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Abstract. Abnormal temperature fluctuations during spring
can substantially impact vegetation growth, agricultural pro-
ductivity, and ecosystem stability. However, the physical pro-
cesses underlying year-to-year variations in the evolution of
North American spring temperature anomalies remain poorly
understood. Here, we apply Season-reliant Empirical Or-
thogonal Function (S-EOF) analysis to identify the leading
modes of spring temperature evolution over North America.
We focus on the first two modes here, which differ from con-
ventional responses to winter El Nifio—Southern Oscillation
(ENSO) and are instead linked to distinct evolutions of trop-
ical sea surface temperature (SST). The first mode (S-EOF1)
features rapidly decaying Eastern Pacific (EP) ENSO-like
SST anomalies from winter to spring and the emergence of
tropical North Atlantic (TNA) SST anomalies, accompanied
by a persistent north—south temperature dipole over North
America. This mode is jointly influenced by the North Pa-
cific Oscillation (NPO) and TNA-related North Atlantic cir-
culation anomalies. In contrast, the second mode (S-EOF2) is
associated with more persistent Central Pacific (CP) ENSO-
like SST anomalies and the absence of TNA SST anoma-
lies, together with evolving temperature patterns with tempo-
ral phase reversals across large parts of North America. This
mode is primarily associated with the North Pacific (NP) pat-
tern, whose influence may be further amplified by persistent
CP ENSO-like SST anomalies. Dominance analysis further
quantifies the relative contributions of tropical SST and mid-

latitude circulation patterns. These findings highlight the crit-
ical roles of ENSO decay rate and spatial structure, TNA SST
variability, and their coupling with midlatitude circulation in
shaping distinct spring temperature evolution patterns, with
important implications for improving seasonal prediction.

1 Introduction

As a transition season between boreal winter and summer,
spring over North America is marked by pronounced interan-
nual and subseasonal temperature variability (Schwartz and
Reiter, 2000). With the seasonal northward shift of solar ra-
diation, surface energy input increases rapidly, facilitated by
declining snow cover and associated albedo feedbacks (Diro
et al., 2018). At the same time, cold air masses over the
Arctic remain active and can still penetrate into the midlati-
tudes under favorable circulation patterns. The interplay be-
tween increasing radiative forcing and intermittent cold air
outbreaks often promotes “false spring” conditions, leading
to rapid swings between warm and cold temperatures (Cham-
berlain et al., 2019). Such temperature variability can directly
influence vegetation growth, thereby modulating terrestrial
carbon uptake (Byrne et al., 2020; Mekonnen et al., 2016;
Wang et al., 2011). In addition, late-spring frost events can
significantly reduce yields and disrupt productivity (Leduc
and Logan, 2025). Spring temperature fluctuations can also
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influence hydrological processes, shift species distributions,
and increase the likelihood of extreme events (Barcikowska
et al., 2019; Choi and Kim, 2018; McDonald et al., 2012;
Seager and Vecchi, 2010; Xue et al., 2018). Therefore, un-
derstanding the characteristics and underlying mechanisms
of North American spring temperature variability is essential
for improving both climate prediction and decision-making
in agriculture and ecosystem management.

North American spring temperature variability is inher-
ently linked to midlatitude circulation patterns over both the
upstream (North Pacific) and downstream (North Atlantic)
regions. For example, the North Pacific Oscillation (NPO),
a basin-wide meridional seesaw pattern over the North Pa-
cific, can modulate the anticyclonic ridge near Alaska and
thereby influence cold air outbreaks over North America (Ji
et al., 2024; Sung et al., 2019). The North Atlantic Oscilla-
tion (NAO), on the other hand, influences North American
temperature variability by altering the strength and preferred
location of the westerly jet stream and storm tracks over the
North Atlantic (Abatzoglou and Redmond, 2007; Ault et al.,
2011; Hurrell, 1995; Soulard and Lin, 2017). These circu-
lation patterns can also be regulated or reinforced by tropi-
cal sea surface temperature (SST) anomalies. The El Nifio—
Southern Oscillation (ENSO) can excite the Pacific—North
American (PNA) pattern and modulate the strength of the
Aleutian Low (commonly measured by the North Pacific,
NP, index (Trenberth and Hurrell, 1994)), thereby influenc-
ing North American spring climate (Chen et al., 2020; Ding
et al., 2025; Jong et al., 2020; Sun et al., 2019; Wang et al.,
2020). In addition, air—sea interactions over the North Pa-
cific may further enhance an NPO-like pattern and exert sig-
nificant impacts on North American temperature variability
(Ji and Ding, 2023; Park et al., 2017). SST anomalies in the
tropical western Pacific can also influence North American
spring climate by generating large-scale teleconnections that
propagate across the North Pacific (He and Yang, 2018; Wei
et al., 2023). Apart from Pacific SST variability, tropical At-
lantic SST anomalies have been shown to play an important
role in shaping North American spring temperature anoma-
lies by inducing an NAO-like response in the North Atlantic
(Fu et al., 2025; Hou et al., 2023; Sheng et al., 2023). The
coupling between the NPO and NAO may further amplify
their impacts on North American spring temperatures (Ji et
al., 2025).

Despite the transitional nature of the spring season, pre-
vious studies have primarily focused on seasonal mean tem-
perature variability. However, the timing of spring onset has
been shown to be more sensitive to large-scale circulation
patterns on monthly scales (Ault et al., 2011). A weaken-
ing of the spring Aleutian Low in recent decades (Sun et
al., 2019), combined with enhanced atmospheric waviness
(Fragkoulidis et al., 2018), may lead to larger and more fre-
quent subseasonal temperature swings. These features high-
light the importance of understanding spring temperature
variability beyond the seasonal mean, particularly at subsea-
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sonal time scales (Breeden et al., 2022; Hwang et al., 2025).
Recent studies have applied the Season-reliant Empirical Or-
thogonal Function (S-EOF) analysis (Wang and An, 2005)
to identify the dominant month-to-month evolution patterns
of Eurasian winter temperature variability (Zhong and Wu,
2022, 2023, 2024). In this study, we extend the S-EOF anal-
ysis to revisit North American spring temperature variability,
with a particular focus on its month-to-month evolution, and
to elucidate the roles of tropical SST and midlatitude circu-
lation patterns.

