the large-scale teleconnection signal reaches
each key region.

Consistent with this large-scale background, the
Li-Yang WRF diagnosis indicates that Rossby wave
activity originating from the central North Atlantic
propagates eastward along a pathway broadly corre-
sponding to the CHT regions (blue boxes in figure
S2), which are distinct from the five CHTe regions
used to define the CHTel. This preferred pathway
passes through four of the five CHT centers but does
not directly intersect the Greenland center (text S7).
This diagnosis provides dynamical support for inter-
preting the CHT as an organized Rossby wave path-
way transmitting North Atlantic circulation anoma-
lies downstream.

We then examine which local atmospheric factor
is most closely associated with the hemispheric cir-
culation pattern and may therefore provide a poten-
tial bridge to regional ECEs. All 14 local factors
exhibit varying degrees of spatial association with
the CHTel (figure 2), but their spatial coherence
and regional consistency differ substantially. Several
factors show pronounced correlations in individual
regions, whereas these signals are relatively local-
ized or vary in sign among the five CHTe regions.
In contrast, AZ exhibits a more spatially coher-
ent relationship with the CHTel, with correlation
signs that systematically correspond to the alter-
nating circulation anomalies of the five CHTe cen-
ters. This contrast suggests that AZ may better cap-
ture the five-region structure of the CHTe than
the other local atmospheric factors. We therefore
quantitatively evaluate their five-region spatial coher-
ence using the area-weighted regional-mean corre-
lation and the fraction of significant area within
each CHTe region (figure S4). First, we calculated

the area-weighted regional-mean correlation coef-
ficients of the 14 local atmospheric factors within
each of the five CHTe regions (figure S4 (a)). The
results show that, in the order of Southeastern North
America, the Baffin Bay Coast, Northern Europe,
the Middle East-North Africa, and Eastern Siberia,
only AZ exhibits a clear and continuous positive—
negative—positive—negative—positive alternating cor-
relation pattern, showing a coherent spatial corre-
spondence with the five-region structure of the CHTe.
In contrast, the other local atmospheric factors do
not exhibit an equally consistent alternating pat-
tern across all five regions. We further calculated
the fraction of regional area showing significant cor-
relations within each of the five regions (figure S4
(b)). AZ exhibits consistently large significant-area
fractions across all five regions, whereas the other
local atmospheric factors generally show substan-
tially smaller significant-area fractions in one or more
regions. Taken together, the spatial sign structure of
the regional-mean correlations and the significant-
area fractions indicate that, among the 14 local atmo-
spheric factors examined, AZ exhibits the most con-
sistent and spatially coherent five-region statistical
correspondence with the CHTel.

3.2. Assessment of local factors on ECEs

To quantitatively compare the associations of the
candidate local factors with ECEs, we employ five
complementary statistical metrics in the following
analyses.

The PDF analysis provides statistical evidence for
associations between local atmospheric factors and
ECE occurrence. The rationale is that if a local factor
has a strong statistical relationship with ECE occur-
rence, statistically removing its linearly associated

5
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Figure 3. The probability density distributions of the SATa (blue) and SATa* (red) conditioned on ECEs. The SATa* denotes
the SAT after statistically removing the linear component associated with (a) AZ, (b) Zsgo, (¢) Z200, (d) SLP, (e) Uago, (f) V200,
(g) Usso, () Vgso, (i) wsoo, (j) DIVago, (k) SR, (1) LR, (m) LHF, (n) SHF. The histograms represent the empirical PDFs of the
normalized anomalies. The solid curves denote the theoretical normal distributions fitted using the corresponding mean and

standard deviation of each dataset.

temperature component should produce a relatively
large change in the ECE-related cold-tail distribu-
tion. As shown in figure 3, after removing AZ, the
cold-tail probability density of SATa*, representing
ECEs, decreases markedly relative to that of SATa,
with APDF < 0. In contrast, removing any of the
other 13 factors produces much smaller changes in
the cold-tail probability density, with APDF = 0.
This result indicates that removing AZ produces
the largest change in ECE-related cold-tail probabil-
ity among the factors examined. Paired contingency
analysis and McNemar’s test further support this con-
clusion (table S5). For example, as shown in table S6,
removing AZ reduces the number of days classified
as ECEs by 98%. To quantify cold-tail distributional
differences without dilution by the bulk distribution,
we further compute the tail K-L and J-S divergences;
larger values indicate greater differences within the
selected tail region. As shown in figure S5, after AZ is
removed, the tail K-L divergence reaches 3.68, more
than thirty times the second-ranked value for Ugs
(0.12); the tail J-S divergence for AZ is 0.14, whereas
the values for all other factors do not exceed 0.02.
Together, the qualitative PDF changes and quantita-
tive tail-divergence metrics demonstrate that remov-
ing AZ substantially alters the extreme cold-tail dis-
tribution, whereas removing the other factors has lit-
tle effect. This further indicates that AZ shows the
strongest association with ECE occurrence among the
local factors examined.

