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A B S T R A C T

Previous studies rarely consider the regional disparity in precipitation variability beyond the overall consistency 
in Northeast China (NEC). This study examines the spatial distribution and variability of spring precipitation in 
NEC, a critical region for grain production that is prone to precipitation-related natural disasters. Our results 
indicate that approximately 26.7% of spring precipitation events in NEC demonstrate a dipole pattern—char
acterized by contrasting precipitation distributions within the region—that is significantly influenced by low- 
pressure systems. Our analysis reveals a strong connection between these precipitation patterns and the pre
ceding winter's sea ice conditions in the Kara Sea. Reduced sea ice leads to a decrease in Ural Mountain snow 
cover, lower surface albedo, and an increase in upward heat flux, thereby warming the lower atmosphere. This 
process weakens the meridional temperature gradient, slows the westerly jet stream, and intensifies cyclogenesis 
over NEC. Moreover, persistent anomalies in sea ice and snow cover drive the eastward movement of Rossby 
waves, shaping the “− + − ” Eurasian teleconnection pattern that intensifies regional low-pressure systems. 
Consequently, these circulation patterns result in increased precipitation in northern NEC and decreased pre
cipitation in the south. Additionally, numerical experiments using the CAM6.0 and LBM model were conducted 
to investigate the atmospheric response to sea ice loss and the subsequent dynamical mechanisms affecting 
precipitation in NEC. Therefore, variations in Kara Sea ice and Eurasia snow cover serve as predictive indicators 
for NEC's spring precipitation pattern, thereby enhancing our understanding of NEC's precipitation dynamics and 
providing vital insights for predicting and managing regional natural disasters.

1. Introduction

Northeast China (NEC), situated between 38 and 55◦N and 
110–135◦E, located within the East Asian monsoon domain, represents a 
climate-sensitive zone and a crucial center for industry and agriculture 
in China. Spring, a crucial growth period for crops, receives less research 
focus on its precipitation compared to summer. Despite its lower pre
cipitation levels than summer, spring weather and climate in NEC shows 
unique features distinct from other seasons, exhibiting diverse charac
teristics across various time scales. Recent research indicates an 
increasing trend in spring precipitation in NEC (Liang et al., 2011; Zhai 
et al., 2005), noting that abnormal precipitation patterns can lead to 
severe natural disasters such as flood or drought, posing significant risks 
to socioeconomic stability and human safety (Zeng et al., 2019; Zhang 

et al., 2017a, 2017b; Wang et al., 2024; Zhang et al., 2023a, 2023b). 
Therefore, examining the climate features and patterns of spring pre
cipitation holds crucial practical implications for harnessing NEC's 
spring precipitation resources effectively.

Precipitation in the NEC region not only exhibits seasonal variations 
but also shows distinct spatial differences (Chen et al., 2012; Han et al., 
2021; Wang et al., 2019). Various factors including the Arctic Oscilla
tion/North Atlantic Oscillation, Pacific Decadal Oscillation (Wang et al., 
2014; Wu and Mao, 2018; He and Wang, 2013; Sun and Yang, 2012; 
Xiao et al., 2015; Zhu et al., 2023), Equatorial Pacific Sea Surface 
Temperature (SST) (Stephan et al., 2018; Yang and Lau, 2004; Jing and 
Sun, 2023; Ren et al., 2019), and Tropical Indian Ocean SST (Yang et al., 
2009; Cao et al., 2013; Gao et al., 2014) influence these patterns. 
Moreover, Eurasian soil moisture (Zhu, 2011), Northeast Cold Vortex 
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(Wu et al., 2022; Lian et al., 2016), as well as the Tibetan Plateau and 
Eurasian snow cover (Wang and He, 2015; Zuo et al., 2012; Wu and 
Kirtman, 2007; Zuo et al., 2011) are among the contributing factors. 
Among them, Zhao et al. (2018) point out that low-pressure systems and 
anomalous cyclones over the NEC are key factors influencing precipi
tation in the NEC, and the stronger the Northeast low pressure (NECL), 
the intensity of the NECL system is directly proportional to the amount 
of rainfall in the NEC (Cao et al., 2018; Du et al., 2016). Therefore, a 
follow-up study based on the effect of the NECL system on precipitation 
in the NEC is conducted in this paper. Furthermore, research indicates 
that the Eurasian (EU) teleconnection serves as a key low-frequency 
pattern influencing climate and precipitation variations in the 
Eurasian continent, particularly impacting NEC given its geographical 

position (Zhang et al., 2018; Zhang and Wu, 2011; Du et al., 2022). It's 
important to highlight that this teleconnection pattern strengthens the 
jet stream over East Asia, deepening the East Asian trough, and conse
quently affecting both temperature and precipitation patterns in eastern 
China (Liu et al., 2012). At the same time, Hong and Lu (2016) point out 
that the Silk Road wave train propagating along the westerly jet in the 
mid-latitudes would often cause cyclonic anomalies over East Asia. In 
addition, the Japan-Pacific/East Asia-Pacific teleconnections in the 
middle and low latitudes also have a certain impact on climate change in 
Northeast Asia (Zhang et al., 2019a).