The rest of this paper is structured as follows. Section 2 in-
troduces the data and methods used in this study. Section 2.1
describes the reanalysis datasets and climate indices, while
Sect. 2.2 and 2.3 present the S-EOF analysis used to iden-
tify North American spring temperature evolution patterns
and the dominance analysis employed to quantify the rel-
ative importance of different climate indices, respectively.
Section 3 presents the main results. Section 3.1 describes
two distinct spring temperature evolution patterns over North
America and their associated circulation anomalies. Section
3.2 explores their connections with tropical SST regimes and
midlatitude circulation through the Atlantic and Pacific path-
ways. Section 3.3 quantifies the relative contributions of trop-
ical SST variability and midlatitude circulation using domi-
nance analysis. Finally, Sect. 4 summarizes the main conclu-
sions and discusses several implications of the findings.

2 Data and methods
2.1 Data and indices

This study utilizes monthly ERAS5 reanalysis data (Hers-
bach et al., 2020) provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF). All surface
and pressure-level variables are regridded from the original
horizontal resolution of 0.25° x 0.25° to 2.5° x 2.5°. In ad-
dition, monthly SST data from the National Oceanic and At-
mospheric Administration (NOAA) Extended Reconstructed
SST version 5 (ERSST v5, Huang et al., 2017) are used, with
a horizontal resolution of 2° x 2°.

The Nifo3.4 index is defined as the area-averaged SST
anomalies over the Nifio3.4 region (5° N-5°S, 170-120° W).
The Eastern Pacific (EP) ENSO index (EPI) and Central Pa-
cific (CP) ENSO index (CPI) are derived from the first two
EOF modes of winter-mean SST anomalies over the equato-
rial Pacific (15° S—15°N, 140° E-80° W). The EPI is defined
as (SST-PC1 — SST-PC2)/./2, whereas the CPI is defined
as (SST-PC1 + SST-PC2)/,/2, where SST-PC1 and SST-
PC2 denote the standardized principal components (PCs) of
the first two SST EOF modes (Geng et al., 2022; Takahashi
et al., 2011). The Indian Ocean Dipole (IOD) index is de-
fined as the difference in SST anomalies between the west-
ern equatorial Indian Ocean (10° S—-10° N, 50-70° E) and the
southeastern equatorial Indian Ocean (10° S-0°, 90-110° E)
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(Saji et al., 1999). The NP index is defined as the negative
of the area-weighted sea level pressure (SLP) over the North
Pacific (30-65°N, 160° E-140° W); thus, a positive NP in-
dex corresponds to a deepened Aleutian Low during the cold
season, and vice versa (Trenberth and Hurrell, 1994). The
NPO index is calculated as the difference in SLP anomalies
between the southern (10°-30° N, 180°-135° W) and north-
ern (50°-75°N, 175°-115° W) regions of the North Pacific
(Hu et al., 2024). The station-based NAO index is defined
as the normalized pressure difference between Gibraltar and
southwestern Iceland, as maintained by the Climatic Re-
search Unit at the University of East Anglia (Jones et al.,
1997). This study focuses on the spring season spanning
1941-2024. Since winter ENSO includes December of the
preceding year, data from December 1940 are also included.
All data and fields are linearly detrended prior to analysis.

2.2 S-EOF analysis

The S-EOF analysis is an objective method used to sepa-
rate modes of climate variability that depend on the seasonal
cycle (Wang and An, 2005; Zhong and Wu, 2022). In this
study, the S-EOF analysis is performed by constructing an
extended data matrix in which monthly surface air tempera-
ture (SAT) anomalies over North America within the spring
season (March—April-May) are concatenated into a single
state vector:

Mar Mar
Xl,l Xl,n
Mar Mar
Xm,l Xm,n
Apr Apr
Xl,l Xl,n
Apr Apr
)({\1}[’1 - X]\"}[’"
ay ay
Xl,l Xl,n
May May
Xm,l X’"v"

where m denotes the number of grid points and n denotes the
number of years.

To account for latitudinal area distortion, SAT anomalies
are weighted by the square root of the cosine of latitude. The
monthly data are then linearly detrended at each grid point
to remove long-term trends. In addition, to focus on temper-
ature variability over land, SAT anomalies over the ocean are
masked out. The S-EOF analysis is then conducted based on
the following correlation matrix:

1 ~ -
R= x’ 2
n—1
where X denotes the standardized data matrix.
The eigenvalue problem is solved as:
Rey = ey 3)
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where A is the eigenvalue corresponding to the k-th S-EOF
mode, indicating the fraction of explained variance, and e; =

Mar Mar ,Apr Apr May May
[el,k o €k ko € Gk

associated S-EOF spatial pattern with explicit monthly evo-
lution.

The corresponding PCs are obtained by projecting the
standardized data onto the eigenvectors, yielding one value
per year:

] represents the

PC; = XTe; (4)
2.3 Dominance analysis

Dominance analysis is a Shapley value-based framework
used to assess the relative importance of variables in multi-
ple regression models (Azen and Budescu, 2003; Gromping,
2007; Shapley, 1953). It quantifies the weighted-average in-
cremental contribution to the explained variance (R?) across
all possible subset models that exclude X ;. The contribution
of X is given by:

All(p—|Al—D)!
¢ AL (p — A] - 1)

ACS<{X,} p!
[R*(auix}) - R (0)] 5)

where S denotes the full set of variables, A represents any
subset of variables excluding X ;, and p is the total number
of variables.

Dominance analysis ensures that the sum of the contribu-
tions of all individual variables equals the R? of the com-
plete model (i.e., the model including all variables). In other
words, the total R? can be uniquely decomposed and at-
tributed to each variable, effectively mitigating the impacts of
multicollinearity among variables (Azen and Budescu, 2003;
Gromping, 2007).

Based on the physical interpretation of the S-EOF modes
in the following analysis, six indices are selected to construct
regression models for each PC. To quantify their relative im-
portance, a total of 26 = 64 regression models (including the
null model) are considered. For example, to evaluate the con-
tribution of the winter EPI to S-EOF1, all subset models ex-
cluding this index (regression models 1-32, a total of 27 = 32
regression models, representing all combinations of the re-
maining five indices) are first constructed. The weighted-
average R? of these models in explaining PC1 is taken as the
baseline. Then, the winter EPI is added to each of these sub-
set models, generating another set of 32 regression models
(regression models 33-64). The weighted-average increase
in R? across all model pairs, represents the contribution of
the winter EPI to S-EOF1. The same procedure is applied to
all other indices to quantify their relative contributions.

The uncertainty of the dominance analysis is assessed us-
ing a bootstrap procedure. Specifically, years are randomly
resampled with replacement while maintaining the same
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sample size as the original analysis period (84 years). The
dominance analysis is repeated for each of the 10000 boot-
strap samples, and the 5th and 95th percentiles of the result-
ing distributions are used to quantify the uncertainty.

