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Abstract. Abnormal temperature fluctuations during spring can substantially impact vegetation growth, agricultural productivity, 

and ecosystem stability. However, the drivers ofphysical processes underlying year-to-year variations in the evolution of North 

American spring temperature anomalies remain poorly understood. Here, we apply Season-reliant Empirical Orthogonal 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 conventional responses to winter El Niño–Southern Oscillation (ENSO) and are instead linked to 15 

distinct evolutions of tropical sea surface temperature (SST). The first mode (S-EOF1) features rapidly decaying tropical 

PacificEastern Pacific (EP) ENSO-like SST anomalies from winter to spring and the emergence of tropical North Atlantic (TNA) 

SST anomalies, accompanied by leading to a persistent north–south temperature dipole over North America. This mode is jointly 

influenced by the North Pacific Oscillation (NPO), largely independent of winter ENSO, and TNA-driven related North Atlantic 

circulation anomalies. In contrast, the second mode (S-EOF2) is associated with more persistent tropical Central Pacific (CP) 20 

ENSO-like SST anomalies and the absence of TNA SST anomalies, resulting intogether with evolving temperature patterns with 

temporal phase reversals across large parts of North America. This mode is primarily associated withdriven by the North Pacific 

(NP) pattern, which whose influence may beis further amplified by persistent tropical PacificCP ENSO-like SST anomalies. 

Dominance analysis further quantifies the relative contributions of tropical SST and midlatitude circulation patterns. These findings 

highlight the critical roles of ENSO decay rate and spatial structure, TNA SST variability, and their coupling with midlatitude 25 

circulation in shaping distinct spring temperature evolution patterns, with important implications for improving seasonal prediction. 
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1 Introduction 

As a transition season between boreal winter and summer, spring over North America is marked by pronounced interannual 

and subseasonal temperature variability (Schwartz and Reiter, 2000). With the seasonal northward shift of solar radiation, surface 

energy input increases rapidly, facilitated by declining snow cover and associated albedo feedbacks (Diro et al., 2018). At the same 30 

time, cold air masses over the Arctic remain active and can still penetrate into the midlatitudes under favorable circulation patterns. 

The interplay between increasing radiative forcing and intermittent cold air outbreaks often promotes “false spring” conditions, 

leading to rapid swings between warm and cold temperatures (Chamberlain 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 35 

temperature fluctuations can also 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, understanding 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 inherently linked to midlatitude circulation patterns over both the upstream 40 

(North Pacific) and downstream (North Atlantic) regions. For example, the North Pacific Oscillation (NPO), a basin-wide 

meridional seesaw pattern over the North Pacific, 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 Oscillation (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). 45 

These circulation patterns can also be regulated or reinforced by tropical sea surface temperature (SST) anomalies. The El Niño–

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 influencing 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 Pacific may further enhance an NPO-like pattern and exert significant impacts on North American temperature 50 

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 Atlantic SST anomalies have been shown to play an important role in shaping 

North American spring temperature anomalies by inducing an NAO-like response in the North Atlantic (Fu et al., 2025; Hou et al., 
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2023; Sheng et al., 2023). The coupling between the NPO and NAO may further amplify their impacts on North American spring 55 

temperatures (Ji et al., 2025). 

Despite the transitional nature of the spring season, previous studies have primarily focused on seasonal mean temperature 

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 weakening 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 frequent subseasonal temperature swings. These 60 

features highlight the importance of understanding spring temperature variability beyond the seasonal mean, particularly at 

subseasonal time scales (Breeden et al., 2022; Hwang et al., 2025). Recent studies have applied the Season-reliant Empirical 

Orthogonal 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 analysis to revisit 

North American spring temperature variability, with a particular focus on its month-to-month evolution, and to elucidate the roles 65 

of tropical SST and midlatitude circulation patterns. 

The rest of this paper is structured as follows. Section 2 introduces the data and methods used in this study. Section 2.1 

describes the reanalysis datasets and climate indices, while Sections 2.2 and 2.3 present the S-EOF analysis used to identify North 

American spring temperature evolution patterns and the dominance analysis employed to quantify the relative importance of 

different climate indices, respectively. Section 3 presents the main results. Section 3.1 describes two distinct spring temperature 70 

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 pathways. Section 3.3 quantifies the relative 

contributions of tropical SST variability and midlatitude circulation using dominance analysis. Finally, Section 4 summarizes the 

main conclusions and discusses several implications of the findings.  