The conditional probability P (ECEs | extreme
factor) quantifies the likelihood of ECE occurrence
when a local atmospheric factor is in its extreme
state. As shown in figure S6, P (ECEs | extreme AZ)
reaches 65%, whereas the second-highest value, for
Za00, 1s only 37%, and all remaining factors are below
32%. This contrast indicates that extreme AZ is more
strongly linked to ECE occurrence than the extreme
states of the other local atmospheric factors. This
result complements the PDF-removal evidence: the
PDF analysis asks whether removing a factor changes
the cold-tail distribution, whereas the conditional
probability asks whether the extreme state of that
factor preferentially occurs with ECEs. The agree-
ment between these two independent perspectives
strengthens the interpretation that extreme atmo-
spheric thickness anomalies are closely tied to ECE
occurrence.

We further evaluate the spatiotemporal coinci-
dence between extreme local atmospheric factors and
ECEs using the extreme consistency rate. From 10 d
before the ECEs to Day 0 (figure S7), the consistency
rate between extreme atmospheric thickness and
ECE:s is generally higher than those associated with
the other extreme local atmospheric factors, indicat-
ing a more pronounced preceding statistical corre-
spondence between extreme atmospheric thickness
and ECEs over this period. For extreme atmospheric
thickness itself, however, the consistency rate reaches
its maximum at Day 0 and gradually decreases with
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increasing lead time. When atmospheric thickness
leads the ECEs by 5 d, the consistency rate falls
below 40%, indicating that the statistical correspon-
dence between extreme AZ and ECEs is mainly
concentrated within a lead time of approximately
0-4d.

To complement the daily-scale analyses above,
we conduct an additional annual-scale analysis using
2 X 2 contingency tables. Among the 7 years when
extreme AZ occurs, 5 coincide with ECEs, and 2 do
not; in contrast, among the 60 years with non-
extreme AZ, only 2 experience ECEs while 58 do not
(table S7). The corresponding 2 value for AZ is
31.07, significant at the 99.9% confidence level, and
@ = 0.68, approximately twice the ¢ value of the
next-ranked factors and much larger than those of
most other variables (table S8). This demonstrates
a strong annual-scale association between extreme
AZ and ECE occurrence, further supporting AZ
as the factor exhibiting the strongest long-term sta-
tistical association with ECEs among those exam-
ined. The contingency analysis also indicates that
the AZ-ECE relationship is strong but not deter-
ministic. Although ECEs are much less frequent in
non-extreme-AZ years, some ECE years occur with-
out AZ crossing its prescribed extreme threshold,
indicating that extreme AZ is not a strict nec-
essary or sufficient condition for ECE occurrence.
This asymmetry is physically consistent with AZ
representing the layer-mean thermal state of the
1000-500 hPa atmospheric column, whereas ECEs
are defined by near-surface minimum temperature
and can additionally be modulated by shallow near-
surface and local dynamical and thermodynamical
processes.

In linear-correlation analysis, AZ shows the
strongest correlation with ECEs (r = 0.83, 68.5%
explained variance), followed by Z;gy (r = 0.46), Zsoo
(r = 0.46), and Vgsy (r = 0.44; table S9). The AZ—
ECE association remains significant after statistically
controlling for the other leading factors, whereas the
associations of these factors with ECEs become weak
and nonsignificant after adjustment for AZ (table
$10). This indicates that AZ retains a robust statis-
tical relationship with ECEs beyond the shared vari-
ance captured by the other leading factors. Adding the
other leading factors provides only limited additional
explanatory power once AZ is included, while the
reduced associations of these factors after adjustment
for AZ indicate substantial shared variance with AZ.
This result is physically consistent with the perturba-
tion hypsometric law, which provides a hydrostatic
interpretation of the close relationship between AZ
and temperature. Overall, these analyses further iden-
tify AZ as the factor exhibiting the most robust statis-
tical correspondence with ECEs among the variables
examined (figure S8).