3 Results
3.1 Distinct spring temperature evolution patterns

Figure 1 presents the climatological spring SAT, SLP, and
925hPa winds. Over North America, SAT generally de-
creases with latitude, while the meridional temperature gra-
dient weakens from March (Fig. 1a) to May (Fig. 1c). In
the SLP field, both the North Pacific and North Atlantic
sectors exhibit a meridional dipole characterized by a sub-
polar low and a subtropical high. From March (Fig. 1a) to
May (Fig. 1c), the subpolar lows weaken while the subtrop-
ical highs strengthen in response to the seasonal northward
shift of solar radiation. The combined influence of the Aleu-
tian Low and Icelandic Low favors an atmospheric ridge and
northwesterly winds over northern North America, particu-
larly in March (Fig. 1a), although the ridge and associated
winds weaken by May (Fig. 1¢). In contrast, the North Pacific
subtropical high and the Azores High favor an atmospheric
trough and southerly winds over southern North America,
both of which gradually intensify from March (Fig. 1a) to
May (Fig. 1c). In addition, the meridional dipole structures
over the North Pacific and North Atlantic sectors induce mid-
latitude westerlies extending from the Gulf of Alaska into
central North America and from eastern North America to-
ward the subpolar North Atlantic. These westerlies gradu-
ally weaken from March (Fig. 1a) to May (Fig. 1c). Overall,
North American SAT is jointly influenced by circulation pat-
terns over both the North Pacific and North Atlantic sectors
and is strongly modulated by the seasonal cycle.

The first two S-EOF modes of North American spring SAT
anomalies are shown in Fig. 2. These two modes are well
separated according to the rule of North (North et al., 1982).
S-EOF]1 features a north—south temperature dipole pattern,
with the positive phase associated with warm anomalies in
the northern part and cold anomalies to the south (Fig. 2a—
c¢). This dipole pattern persists throughout the spring sea-
son. S-EOF2 exhibits evolving temperature patterns across
the spring months, with the positive phase characterized by
a westward retreat of warm anomalies and the development
of widespread cold anomalies across North America from
March to May (Fig. 2d—f).

The PCs of these two S-EOF modes exhibit pronounced
interannual variability (Fig. 2g) and are both positively cor-
related with the winter Nifio3.4 index, with correlation coef-
ficients of 0.32 and 0.37, respectively. The linkages between
these S-EOF modes and winter ENSO are further examined
in the following section.
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(a) Climatology of Mar SAT/SLP
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Figure 1. Climatology of SAT (shading; unit: °C), SLP (black con-
tours; unit: hPa; at intervals of 4hPa), and 925hPa winds (vec-
tors; unit: ms~1; vectors plotted only between 10 and 75°N) in
(a) March, (b) April, and (c) May. The purple box outlines North
America.

S-EOF1 is associated with significant and persistent circu-
lation anomalies over both the North Pacific and North At-
lantic sectors (Fig. 3b—d). In March, a negative SLP anomaly
extends from the Bering Strait to Alaska, accompanied by
a negative phase of an NAO-like pattern over the North At-
lantic (Fig. 3b). This circulation pattern favors wind anoma-
lies from both the Pacific and Atlantic Oceans toward the
North American continent. Over central North America,
southerly wind anomalies associated with the eastern flank
of the anomalous low weaken the climatological northerlies
(Fig. 1a), favoring local warmer conditions. In addition, the
southern center of the NAO-like pattern generates northeast-
erly wind anomalies over the southwestern United States,
which oppose the climatological southwesterlies (Fig. 1a)
and contribute to regional cooling. The loading centers of
circulation anomalies remain largely stationary from March
to May (Fig. 3b—d), with a slight weakening trend, and thus
provide favorable conditions for a phase-locked north—south
temperature dipole over North America.

In contrast, S-EOF2 is primarily associated with circu-
lation anomalies over the North Pacific, while anomalies
over the North Atlantic are only evident in March and ex-
tend farther east toward Eurasia (Fig. 3f). The anomalous
low over the Bering Sea—Gulf of Alaska propagates south-
eastward from March to May, accompanied by the develop-
ment of an anomalous high over the North American Arctic,
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Figure 2. (a—c) The first S-EOF mode (S-EOF1) of North American spring SAT anomalies during 1941-2024, derived from a correlation
matrix (shading; unitless). SAT anomalies are linearly detrended at each grid point prior to the S-EOF analysis. Panels (a—c) show the
correlation coefficients between S-EOF1 and the detrended SAT anomalies in (a) March, (b) April, and (¢) May, respectively. (d—f) Same
as (a—c), but for the second S-EOF mode (S-EOF2). (g) Standardized time series of the winter (December—January—February) Nifio3.4
index (bars) and the PCs of S-EOF1 (PC1; red line) and S-EOF2 (PC2; blue line). Horizontal dashed lines denote £0.5 standard deviations.
Numbers at the bottom of panel (g) indicate the correlation coefficients between the PCs and the winter Nifio3.4 index.

particularly in April and May (Fig. 3f~h). This anomalous
high strengthens northerly wind anomalies over central North
America, reinforcing the climatological northerlies (Fig. 1b,
¢), and thereby leads to widespread cold anomalies over cen-
tral North America and temporal phase reversals of spring
temperature anomalies.

Overall, the persistent temperature evolution associated
with S-EOF1 is jointly regulated by circulation anomalies
over both the North Pacific and North Atlantic sectors,
whereas the evolving temperature pattern associated with S-
EOF2 is primarily influenced by variability over the North
Pacific sector.

3.2 Linkages with tropical SST regimes and
midlatitude circulation

To further examine the underlying physical mechanism of
these two S-EOF modes, we first investigate their potential
linkages with ENSO, which has been widely documented
to play a vital role in shaping North American temperature
variability during the cold season (Chen et al., 2020; Ji et
al., 2024; Jong et al., 2020; Zhang and Jiang, 2023). While
both modes exhibit a common positive correlation with win-
ter Nifio3.4 index (Table 1), they are associated with distinct
tropical SST evolutions and different spatial structures, as