2 Data and methods 75 

2.1 Data and indices 

This study utilizes monthly ERA5 reanalysis data (Hersbach 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°×0.25° to 2.5°×2.5°. In addition, monthly SST data from the National Oceanic and Atmospheric Administration (NOAA) 

Extended Reconstructed SST version 5 (ERSST v5, Huang et al., 2017) are used, with a horizontal resolution of 2° × 2°. 80 
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The Niño3.4 index is defined as the area-averaged SST anomalies over the Niño3.4 region (5°N–5°S, 170°–120°W). The 

Eastern Pacific (EP) ENSO index (EPI) and Central Pacific (CP) ENSO index (CPI) are derived from the first two EOF modes of 

winter-mean SST anomalies over the equatorial 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) 85 

index is defined as the difference in SST anomalies between the western equatorial Indian Ocean (10°S–10°N, 50°E–70°E) and 

the southeastern equatorial Indian Ocean (10°S–0°, 90°E–110°E) (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°N–65°N, 160°E–140°W); thus, a positive NP index 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 northern (50°–75°N, 175°–115°W) regions 90 

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 Research 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 95 

The S-EOF analysis is an objective method used to separate 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 temperature (SAT) anomalies over North America within the spring season (March–April–May) are 

concatenated into a single state vector:  

𝑋𝑋3𝑚𝑚×𝑛𝑛 =
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 100 

where 𝑚𝑚 denotes the number of grid points and 𝑛𝑛 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 temperature variability over 
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land, SAT anomalies over the ocean are masked out. The S-EOF analysis is then conducted based on the following correlation 

matrix: 105 

𝑅𝑅 =  
1

𝑛𝑛 − 1
𝑋𝑋�𝑋𝑋�𝑇𝑇 

where 𝑋𝑋� denotes the standardized data matrix.  

The eigenvalue problem is solved as: 

𝑅𝑅𝒆𝒆𝑘𝑘 = λ𝑘𝑘𝒆𝒆𝑘𝑘 

where λ𝑘𝑘 is the eigenvalue corresponding to the k-th S-EOF mode, indicating the fraction of explained variance, and 𝒆𝒆𝑘𝑘 =110 

�𝒆𝒆1,𝑘𝑘
𝑀𝑀𝑀𝑀𝑀𝑀,⋯ , 𝒆𝒆𝑚𝑚,𝑘𝑘

𝑀𝑀𝑀𝑀𝑀𝑀, 𝒆𝒆1,𝑘𝑘
𝐴𝐴𝐴𝐴𝐴𝐴,⋯ , 𝒆𝒆𝑚𝑚,𝑘𝑘

𝐴𝐴𝐴𝐴𝐴𝐴, 𝒆𝒆1,𝑘𝑘
𝑀𝑀𝑀𝑀𝑀𝑀,⋯ , 𝒆𝒆𝑚𝑚,𝑘𝑘

𝑀𝑀𝑀𝑀𝑀𝑀� represents the associated S-EOF spatial pattern with explicit monthly evolution. 

The corresponding principal components (PCs)PCs are obtained by projecting the standardized data onto the eigenvectors, 

yielding one value per year: 

𝑃𝑃𝑃𝑃𝑘𝑘 = 𝑋𝑋�𝑇𝑇𝒆𝒆𝑘𝑘 

2.3 Dominance analysis 115 

Dominance analysis is a Shapley value-based framework used to assess the relative importance of variables in multiple 

regression models (Azen and Budescu, 2003; Grömping, 2007; Shapley, 1953). It quantifies the weighted-average incremental 

contribution to the explained variance (𝑅𝑅2) across all possible subset models that exclude 𝑋𝑋𝑗𝑗. The contribution of 𝑋𝑋𝑗𝑗 is given by: 

𝐶𝐶𝑗𝑗 =  �
|𝐴𝐴|! (𝑝𝑝 − |𝐴𝐴| − 1)!