N Wang et al

4, Conclusions and discussion

In this study, atmospheric thickness between
1000 and 500 hPa (AZ) exhibits the strongest and
most robust statistical association with regional ECEs
among the 14 local atmospheric factors examined.
To provide a physical interpretation of this statistical
relationship, we propose the perturbation hypsomet-
ric law, which states that perturbations in geopoten-
tial thickness and layer-mean temperature share the
same hydrostatic proportionality as their basic-state
counterparts. This law provides the physical basis
for the atmospheric-thickness pathway: CHT-related
geopotential-height anomalies can alter the thick-
ness of the 1000-500 hPa air column, and hydrostatic
adjustment links this thickness perturbation to a cor-
responding layer-mean temperature perturbation.
Thus, negative AZ anomalies indicate a thinner and
colder lower-to-middle tropospheric column, favor-
ing surface cold extremes.

The multidimensional statistical framework fur-
ther shows that AZ is not only spatially coherent with
the CHTe pattern, but also consistently exhibits the
strongest association across complementary statisti-
cal diagnostics (figure 4). Removing AZ produces the
largest change in the extreme cold-tail PDF and the
largest tail-divergence values. Extreme AZ also yields
the highest conditional probability of ECE occurrence
and the strongest lead-lag consistency at 0—4 d, sug-
gesting useful short-lead information. Annual con-
tingency analysis further supports a strong long-term
association, while partial-correlation and multiple-
correlation analyses show that adding Zso, Z200, OF
Vsso provides little additional explanatory power once
AZ is included. Together, these results indicate that
atmospheric thickness is a measurable and physically
interpretable bridge from hemispheric teleconnec-
tion dynamics to regional winter cold extremes.

The temperature tendency equation and compos-
ite evolution analysis further provide dynamical con-
text for interpreting the physical processes underlying
the AZ-ECE relationship (text S8).

Across the five CHTe regions, the AZ—ECE rela-
tionship remains consistently robust, whereas the sec-
ondary associations show clear regional dependence
(text S9). The primary datasets used in this study are
at daily resolution; therefore, the lead-lag relation-
ships identified here are confined to timescales of sev-
eral days. When extreme atmospheric thickness lags
the ECEs, the consistency rate is generally lower than
when atmospheric thickness leads the ECEs (figure
S7). Nevertheless, the perturbation hypsometric rela-
tionship between atmospheric thickness and surface
air temperature is not restricted to daily data and is
also applicable to monthly and annual datasets (e.g.
Wang et al 2024, 2025, Sun et al 2025), suggesting its
potential relevance for subseasonal and climate-scale
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Figure 4. Schematic summary of the statistical and dynamical framework linking the CHT, atmospheric perturbation thick-

ness (AZ, light yellow circle), and ECEs. The AZ—ECE relationship is evaluated using five complementary statistical diagnos-
tics: probability distributions (pink box; occurrence frequency-distribution), conditional probability (purple box; occurrence
frequency-conditional), extreme consistency rate (green box; spatiotemporal coincidence), contingency table (blue box; degree
of association) and connection (dark yellow box; linear correlation). The perturbation hypsometric law provides the theoretical
basis for interpreting this relationship: CHT-related geopotential-height anomalies are associated with anomalous thickening or
thinning of the atmospheric column (AZ), while hydrostatic adjustment provides a physical link between thickness and temper-
ature perturbations. Together, the statistical evidence and dynamical interpretation provide a physically consistent framework for
understanding the observed association between AZ and ECE occurrence.

Degree of Association Linear Correlation

prediction. The lead-lag relationship between atmo-
spheric thickness and surface air temperature war-
rants further investigation across different timescales.

Several limitations and future directions deserve
mention. The statistical framework is primarily lin-
ear and does not establish causality or fully account
for nonlinear interactions. We cannot rule out the
possibility that other local factors may exert syner-
gistic effects (Li et al 2019) on ECEs. The perturba-
tion hypsometric law identifies the hydrostatic con-
straint linking thickness and temperature, but tar-
geted numerical experiments are still needed. Finally,
extreme events often arise from complex interac-
tions across multiple temporal and spatial scales,
involving a range of factors and physical processes.
Accurately identifying these factors and quantifying
their contributions will require the development of
novel methodologies and theories.
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