https://doi.org/10.5194/wed-7-2251-2026

illustrated by Hovmoller diagrams of tropical SST anoma-
lies regressed onto the two PCs (Fig. 4a, b). S-EOF1 is ac-
companied by a fast-decaying ENSO-like SST pattern from
winter to spring (Fig. 4a), with the correlation between PC1
and the Nifio3.4 index decreasing from 0.32 in winter to 0.25
in spring (Table 1). In contrast, S-EOF2 is associated with
a slow-decaying ENSO-like SST pattern, with SST anoma-
lies persisting into the summer (Fig. 4b). Consistently, the
correlation between PC2 and the Nifio3.4 index increases
from 0.37 in winter to 0.44 in spring (Table 1). In addition,
PC1 is significantly correlated with the EPI (i.e., EP ENSO
index; r = 0.34), but not with the CPI (i.e., CP ENSO in-
dex), whereas PC2 is significantly correlated with the CPI
(r =0.45), but not with the EPI (Table 1; Fig. S3). The con-
trasting ENSO decay rates associated with the two modes
(Fig. 4a, b) are also broadly consistent with the evolution pat-
terns of EP and CP ENSO (Fig. S4). Such contrasting persis-
tence characteristics have also been documented in previous
studies, with EP ENSO tending to exhibit a more pronounced
spring persistence barrier, whereas CP ENSO generally re-
tains greater persistence into late spring (Kao and Yu, 2009;
Lee et al., 2014; Ren et al., 2016). However, the relationships
between EP/CP ENSO and the two S-EOF modes should be

Weather Clim. Dynam., 7, 2251-2266, 2026
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Figure 3. (a) Winter-mean temperature anomalies (shading; unit: °C per standard deviation of PC; with SST over ocean and SAT over
land), SLP anomalies (black contours; unit: hPa per standard deviation of PC; 0.5 hPa interval with zero contour omitted), and 925 hPa wind
anomalies (vectors; unit: ms ™! per standard deviation of PC; vectors plotted only in the tropics) regressed onto the standardized PC1. All
fields are linearly detrended prior to regression. Cross-hatching indicates regions where the regressed temperature anomalies are significant
at the 95 % confidence level based on a two-tailed Student’s ¢ test. Green boxes over the Pacific and Atlantic Oceans denote the Nifio3.4
and TNA regions, respectively. (b—d) Same as (a), but for anomalies in (b) March, (¢) April, and (d) May. The purple box outlines North
America. Numbers in the top-right corner of each panel indicate the pattern correlation coefficients between North American SAT anomalies
regressed onto the standardized PC1 and those regressed onto the standardized winter Nifio3.4 index. (e~h) Same as (a—d), but for anomalies

regressed onto the standardized PC2.

interpreted with caution, particularly for EP ENSO, as will
be discussed further in the following sections.

Another key difference lies in the behavior of spring TNA
SST. For S-EOF1, pronounced and statistically significant
positive SST anomalies emerge over the tropical Atlantic
following the El Nifio-like conditions in the tropical Pacific
(Fig. 4a), especially over the TNA region (Fig. 3b—d, green
box over the Atlantic). Notably, no significant SST anomalies
are observed over the TNA region for S-EOF2 (Fig. 3f-h), in
line with the absence of pronounced circulation anomalies
over the North Atlantic sector.

The differences over the Indian Ocean are less apparent in
the tropical SST evolutions associated with the two S-EOF
modes (Fig. 4a, b). Nevertheless, the spring IOD (i.e., Indian

Weather Clim. Dynam., 7, 2251-2266, 2026

Ocean Dipole) index is significantly correlated with PC1 but
not with PC2 (Table 1). The spring IOD index is not signif-
icantly correlated with either the winter or spring Nifio3.4
index or with spring TNA SST (Table 1), suggesting that In-
dian Ocean variability may provide an additional contribu-
tion to the S-EOF1-related temperature evolution that is at
least partly independent of tropical Pacific and Atlantic SST
variability.

It is also worth noting that tropical SST evolutions associ-
ated with these two modes differ from that linked to the win-
ter Niflo3.4 index (Fig. 4c). The conventional ENSO-related
spring temperature evolution does not resemble either S-EOF
mode (Fig. Sa—c), but is instead more similar to a linear com-
bination of them (Fig. 5d-f). These results suggest that trop-

https://doi.org/10.5194/wed-7-2251-2026
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Table 1. Correlation coefficients among PC1, PC2, the winter and spring Nifio3.4 indices, the winter EPI and CPI, and the spring TNA, IOD,
NPO, and NP indices, together with the early spring (March) NAO index. All indices are standardized and linearly detrended. Correlations
significant at the 95 % confidence level based on a two-tailed Student’s ¢ test are shown in bold.

Nifio3.4 Nifio34  EPI  CPI TNA 10D NPO NP NAO
PCl PC2 (DIF) (MAM) (DJF) (DJF) (MAM) (MAM) (MAM) (MAM) (Mar)
PCI 1.00
PC2 0.00  1.00
Nifio3.4 (DJF) 032 037 1.00
Nifio3.4 (MAM) 025  0.44 0.81 1.00
EPI (DJF) 034  0.06 0.67 0.53  1.00
CPI (DJF) 0.16 045 0.71 061 000  1.00
TNA (MAM) 040  0.18 0.55 045 029 046 1.00
10D (MAM) 026 -0.16 —0.10 —001 —007 —0.04 0.06 1.00
NPO (MAM) 062 —0.16 013 —005 035 —0.13 0.09 0.31 1.00
NP (MAM) 023  0.59 0.18 029 008 022 009  —0.03 0.24 1.00
NAO (Mar) -024 023 0.11 018 010 003 —025 —011 —0.14 —0.03 100

(a) Reg. PC1 & tropical SST

(b) Reg. PC2 & tropical SST
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Figure 4. Hovmoller diagrams of tropical SST anomalies (shading; unit: °C per standard deviation of PC, averaged over 10° S—10°N)
regressed onto (a) the standardized PC1, (b) the standardized PC2, and (c) the standardized winter Nifio3.4 index. Dots indicate regions
where the regressed SST anomalies are significant at the 95 % confidence level based on a two-tailed Student’s ¢ test.

ical SST regimes, manifested as differences in ENSO decay
rate and spatial structure, together with the state of spring
TNA SST, may play important roles in distinguishing North
American spring temperature evolutions.

3.3 The Atlantic pathway

Some recent studies have suggested that TNA SST can shape
North American spring mean temperature anomalies, primar-
ily through its influence on the North Atlantic circulation
patterns (Fu et al., 2025; Hou et al., 2023; Ji et al., 2025).
Here, we further examine the linkage between TNA SST and
month-to-month temperature evolutions over North America
(Fig. 6a—). The TNA-related SAT anomaly patterns closely
resemble those of S-EOF1, with pattern correlation coeffi-
cients of 0.90, 0.78, and 0.54 for March, April, and May, re-
spectively. Circulation anomalies over the North Atlantic ex-
hibit a negative NAO-like pattern, although the southern cen-
ter weakens or becomes absent in May (Fig. 6a—c), consistent
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with a less coherent temperature dipole over North Amer-
ica during that month. Generally, spring TNA SST anoma-
lies tend to favor a persistent north—south temperature dipole
over North America, similar to S-EOF1. These results are
supportive of previous studies focusing on the seasonal mean
state (Fu et al., 2025; Hou et al., 2023; Ji et al., 2025), as
S-EOF1 represents a persistent temperature mode with rela-
tively weak subseasonal variation.