𝑝𝑝!
𝐴𝐴⊆𝑆𝑆∖{𝑋𝑋𝑗𝑗}

�𝑅𝑅2�𝐴𝐴 ∪ {𝑋𝑋𝑗𝑗}� − 𝑅𝑅2(𝐴𝐴)� 

where 𝑆𝑆  denotes the full set of variables, 𝐴𝐴  represents any subset of variables excluding 𝑋𝑋𝑗𝑗 , and 𝑝𝑝  is the total number of 120 

variables. 

Dominance analysis ensures that the sum of the contributions of all individual variables equals the 𝑅𝑅2 of the complete model 

(i.e., the model including all variables). In other words, the total 𝑅𝑅2 can be uniquely decomposed and attributed to each variable, 

effectively mitigating the impacts of multicollinearity among variables (Azen and Budescu, 2003; Grömping, 2007).  

Based on the physical interpretation of the S-EOF modes in the following analysis, fivesix indices (i.e., the winter Niño3.4 125 

index, the spring tropical North Atlantic (TNA) index, the spring NPO index, the spring NP index, and the early spring NAO index) 

are selected to construct regression models for each PC. To quantify their relative importance, a total of 2526=6432 regression 

models (including the null model) are considered. For example, to evaluate the contribution of the winter Niño3.4 indexEPI to S-
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EOF1, all subset models excluding this index (regression models 1–32, a total of 254=3216 regression models, representing all 

combinations of the remaining fivefour indices) are first constructed. The weighted-average 𝑅𝑅2 of these models in explaining PC1 130 

is taken as the baseline. Then, the winter Niño3.4 indexEPI is added to each of these subset models, generating another set of 3216 

regression models (regression models 33–64). The weighted-average increase in 𝑅𝑅2  across all model pairs, represents the 

contribution of the winter Niño3.4 indexEPI 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 using a bootstrap procedure. Specifically, years are randomly resampled 135 

with replacement while maintaining the same sample size as the original analysis period (84 years). The dominance analysis is 

repeated for each of the 10,000 bootstrap samples, and the 5th and 95th percentiles of the resulting distributions are used to quantify 

the uncertainty. 

3 Results 

3.1 Distinct spring temperature evolution patterns 140 

Figure 1 presents the climatological spring SAT, SLP, and 925-hPa winds. Over North America, SAT generally decreases with 

latitude, while the meridional temperature gradient 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 subpolar low and a subtropical high. From March 

(Fig. 1a) to May (Fig. 1c), the subpolar lows weaken while the subtropical highs strengthen in response to the seasonal northward 

shift of solar radiation. The combined influence of the Aleutian Low and Icelandic Low favors an atmospheric ridge and 145 

northwesterly winds over northern North America, particularly in March (Fig. 1a), although the ridge and associated winds weaken 

by May (Fig. 1c). 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 midlatitude westerlies extending from the 

Gulf of Alaska into central North America and from eastern North America toward the subpolar North Atlantic. These westerlies 150 

gradually weaken from March (Fig. 1a) to May (Fig. 1c). Overall, North American SAT is jointly influenced by circulation patterns 

over both the North Pacific and North Atlantic sectors and is strongly modulated by the seasonal cycle. 
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Figure 1: Climatology of SAT (shading; unit: ℃), SLP (black contours; unit: hPa; at intervals of 4 hPa), and 925-hPa winds 
(vectors; unit: m s-1; vectors plotted only between 10°N and 75°N) in (a) March, (b) April, and (c) May. The purple box outlines 
North America. 

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-EOF1 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 (Figs. 2a–c). This dipole pattern persists 155 

throughout the spring season. 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 (Figs. 2d–f).  

The PCs of these two S-EOF modes exhibit pronounced interannual variability (Fig. 2g) and are both positively correlated 

with the winter Niño3.4 index, with correlation coefficients of 0.32 and 0.37, respectively. The linkages between these S-EOF 160 

modes and winter ENSO are further examined in the following section. 
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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 
(c) 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) Niño3.4 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 Niño3.4 index. 