It has been acknowledged that tropical Pacific SST anoma-
lies in winter can influence spring TNA SST through a Gill-
type atmospheric response, which suppresses precipitation
over the tropical Atlantic and weakens low-level convergence
and trade winds (Chen et al., 2021; Xie and Carton, 2004,
Zhang and Jiang, 2023). However, both S-EOF modes are
preceded by Pacific SST warming, raising the question of
why they exhibit distinct linkages with spring TNA SST (Fig.
7a, b). Interestingly, the two S-EOF modes correspond to op-
posite phases of the NAO in early spring (March; Fig. 3b,

Weather Clim. Dynam., 7, 2251-2266, 2026
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Figure 5. (a—c) Temperature anomalies (shading; unit: °C per standard deviation of the regressed index; with SST over ocean and SAT over
land), SLP anomalies (black contours; unit: hPa per standard deviation of the regressed index; 0.5 hPa interval with zero contour omitted),
and 925 hPa wind anomalies (vectors; unit: ms ™! per standard deviation of the regressed index; vectors plotted only in the tropics) in (a)
March, (b) April, and (¢) May regressed onto the standardized winter Nifio3.4 index. All fields are linearly detrended prior to regression.
Cross-hatching indicates regions where the regressed temperature anomalies are significant at the 95% confidence level based on a two-tailed
Student’s ¢ test. Green boxes over the Pacific and Atlantic Oceans denote the Nifio3.4 and TNA regions, respectively. The purple box outlines
North America. (d-f) Same as (a—c), but for anomalies regressed onto the standardized PC combination index (defined as the sum of PC1
and PC2). Numbers in the top-right corner of each panel indicate the pattern correlation coefficients between North American SAT anomalies

regressed onto the standardized PC combination index and those regressed onto the standardized winter Nifio3.4 index.

f; Table 1), which has also been identified as a key regula-
tor of TNA SST (Chen et al., 2021; Xie and Carton, 2004;
Zhang and Jiang, 2023). This suggests that phase changes of
the early spring NAO may play a crucial role in modulating
TNA SST responses to tropical Pacific warming.

To further quantify these effects, we decompose the spring
TNA SST index into two components (Fig. 7c): an ENSO-
related component derived from the linear regression of
spring TNA SST onto the winter Nifio3.4 index, and a
non-ENSO component defined as the residual. The non-
ENSO component is comparable to, and can even exceed,
the ENSO-related component in magnitude. Moreover, the
early spring NAO is significantly correlated with the non-
ENSO component (r = —0.37), but only weakly correlated
with the ENSO-related component (r = 0.11). These results
suggest that early spring NAO is largely independent of win-
ter ENSO and can exert a significant impact on spring TNA
SST.

The probability density functions (PDFs) of the spring
TNA SST index and its two components under different com-
binations of ENSO and NAO phases are shown in Fig. 7d—

Weather Clim. Dynam., 7, 2251-2266, 2026

g. During El Nifio years, the ENSO-related component ex-
hibits relatively consistent behavior regardless of the early
spring NAO phase, whereas the non-ENSO component varies
markedly (Fig. 7d, e). Notably, the non-ENSO component
exhibits a larger spread than the ENSO-related component,
likely reflecting greater uncertainty in local air—sea interac-
tions (Xie and Carton, 2004), potentially amplified by early
spring NAO.

During the negative phase of early spring NAO, a weak-
ened subtropical high and reduced trade winds favor warmer
TNA SST that tends to persist throughout spring (Chen et
al., 2021; Xie and Carton, 2004; Zhang and Jiang, 2023),
whereas the opposite occurs during the positive phase (Fig.
6d—f). Consequently, the early spring NAO can either re-
inforce or offset the influence of winter ENSO: negative
NAO phases amplify ENSO-induced TNA warming (Fig.
7d), whereas positive NAO phases suppress it (Fig. 7e). Sim-
ilar behavior is found during La Nifia years (Fig. 7f, g).
These results suggest a “tug-of-war” over the TNA region,
in which the ENSO-driven SST signal is strongly modu-
lated by the phase of the early spring NAO. This interplay
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Figure 6. (a—c) Temperature anomalies (shading; unit: °C per standard deviation of the regressed index; with SST over ocean and SAT over
land), SLP anomalies (black contours; unit: hPa per standard deviation of the regressed index; 0.5 hPa interval with zero contour omitted),
and 925 hPa wind anomalies (vectors; unit: ms™! per standard deviation of the regressed index; vectors plotted only in the tropics) in (a)
March, (b) April, and (c) May regressed onto the standardized spring TNA index. All fields are linearly detrended prior to regression. Cross-
hatching indicates regions where the regressed temperature anomalies are significant at the 95 % confidence level based on a two-tailed
Student’s ¢ test. Green boxes over the Pacific and Atlantic Oceans denote the Nifio3.4 and TNA regions, respectively. The purple box outlines
North America. Numbers in the top-right corner of each panel indicate the pattern correlation coefficients between North American SAT
anomalies regressed onto the standardized spring TNA index and those regressed onto the standardized PC1/PC2. (d—f) Same as (a—c),but
for anomalies regressed onto the standardized early spring negative NAO index (for better comparison with the spring TNA). Numbers in
the top-right corner of each panel indicate the pattern correlation coefficients between North American SAT anomalies regressed onto the

standardized early spring negative NAO index and those regressed onto the standardized PC1/PC2.

is closely linked to the two S-EOF modes. A negative rela-
tionship between winter ENSO and the early spring NAO,
associated with S-EOF1, tends to promote the development
of pronounced TNA SST anomalies in spring, whereas a
positive relationship, associated with S-EOF2, tends to sup-
press their development (Fig. 3). The resulting TNA SST
state—whether anomalies are present or absent — helps dis-
tinguish between persistent and evolving North American
temperature patterns (Fig. 6a—c) through its linkage with
North Atlantic circulation (Fu et al., 2025; Hou et al., 2023;
Jietal., 2025).