S-EOF1 is associated with significant and persistent circulation anomalies over both the North Pacific and North Atlantic 

sectors (Figs. 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 Atlantic (Fig. 3b). This circulation pattern induces favors wind anomalies from both the 

Pacific and Atlantic Oceans toward the North American continent. Over central North America, southerly wind anomalies 165 

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 northeasterly 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 (Figs. 3b–d), with a slight weakening trend, and thus provide 

favorable conditions for a phase-locked north–south temperature dipole over North America.  170 
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Figure 3: (a) Winter-mean temperature anomalies (shading; unit: ℃ 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: m s-1 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 t test. Green 
boxes over the Pacific and Atlantic Oceans denote the Niño3.4 and TNA regions, respectively. (b–d) Same as (a), but for 
anomalies in (b) March, (c) 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 Niño3.4 index. (e–h) Same as (a–d), but for anomalies regressed onto the 
standardized PC2.  

In contrast, S-EOF2 is primarily associated with circulation anomalies over the North Pacific, while anomalies over the North 

Atlantic are only evident in March and extend farther east toward Eurasia (Fig. 3f). The anomalous low over the Bering Sea–Gulf 

of Alaska propagates southeastward from March to May, accompanied by the development of an anomalous high over the North 

American Arctic, particularly in April and May (Figs. 3f–h). This anomalous high strengthens northerly wind anomalies over 

central North America, reinforcing the climatological northerlies (Figs. 1b, c), and thereby leads to widespread cold anomalies 175 

over central North America and temporal phase reversals of spring temperature anomalies.  

Overall, the persistent temperature evolution associated with S-EOF1 is jointly governed regulated by circulation anomalies 

over both the North Pacific and North Atlantic sectors, whereas the evolving temperature pattern associated with S-EOF2 is 

primarily controlled influenced by variability over the North Pacific sector. 

 180 
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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 winter Niño3.4 indexENSO (Table 1), they are associated with distinct tropical SST evolutions and 185 

different spatial structures, as illustrated by Hovmöller diagrams of tropical SST anomalies regressed onto the two PCs (Figs. 4a, 

b). S-EOF1 is accompanied by a fast-decaying  ENSO-like SST pattern from winter to spring (Fig. 4a), with the correlation between 

PC1 and the Niño3.4 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 anomalies persisting into the summer (Fig. 4b). Consistently, the correlation 

between PC2 and the Niño3.4 index increases from 0.37 in winter to 0.44 in spring (Table 1). In addition, PC1 is significantly 190 

correlated with the EPI (i.e., EP ENSO index; r = 0.34), but not with the CPI (i.e., CP ENSO index), whereas PC2 is significantly 

correlated with the CPI (r = 0.45), but not with the EPI (Table 1; Fig. S3). The contrasting ENSO decay rates associated with the 

two modes (Figs. 4a, b) are also broadly consistent with the evolution patterns of EP and CP ENSO (Fig. S4). Such contrasting 

persistence characteristics have also been documented in previous studies, with EP ENSO tending to exhibit a more pronounced 

spring persistence barrier, whereas CP ENSO generally retains greater persistence into late spring (Kao and Yu, 2009; Lee et al., 195 

2014; Ren et al., 2016). However, the relationships between EP/CP ENSO and the two S-EOF modes should be 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 Niño-like conditions in the tropical Pacific (Fig. 4a), especially 200 

over the TNA region (Figs. 3b–d, green box over the Atlantic). Notably, no significant SST anomalies are observed over the TNA 

region for S-EOF2 (Figs. 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 

(Figs. 4a, b). Nevertheless, the spring IOD (i.e., Indian Ocean Dipole) index is significantly correlated with PC1 but not with PC2 

(Table 1). The spring IOD index is not significantly correlated with either the winter or spring Niño3.4 index or with spring TNA 205 

SST (Table 1), suggesting that Indian Ocean variability may provide an additional contribution to the S-EOF1-related temperature 

evolution that is at least partly independent of tropical Pacific and Atlantic SST variability. 

Table 1 Correlation coefficients among between the PC1, the PC2, and the winter and spring Niño3.4 indicesex, the spring winter 
EPI and CPINiño3.4 index, and the spring TNA, IOD, index, the spring NPO, and index, the spring NP indicesex, and together 
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with the early spring (March) NAO index. All indices are standardized and linearly detrended. Correlations significantSignificant 210 
values at the 95% confidence level based on a two-tailed Student’s t test are shown in bold. 

 PC1 PC2 Niño3.4 
(DJF) 

Niño3.4 
(MAM) 

EPI 
(DJF) 

CPI 
(DJF) 

TNA 
(MAM) 

IOD 
(MAM) 

NPO 
(MAM) 

NP 
(MAM) 

NAO 
(Mar) 

PC1 1.00           

PC2 0.00 1.00          

Niño3.4 
(DJF) 0.32 0.37 1.00         

Niño3.4 
(MAM) 0.25 0.44 0.81 1.00        

EPI 
(DJF) 0.34 0.06 0.67 0.53 1.00       

CPI 
(DJF) 0.16 0.45 0.71 0.61 0.00 1.00      

TNA 
(MAM) 0.40 0.18 0.55 0.45 0.29 0.46 1.00     

IOD 
(MAM) 0.26 -0.16 -0.10 -0.01 -0.07 -0.04 0.06 1.00    

NPO 
(MAM) 0.62 -0.16 0.13 -0.05 0.35 -0.13 0.09 0.31 1.00   

NP 
(MAM) 0.23 0.59 0.18 0.29 0.08 0.22 0.09 -0.03 0.24 1.00  

NAO 
(Mar) -0.24 0.23 0.11 0.18 0.10 0.03 -0.25 -0.11 -0.14 -0.03 1.00 

 

 
Figure 4: Hovmöller diagrams of tropical SST anomalies (shading; unit: ℃ 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 Niño3.4 index. Dots 
indicate regions where the regressed SST anomalies are significant at the 95% confidence level based on a two-tailed Student’s 
t test. 

It is also worth noting that tropical SST evolutions associated with these two modes differ from that linked to the winter 

Niño3.4 indexENSO (Fig. 4c). The conventional ENSO-related spring temperature evolution does not resemble either S-EOF mode 

(Figs. 5a–c), but is instead more similar to a linear combination of them (Figs. 5d–f). These results suggest that  tropical SST 215 
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regimes, manifested as differences int ENSO decay rates and spatial structure, atogether with thend states of spring TNA SST, may 

play important roles in distinguishing North American spring temperature evolutions. 

 
Figure 5: (a–c) Temperature anomalies (shading; unit: ℃ 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: m s-1 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 winter Niño3.4 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 t test. Green boxes over the Pacific and Atlantic 
Oceans denote the Niño3.4 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 Niño3.4 index. 

3.2.1 The Atlantic pathway 

Some recent studies have suggested that TNA SST can shape North American spring mean temperature anomalies, primarily 

through its influence on the North Atlantic circulation patterns (Fu et al., 2025; Hou et al., 2023; Ji et al., 2025). Here, we further 220 

examine the linkage between TNA SST and month-to-month temperature evolutions over North America (Figs. 6a–c). The TNA-

related SAT anomaly patterns closely resemble those of S-EOF1, with pattern correlation coefficients of 0.90, 0.78, and 0.54 for 

March, April, and May, respectively. Circulation anomalies over the North Atlantic exhibit a negative NAO-like pattern, although 

the southern center weakens or becomes absent in May (Figs. 6a–c), consistent with a less coherent temperature dipole over North 

America during that month. Generally, spring TNA SST anomalies tend to favor a persistent north–south temperature dipole over 225 

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 relatively weak subseasonal 

variation. 
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It has been acknowledged that tropical Pacific SST anomalies 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 230 

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 (Figs. 7a, b). Interestingly, the two 

S-EOF modes correspond to opposite phases of the NAO in early spring (March; Figs. 3b, f; Table 1), which has also been identified 

as a key regulator 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.  235 

 

Figure 6: (a–c) Temperature anomalies (shading; unit: ℃ 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: m s-1 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 t test. Green boxes over the Pacific and Atlantic 
Oceans denote the Niño3.4 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. 

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 Niño3.4 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 r = -0.37), but only 

weakly correlated with the ENSO-related component (R r = 0.11). These results suggest that early spring NAO is largely 240 

independent of winter ENSO and can exert a significant impact on spring TNA SST.  
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The probability density functions (PDFs) of the spring TNA SST index and its two components under different combinations 

of ENSO and NAO phases are shown in Figs. 7d–g. During El Niño years, the ENSO-related component exhibits relatively 

consistent behavior regardless of the early spring NAO phase, whereas the non-ENSO component varies markedly (Figs. 7d, e). 