3.4 The Pacific pathway

The above discussion focuses on the Atlantic sector associ-
ated with the two S-EOF modes, in which the ENSO-TNA
linkage and the influence of the early spring NAO play im-
portant but distinct roles. We now turn to the Pacific sector to
examine the midlatitude circulation patterns associated with
the S-EOF modes and their potential linkages with tropical

https://doi.org/10.5194/wed-7-2251-2026

Pacific SST anomalies. Here, S-EOF1 is primarily linked to
the spring NPO (i.e., North Pacific Oscillation, r = 0.62),
while S-EOF?2 is closely related to the spring NP (i.e., North
Pacific, r = 0.59).

The NPO is characterized by a north—south SLP dipole
over the North Pacific (Fig. 8a—c), with its northern center
extending from the Bering Strait toward North America. In
particular, the anomalous low to the north occupies much of
the North American continent, inducing southeasterly wind
anomalies over central-eastern North America. In contrast,
the southwestern United States lies between the eastern flank
of the anomalous high over the subtropical North Pacific and
the western edge of the anomalous low over North America.
The resulting northerly wind anomalies primarily enhance
regional cooling. Therefore, the circulation pattern associ-
ated with the NPO favors a north—south temperature dipole
over North America. Moreover, the NPO pattern remains rel-
atively stable throughout the spring, thereby maintaining per-
sistent temperature anomalies over North America (Fig. 8a—

Weather Clim. Dynam., 7, 2251-2266, 2026
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Figure 7. (a-b) Scatterplots of the standardized spring TNA SST
index versus (a) the standardized PC1 and (b) the standardized
PC2. Red and blue lines denote linear regression fits, with cor-
responding correlation coefficients shown in the top-left of each
panel. (¢) Standardized time series of the spring TNA SST index
(black line), its ENSO-related component (orange line), its non-
ENSO component (cyan line), and the standardized winter Nifio3.4
index (bars). Horizontal dashed lines denote £0.5 standard devi-
ations. Numbers in the bottom-left indicate the correlation coeffi-
cients between the spring TNA SST index, its two components, and
the early spring NAO. (d—g) Probability density functions (PDFs;
unit: %) of the standardized spring TNA SST index (black line), its
ENSO-related component (orange line), and its non-ENSO compo-
nent (cyan line) under different combinations of winter ENSO and
early spring NAO: (d) El Nifio with negative NAO (13 samples),
(e) El Nifio with positive NAO (13 samples), (f) La Nifia with pos-
itive NAO (10 samples), and (g) La Nifia with negative NAO (17
samples). PDFs are estimated using a bootstrap method with 10 000
resamples. El Nifio (La Nifia) events are defined when the standard-
ized winter Nifio3.4 index is greater than (lower than) 0.5 (—0.5)
standard deviation. A positive (negative) NAO is defined when the
early spring NAO index exceeds (falls below) 0. Mean values and
standard deviations of the spring TNA SST index and its two com-
ponents are shown at the top of each panel.
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c). The SAT anomalies associated with the spring NPO are
highly consistent with those of S-EOF]1, with pattern corre-
lation coefficients of 0.93, 0.98, and 0.93 for March, April,
and May, respectively. The NPO appears largely indepen-
dent of conventional ENSO, as indicated by its weak corre-
lation with the Nifio3.4 index in both winter and spring (Ta-
ble 1). Consistently, the NPO-related temperature pattern re-
mains largely unchanged after removing signals related to the
Nifi03.4 index in both seasons (Fig. S1 in the Supplement).
These results suggest that, as tropical Pacific SST anomalies
decay from winter to spring (Fig. 4a), the NPO and its in-
fluence on North American spring temperature become more
prominent and operate with limited modulation by conven-
tional ENSO-driven North Pacific circulation anomalies. In-
terestingly, the spring NPO is significantly correlated with
the EPI, but not with the CPI (Table 1), suggesting a prefer-
ential linkage between EP ENSO and the NPO. However, this
does not necessarily indicate that the relationship between
EP ENSO and S-EOF]1 is mediated by the spring NPO, be-
cause the EPI-NPO correlation is no longer significant after
excluding years with extreme EPI values exceeding 4 stan-
dard deviations (Table S1). Therefore, the apparent prefer-
ential linkage between EP ENSO and the NPO does not ap-
pear to be a robust relationship, but is instead largely depen-
dent on a few extreme EP ENSO years. Although a potential
role of EP ENSO cannot be ruled out, this apparent linkage
should be interpreted with caution. Apart from tropical Pa-
cific SST anomalies, the spring IOD is also significantly cor-
related with the spring NPO (Table 1). While this simulta-
neous relationship does not imply causality, previous studies
have shown that Indian Ocean variability can modulate trop-
ical Pacific SST evolution through subtropical Pacific pro-
cesses in which the NPO also plays an important role (Lin
and Yu, 2024). This suggests that the co-variability between
the IOD and NPO may provide a potential pathway linking
Indian Ocean variability to S-EOF1, although the underlying
physical mechanisms require further investigation.
Circulation anomalies associated with the spring NP in-
dex manifest as a large-scale low-pressure system over the
North Pacific (Fig. 8d—f). Compared to the NPO (Fig. 8a—c),
the loading center of this anomalous low is located farther
south, near the Aleutian Islands, and is primarily confined
to the ocean, with limited extension toward North America.
In addition, pronounced month-to-month variations are evi-
dent from March to May (Fig. 8d—f). This anomalous low ex-
tends southeastward, accompanied by the development of an
anomalous high over the North American Arctic in April and
May. These circulation changes closely resemble those re-
lated to S-EOF2 (Fig. 3f-h). Note that the spring NP index is
significantly correlated with the Nifio3.4 index in spring, but
not in winter (Table 1). The SAT anomaly patterns associated
with the spring NP index remain similar, albeit weaker, after
removing the influence of the spring Nifio3.4 index, com-
pared to those obtained after removing the winter Nifio3.4
index (Fig. S2). These results suggest that stronger tropical
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Pacific SST anomalies in spring may enhance the anoma-
lous low over the North Pacific and promote the evolving
temperature patterns over North America. This is consistent
with the finding that S-EOF2 is associated with more per-
sistent tropical Pacific SST anomalies from winter to spring
(Fig. 4b). We also find a modest linkage between CP ENSO
and the NP pattern (Table 1), raising the possibility that the
influence of CP ENSO on North American spring tempera-
ture anomalies may be partly mediated through its connec-
tion with the NP pattern. However, it is difficult to determine
whether this linkage primarily reflects differences in ENSO
decay rate, spatial structure, or a combination of both, be-
cause CP ENSO itself tends to exhibit greater persistence
into spring (Kao and Yu, 2009; Lee et al., 2014; Ren et al.,
2016).