Notably, the non-ENSO component exhibits a larger spread than the ENSO-related component, likely reflecting greater uncertainty 245 

in local air–sea interactions (Xie and Carton, 2004), potentially amplified by early spring NAO.  

During the negative phase of early spring NAO, a weakened 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 (Figs. 6d–f). Consequently, the early spring NAO can either reinforce or offset the influence of 

winter ENSO: negative NAO phases amplify ENSO-induced TNA warming (Fig. 7d), whereas positive NAO phases suppress it 250 

(Fig. 7e). Similar behavior is found during La Niña years (Figs. 7f, g). These results suggest a “tug-of-war” over the TNA region, 

in which the ENSO-driven SST signal is strongly modulated by the phase of the early spring NAO. This interplay is closely linked 

to the two S-EOF modes. A negative relationship 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 suppress their development (Fig. 3). The resulting TNA SST state—whether anomalies are present or absent—helps 255 

distinguish between persistent and evolving North American temperature patterns (Figs. 6a–c) through its linkage with North 

Atlantic circulation (Fu et al., 2025; Hou et al., 2023; Ji et al., 2025). 
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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 corresponding correlation coefficients shown in the top-left of each 
panel. (c) 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 Niño3.4 index (bars). Horizontal dashed lines denote ±0.5 
standard deviations. Numbers in the bottom-left indicate the correlation coefficients 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 component (cyan line) under different 
combinations of winter ENSO and early spring NAO: (d) El Niño with negative NAO (13 samples), (e) El Niño with positive 
NAO (13 samples), (f) La Niña with positive NAO (10 samples), and (g) La Niña with negative NAO (17 samples). PDFs are 
estimated using a bootstrap method with 10,000 resamples. El Niño (La Niña) events are defined when the standardized winter 
Niño3.4 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 
components are shown at the top of each panel. 

3.2.2 The Pacific pathway 

The above discussion focuses on the Atlantic sector associated with the two S-EOF modes, in which the ENSO–TNA linkage 

and the influence of the early spring NAO play important but distinct roles. We now turn to the Pacific sector to examine the 260 

midlatitude circulation patterns associated with the S-EOF modes and their potential linkages with tropical Pacific SST anomalies. 
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Here, S-EOF1 is primarily linked to the spring NPO (i.e., North Pacific Oscillation, R r = 0.62), while S-EOF2 is closely related 

to the spring NP (i.e., North Pacific, R r = 0.59). 

The NPO is characterized by a north–south SLP dipole over the North Pacific (Figs. 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 265 

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 

associated with the NPO favors a north–south temperature dipole over North America. Moreover, the NPO pattern remains 

relatively stable throughout the spring, thereby maintaining persistent temperature anomalies over North America (Figs. 8a–c). 270 

The SAT anomalies associated with the spring NPO are highly consistent with those of S-EOF1, with pattern correlation 

coefficients of 0.93, 0.98, and 0.93 for March, April, and May, respectively. The NPO appears largely independent of conventional 

ENSO, as indicated by its weak correlation with the Niño3.4 index in both winter and spring (Table 1). Consistently, the NPO-

related temperature pattern remains largely unchanged after removing ENSO-related signals related to the Niño3.4 index in both 

seasons (Fig. S1).  These results suggest that, as tropical Pacific SST anomalies decay from winter to spring (Fig. 4a), the NPO 275 

and its influence on North American spring temperature become more prominent and operate with limited modulation by 

conventional ENSO-driven North Pacific circulation anomalies. Interestingly, the spring NPO is significantly correlated with the 

EPI, but not with the CPI (Table 1), suggesting a preferential linkage between EP ENSO and the NPO. However, this does not 

necessarily indicate that the relationship between EP ENSO and S-EOF1 is mediated by the spring NPO, because the EPI–NPO 

correlation is no longer significant after excluding years with extreme EPI values exceeding 4 standard deviations (Table S1). 280 

Therefore, the apparent preferential linkage between EP ENSO and the NPO does not appear to be a robust relationship, but is 

instead largely dependent 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 Pacific SST anomalies, the spring IOD is also significantly 

correlated with the spring NPO (Table 1). While this simultaneous relationship does not imply causality, previous studies have 

shown that Indian Ocean variability can modulate tropical Pacific SST evolution through subtropical Pacific processes in which 285 

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 index manifest as a large-scale low-pressure system over the North 

Pacific (Figs. 8d–f). Compared to the NPO (Figs. 8a–c), the loading center of this anomalous low is located farther south, near the 290 
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Aleutian Islands, and is primarily confined to the ocean, with limited extension toward North America. In addition, pronounced 

month-to-month variations are evident from March to May (Figs. 8d–f). This anomalous low extends southeastward, accompanied 

by the development of an anomalous high over the North American Arctic in April and May. These circulation changes closely 

resemble those related to S-EOF2 (Figs. 3f–h). Note that the spring NP index is significantly correlated with the Niño3.4 index in 

spring, but not in winter (Table 1). The SAT anomaly patterns associated with the spring NP index remain similar, albeit weaker, 295 

after removing the influence of the spring Niño3.4 index, compared to those obtained after removing the winter Niño3.4 index 

(Fig. S2). These results suggest that stronger tropical Pacific SST anomalies in spring may enhance the anomalous 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 persistent 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 300 

temperature anomalies may be partly mediated through its connection 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, because 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) 305 

temperature pattern associated with S-EOF1 (S-EOF2). 

 
Figure 8: (a–c) Temperature anomalies (shading; unit: ℃ 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: m s-1 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 t 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 
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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. 

3.3 Relative contributions of tropical SST and midlatitude circulation 

To further quantify the relative contributions of different tropical SST and midlatitude circulation patterns in influencing the 

two S-EOF modes, we adopt a dominance analysis (Azen and Budescu, 2003; Grömping, 2007) to partition the explained variance 

among correlated climate indices across all possible regression model orderings (Fig. 9). Five Six climate indices (i.e., the winter 310 

Niño3.4 indexEPI (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) 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 315 

index, as evidenced by its consistently large coefficients across models (Fig. 9a). This dominance is further supported by its 

contribution to explained variance, accounting for 32.026.7% on average, with well-separated bootstrap uncertainty 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 supporting an important role of the Atlantic pathway in shaping S-EOF1. The , winter Niño3.4 indexEPI, 

spring IOD index and spring NP index are also positively related to PC1, but their contributions are comparatively smaller (9.0%, 320 

5.41%, 3.5%, and 2.26%, respectively; Fig. 9c). Notably, the regression coefficients of the early spring NAO are consistently 

negative across all models (Fig. 9a), indicating a robust and independent negative relationship with the PC1, with minimal evidence 

of competing effects from other variables. The early spring NAO contributes 3.03% to the PC1 (Fig. 9c). Note that mMore than 

half of the variance of PC1 (51.6%) is explained by these sixfive climate indices (Fig. 9c)., and the contribution of each variable 

is robust, as confirmed by a bootstrap method (Fig. S2a). 325 

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 35.42.9% of the explained variance (Fig. 9d). The bootstrap results confirm 

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 preferential linkage between CP ENSO and S-EOF2. The winter Niño3.4 indexThe, spring 

NPO index, and early spring NAO index, spring NPO index, and spring IOD index contribute 4.98.4%, 3.96.4%, and 1.24.5%, 330 

respectively (Fig. 9d). The regression coefficients of the spring TNA index, however, vary substantially, particularly in models that 

include the winter Niño3.4 indexCPI, suggesting a competing or modulated role (Fig. 9b). This behavior supports the earlier 
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inference that, for S-EOF2, the ENSO–TNA linkage may be weakened or overridden by other factors, like the early spring NAO. 

Consistent with this, the spring TNA index contributes the leastonly 2.0% (1.9%; Fig. 9d). These sixfive climate indices explain 

57.36.6% of the total variance of PC2 (Fig. 9d), slightly higher than that for PC1 (51.6%)., The generally smaller bootstrap 335 

uncertainty ranges of the complete model for PC2 than for PC1 suggest that S-EOF2 may be more strongly constrained by these 

climate drivers indicating that S-EOF2 is more strongly constrained by these climate drivers. 