These results based on the spring-mean NPO and NP
indices are generally consistent with those based on the
monthly indices (not shown), indicating that the monthly
evolution of the NPO (NP)-related circulation corresponds to
the persistent (evolving) temperature pattern associated with
S-EOF1 (S-EOF2).

3.5 Relative contributions of tropical SST and
midlatitude circulation

To further quantify the relative contributions of different
tropical SST and midlatitude circulation patterns in influenc-
ing the two S-EOF modes, we adopt a dominance analysis
(Azen and Budescu, 2003; Gromping, 2007) to partition the
explained variance among correlated climate indices across
all possible regression model orderings (Fig. 9). Six climate
indices (i.e., the winter EPI (for PC1)/CPI (for PC2), the
spring TNA index, the spring IOD index, the spring NPO in-
dex, the spring NP index, and the early spring NAO index)
are selected based on the physical mechanisms discussed
above. Note that the selection of EPI for PC1 and CPI for
PC2 is based on their respective significant correlations with
PC1 and PC2, whereas the cross-correlations (CPI with PC1
and EPI with PC2) are not statistically significant.

The regression coefficient heatmaps for all subset models
indicate that S-EOF1 is primarily dominated by the spring
NPO index, as evidenced by its consistently large coeffi-
cients across models (Fig. 9a). This dominance is further sup-
ported by its contribution to explained variance, accounting
for 26.7 % on average, with well-separated bootstrap uncer-
tainty ranges of the averaged explained variance before and
after its inclusion (Fig. 9c). The spring TNA index provides
the second-largest contribution (10.4 %; Fig. 9c), further sup-
porting an important role of the Atlantic pathway in shaping
S-EOF]1. The winter EPI, spring IOD index and spring NP in-
dex are also positively related to PC1, but their contributions
are comparatively smaller (5.4 %, 3.5 %, and 2.6 %, respec-
tively; Fig. 9c). Notably, the regression coefficients of the
early spring NAO are consistently negative across all mod-
els (Fig. 9a), indicating a robust and independent negative
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relationship with the PC1, with minimal evidence of com-
peting effects from other variables. The early spring NAO
contributes 3.0 % to the PC1 (Fig. 9c). More than half of the
variance of PC1 (51.6 %) is explained by these six climate
indices (Fig. 9c¢).

In contrast, S-EOF2 is primarily influenced by the spring
NP index, which exhibits the strongest and most consistent
contributions across models (Fig. 9b), accounting for 32.9 %
of the explained variance (Fig. 9d). The bootstrap results con-
firm the robust contribution of the spring NP index to S-
EOF2. The winter CPI makes a substantial contribution of
12.3 % (Fig. 9d), providing additional evidence for a pref-
erential linkage between CP ENSO and S-EOF2. The early
spring NAO index, spring NPO index, and spring IOD index
contribute 4.9 %, 3.9 %, and 1.2 %, respectively (Fig. 9d).
The regression coefficients of the spring TNA index, how-
ever, vary substantially, particularly in models that include
the winter CPI, suggesting a competing or modulated role
(Fig. 9b). This behavior supports the earlier inference that,
for S-EOF2, the ENSO-TNA linkage may be weakened or
overridden by other factors, like the early spring NAO. Con-
sistent with this, the spring TNA index contributes only 2.0 %
(Fig. 9d). These six climate indices explain 57.3 % of the to-
tal variance of PC2 (Fig. 9d), slightly higher than that for PC1
(51.6 %). The generally smaller bootstrap uncertainty ranges
of the complete model for PC2 than for PC1 suggest that
S-EOF2 may be more strongly constrained by these climate
drivers.

4 Conclusions and discussion

This study identifies two leading modes of North Ameri-
can spring temperature evolution that differ from conven-
tional ENSO responses and are linked to distinct tropical SST
regimes and midlatitude circulation. Differences in ENSO
decay rate, spatial structure, and the state of TNA SST help
distinguish the two modes. A fast-decaying EP ENSO-like
SST pattern favors the development of spring TNA SST
anomalies, which, together with the NPO, promote a per-
sistent north—south temperature dipole over North America
(i.e., S-EOF1). In contrast, a more persistent CP ENSO-like
pattern into spring enhances the role of the NP pattern in
shaping an evolving temperature pattern over North America
(i.e., S-EOF2). The absence of spring TNA SST anomalies in
association with S-EOF2 is likely due to an offsetting effect
of the early spring NAO.

The results suggest two distinct dynamical pathways link-
ing tropical SST variability to North American spring tem-
peratures. The first is an Atlantic pathway, in which win-
ter ENSO influences spring TNA SST through a delayed re-
sponse (Chen et al., 2021). The resulting TNA SST anoma-
lies further interact with the early spring NAO, modulating
North Atlantic circulation and thereby reinforcing or weak-
ening temperature persistence over North America. The sec-
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Figure 8. (a—c) Temperature anomalies (shading; unit: °C per standard deviation of the regressed index; with SST over ocean and SAT over
land), SLP anomalies (black contours; unit: hPa per standard deviation of the regressed index; 0.5 hPa interval with zero contour omitted), and
925 hPa wind anomalies (vectors; unit: ms ™! per standard deviation of the regressed index; vectors plotted only in the tropics) in (a) March,
(b) April, and (c) May regressed onto the standardized spring NPO index. All fields are linearly detrended prior to regression. Cross-hatching
indicates regions where the regressed temperature anomalies are significant at the 95 % confidence level based on a two-tailed Student’s ¢
test. Green boxes over the North Pacific denote the key regions used to define the NPO. The purple box outlines North America. Numbers
in the top-right corner of each panel indicate the pattern correlation coefficients between North American SAT anomalies regressed onto the
standardized spring NPO index and those regressed onto the standardized PC1/PC2. (d-f) Same as (a—c), but for anomalies regressed onto
the standardized spring NP index. The green box over the North Pacific denotes the key region used to define the NP. Numbers in the top-right
corner of each panel indicate the pattern correlation coefficients between North American SAT anomalies regressed onto the standardized
spring NP index and those regressed onto the standardized PC1/PC2.

ond is a Pacific pathway, in which persistent CP ENSO-
like SST anomalies more directly modulate the NP pat-
tern, whereas less persistent EP ENSO-like SST anomalies
may provide favorable conditions for the development of the
NPO pattern. These contrasting pathways highlight the role
of tropical SST regimes in shaping distinct midlatitude cir-
culation patterns and associated temperature responses over
North America.