 
Figure 9: (a–b) Heatmaps of regression coefficients (first five six columns) and explained variance (sixth column, 𝑅𝑅2, seventh 
column, unit: %) for all subset regression models of (a) PC1 and (b) PC2, constructed from different combinations of the winter 
Niño3.4 indexEPI (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 indices 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 sixth seventh column indicate that the corresponding 
regression models are statistically significantstatistical significance at the 95% confidence level based on a two-tailed Student’s 
t test. (c–d) Variance decomposition (dominance analysis) for (c) PC1 and (d) PC2, using of the winter Niño3.4 indexEPI (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 in explaining (c) PC1 and (d) PC2. Gray bars denote the weighted-average 𝑅𝑅2 of models excluding a given 
variable (32 combinations), while colored bars denote the weighted-average 𝑅𝑅2  after including that variable (another 32 
combinations). Values are weighted-average over all possible subset models (16 combinations of variables, including the null 
model).Values above the gray (colored) bars indicate the 𝑅𝑅2  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 indicate the 5th 
and 95th percentiles of the bootstrap distributions based on 10,000 resamples of years. The red dashed line represents the 𝑅𝑅2 of 
the complete model (Model 3264), 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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4 Conclusions and discussion 

This study identifies two leading modes of North American spring temperature evolution that differ from conventional ENSO 

responses and are linked to distinct tropical SST regimes and midlatitude circulation. Differences in ENSO decay rate, spatial 340 

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 persistent 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.  345 

The results suggest two distinct dynamical pathways linking tropical SST variability to North American spring temperatures. 

The first is an Atlantic pathway, in which winter ENSO influences spring TNA SST through a delayed response (Chen et al., 2021). 

The resulting TNA SST anomalies further interact with the early spring NAO, modulating North Atlantic circulation and thereby 

reinforcing or weakening temperature persistence over North America. The second is a Pacific pathway, in which persistent tropical 

Pacific CP ENSO-like SST anomalies more directly modulate the NP pattern, whereas less persistent EP ENSO-like SST anomalies 350 

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 circulation patterns and associated temperature responses over North America. 

By applying the dominance analysis, we quantitatively assess 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 355 

clarifying the modulated contributions of ENSO and TNA SST. 

Our findings are consistent with previous studies highlighting the role of tropical Atlantic SST in modulating North American 

spring climate (Fu et al., 2025; Hou et al., 2023; Ji et al., 2025), while extending their results by demonstrating that the emergence 

of TNA SST anomalies and their impacts on the midlatitudes can be jointly controlled influenced by ENSO and early spring NAO. 

Despite the important connection between the early spring NAO and the contrasting evolution of TNA SST anomalies following 360 

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 Carton, 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, suggesting 

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 variability. 365 
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In addition, this study complements earlier work on ENSO diversity by showing that differences in ENSO seasonal evolution 

and flavor may correspond to distinct extratropical responses (Jong et al., 2020).  The NPO- and NP-related circulation patterns 

are likely to connect with differences int ENSO decay rate and spatial structures (Fig. 8), further emphasizing 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, 370 

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 association with 

these two S-EOF modes (Fig. 3). These features are particularly pronounced in March (Figs. 3b, 3f), 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 (Figs. 3c–d, 3g–h). The co-occurrence of temperature anomalies over the two continents is consistent with large-375 

scale atmospheric variability, particularly the NAO. As this study mainly focuses on North American spring temperature evolution, 

a detailed investigation of the Eurasian temperature anomalies and their underlying 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 snowfall anomalies over western Canada in the preceding winter, followed by 

persistent surface albedo anomalies during spring, suggesting a potential positive snow–albedo feedback that may contribute to the 380 

persistence of the temperature pattern. In contrast, S-EOF2 shows no obvious snowfall anomalies in the preceding winter. Neither 

mode exhibits significant 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.(Chen et al., 

2021; Ding et al., 2023; Tian et al., 2025; Xie and Carton, 2004; Zhang and Jiang, 2023) 

 385 

These findings have important implications for seasonal prediction. Accurately representing ENSO decay rate, spatial 

structure, and TNA SST variability may improve predictions of North American spring temperature evolution. Furthermore, the 

interplay between tropical SST and midlatitude atmospheric variability suggests that incorporating both sources of predictability 

is essential for improving subseasonal-to-seasonal forecasts. Future work should explore the representation of these processes in 

climate models, their sensitivity to model biases, and their potential changes in a warming climate. 390 
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