By applying the dominance analysis, we quantitatively as-
sess the relative importance of tropical SST and midlatitude
circulation patterns in shaping the two modes. This approach
provides a more robust attribution framework in the presence
of correlated climate indices, highlighting the dominant role
of the NPO pattern in S-EOF1 and the NP pattern in S-EOF2,
while also clarifying the modulated contributions of ENSO
and TNA SST.

Our findings are consistent with previous studies high-
lighting the role of tropical Atlantic SST in modulating North
American spring climate (Fu et al., 2025; Hou et al., 2023;

Weather Clim. Dynam., 7, 2251-2266, 2026

Ji et al., 2025), while extending their results by demonstrat-
ing that the emergence of TNA SST anomalies and their im-
pacts on the midlatitudes can be jointly influenced by ENSO
and early spring NAO. Despite the important connection be-
tween the early spring NAO and the contrasting evolution of
TNA SST anomalies following winter ENSO, as discussed
in this study and also suggested by previous work (Chen et
al., 2021; Ding et al., 2023; Tian et al., 2025; Xie and Car-
ton, 2004; Zhang and Jiang, 2023), the physical origin of the
opposite NAO phases remains unclear and warrants further
investigation. No significant relationship is detected between
the early spring NAO and either ENSO or the IOD, suggest-
ing that the occurrence of opposite NAO phases is not closely
associated with differences in these tropical SST forcings and
may instead reflect, at least in part, internal atmospheric vari-
ability.

In addition, this study complements earlier work on ENSO
diversity by showing that differences in ENSO seasonal evo-
lution and flavor may correspond to distinct extratropical re-
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Figure 9. (a-b) Heatmaps of regression coefficients (first six
columns) and explained variance (R2, seventh column, unit: %) for
all subset regression models of (a) PC1 and (b) PC2, constructed
from different combinations of the winter EPI (for PC1)/CPI (for
PC2), the spring TNA index, the spring IOD index, the spring NPO
index, the spring NP index, and the early spring NAO index. All in-
dices are standardized and linearly detrended. Model 1 corresponds
to the null model (no variables) and is included as a baseline. The
cross marks in the seventh column indicate that the corresponding
regression models are statistically significant at the 95 % confidence
level based on a two-tailed Student’s ¢ test. (c—d) Variance decom-
position (dominance analysis) for (¢) PC1 and (d) PC2, using the
winter EPI (for PC1)/CPI (for PC2), the spring TNA index, the
spring 10D index, the spring NPO index, the spring NP index, and
the early spring NAO index. Gray bars denote the weighted-average
R? of models excluding a given variable (32 combinations), while
colored bars denote the weighted-average R? after including that
variable (another 32 combinations). Values above the gray (colored)
bars indicate the R? before (after) including each variable, with
the corresponding incremental contributions shown in parentheses
above the colored bars. Error bars on the gray and colored bars indi-
cate the S5th and 95th percentiles of the bootstrap distributions based
on 10000 resamples of years. The red dashed line represents the
RZ of the complete model (Model 64), corresponding to the sum of
the contributions from all individual variables, and the red shading
indicates its 5th—95th percentile bootstrap range. See Methods for
details of the dominance analysis and bootstrap procedure.
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sponses (Jong et al., 2020). The NPO- and NP-related circu-
lation patterns are likely to connect with differences in ENSO
decay rate and spatial structure (Fig. 8), further emphasiz-
ing the combined influence of tropical forcing and internal
atmospheric variability on North American spring climate.
However, the relative roles of ENSO decay rate and spatial
structure in shaping these contrasting extratropical responses
remain difficult to disentangle, particularly because EP and
CP ENSO tend to exhibit different decay rates (Kao and Yu,
2009; Lee et al., 2014; Ren et al., 2016).

It is also interesting to note that Eurasian temperature
anomalies exhibit distinct subseasonal evolution in associa-
tion with these two S-EOF modes (Fig. 3). These features are
particularly pronounced in March (Fig. 3b, f), when the two
modes are accompanied by opposite phases of the NAO and
contrasting temperature anomalies over Eurasia, followed by
distinct evolutions in April and May (Fig. 3c—d, g—h). The
co-occurrence of temperature anomalies over the two conti-
nents is consistent with large-scale atmospheric variability,
particularly the NAO. As this study mainly focuses on North
American spring temperature evolution, a detailed investiga-
tion of the Eurasian temperature anomalies and their under-
lying mechanisms is beyond the scope of this study.

We have also examined the evolution of snowfall, surface
albedo, and soil moisture anomalies associated with the two
S-EOF modes (not shown). S-EOF1 is associated with snow-
fall anomalies over western Canada in the preceding win-
ter, followed by persistent surface albedo anomalies during
spring, suggesting a potential positive snow—albedo feedback
that may contribute to the persistence of the temperature pat-
tern. In contrast, S-EOF2 shows no obvious snowfall anoma-
lies in the preceding winter. Neither mode exhibits signifi-
cant linkages with preceding soil moisture anomalies, while
simultaneous soil moisture anomalies show a less coherent
relationship with the temperature evolution, likely reflecting
the influence of other physical processes.

These findings have important implications for seasonal
prediction. Accurately representing ENSO decay rate, spa-
tial structure, and TNA SST variability may improve pre-
dictions of North American spring temperature evolution.
Furthermore, the interplay between tropical SST and mid-
latitude atmospheric variability suggests that incorporating
both sources of predictability is essential for improving
subseasonal-to-seasonal forecasts. Future work should ex-
plore the representation of these processes in climate models,
their sensitivity to model biases, and their potential changes
in a warming climate.

Code and data availability. The ECMWF ERAS reanalysis data
and the NOAA ERSST v5 data are publicly available from the
following websites: https://cds.climate.copernicus.eu/ (last access:
15 September 2026), https://psl.noaa.gov/data/gridded/data.noaa.
ersst.vS.html (last access: 15 September 2026), respectively. The
Nino3.4 index, the IOD index, the NP index, and the NAO index
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are available from the following websites: https://psl.noaa.gov/data/
timeseries/month/DS/Nino34/ (last access: 15 September 2026),
https://psl.noaa.gov/data/timeseries/month/DMI/ (last access: 15
September 2026), https://climatedataguide.ucar.edu/climate-data/
north-pacific-np-index- trenberth-and- hurrell-monthly-and- winter,
https://crudata.uea.ac.uk/cru/data/nao/ (last access: 15 September
2026), respectively. Other data used in this study can be obtained
from the first author upon request.

All figures in this paper are produced by NCAR Command Lan-
guage (NCL) version 6.5.0. Source codes are available upon reason-
able request to the first author.
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