Previous studies consistently highlight the significant role of 
Eurasian snow cover and Arctic sea ice as crucial external drivers 

Fig. 1. The (a) spatial pattern and (b) the corresponding standardized time series (PC1, black line) of the first EOF mode (EOF1) of spring precipitation in NEC during 
1961–2020. The c, d are the same as a、b, but for the second mode of EOF (EOF2) for spring precipitation in the NEC. The red lines in (b) represent the regional 
average precipitation (PI) in spring in NEC, and the blue lines in (c) show the dividing line of the precipitation dipole phase. The red lines in (d) indicates the 
standardized precipitation difference index (PINS) between the north and south regions during the spring in the NEC, and the green dots denote dipole events where | 
PC2| exceeds one standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Definitions of the indices used in this study. All indices have been standardized.

Index Definition

PI Calculated through regional averaging of precipitation distance levels in 
the northeastern region (38–55◦N, 110–135◦E) during spring.

PINS The average precipitation anomaly in the northern region (46–55◦N, 
117–135◦E) of the Northeast, minus the average precipitation anomaly in 
the southern region (38–46◦N, 110–128◦E) (the blue line in Fig. 1c is the 
North-South divide).

NECLI Calculate the average of 500-hpa HGT in the range of 40◦-50◦N and 120◦- 
130◦E multiplied by − 1.

EKSICI The average winter Arctic sea ice extent within the ranges of 74◦N to 77◦N 
and 75◦E to 85◦E, multiplied by − 1.

EUSDI The average winter snow depth in the regions of Eurasia between 65◦N to 
72◦N and 68◦E to 82◦E, multiplied by − 1.

Table 2 
The table of phase relationships for all indices presented in this paper. (* means 
the coefficient values above 95% confidence level, ** means the coefficient 
values above 99% confidence level).

Index PINS NECLI EKSICI EUSDI

PC2 0.95** 0.50** 0.29* 0.30*
NECLI 0.45** / 0.35** 0.32*

Table 3 
Experimental designs for CAM6.0.

Name Resolution Institute

CESM 
(version2.1.3)

Official tag: f09 f09 mg17Atmos: 
CAM6, 0.9 × 1.25 finite volume 
grid;192 × 288 lat/lon, 32 vertical- 
levels

NCAR⋅&UCAR/USA

Experiments
Name Experimental design Duration Results

Control experiment 
(CTL)

Forced operation based on observed 
monthly SIC climate averages 
(1981–2010 averages)

32 years LSIC- 
CTLLow Sea Ice 

experiment (LSIC)

Same as CTL, but sea ice values in 
the Kara Sea (74◦-77◦N, 75◦-85◦E) 
were climatized to − 0.5 during the 
DJF.

Table 4 
Experimental designs for LBM.

Experiment Center of force Radius (Lat×Lon) Extremum (K/day)

EXP_LBM(SIC+SD) 71.0◦N, 76.5◦E, 
850hpa

6.0◦ × 8.5◦ +1.3
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influencing atmospheric variability in the middle to high latitude re
gions of the Northern Hemisphere. Numerous researches demonstrates 
that Arctic sea ice anomalies influence East Asian weather and climate 
patterns through modulation of albedo feedback and regulation of water 
vapor and energy (Honda et al., 2009; Screen et al., 2018; Lin and Li, 
2018; Gao et al., 2015). Recent investigations reveal that the decline in 
Barents Sea ice cover during June triggers a Rossby wave pattern that 
propagates eastward, similar to the Silk Road pattern, inducing anom
alous meridional circulation over East Asia, which results in anomalous 
summer precipitation in the region (He et al., 2018a, 2018b). Wu et al. 
(2016) emphasize how changes in Arctic sea ice trigger anomalous 
Rossby waves, which strengthen the low-pressure system over the 
Mongolian Plateau and the subtropical westerly jet stream. This mech
anism subsequently enhances spring precipitation in East Asia. Addi
tionally, Arctic sea ice anomalies contribute to meridional temperature 
gradients between the Arctic and Eurasia, establishing the “warm Arctic- 
cold Eurasia” pattern. This pattern facilitates the southward transport of 
Arctic cold air into the Far East, resulting in extreme cold events across 
the mid to high latitudes of the Northern Hemisphere (Petoukhov and 
Semenov, 2010; Hu et al., 2018; Yin et al., 2023; Yin et al., 2024; Zhang 
et al., 2023a, 2023b). Subsequently, this phenomenon influences snow 
anomalies in Eurasia (Li et al., 2018; Liu et al., 2012) and alters pre
cipitation patterns in East Asia (Yim et al., 2010; Liu and Yanai, 2002; 
Thackeray et al., 2019; Zhang et al., 2019a, 2019b).

Previous research primarily concentrates on the overall changes in 
precipitation in NEC, paying less attention to its spatial differences in 
precipitation distribution (Liang et al., 2011; Lu et al., 2020; Sun and 
Wang, 2013; Wang and He, 2015). In recent years, however, studies 
such as those by Han et al. (2019, 2021) begin to highlight a significant 
dipole pattern in NEC's summer precipitation, revealing a less pro
nounced decrease in rainfall in the northern areas compared to the 

southern areas. Furthermore, our recent research (Shu et al., 2024) 
confirms this distinct north-south precipitation pattern during the 
summer season. Interestingly, our latest analysis indicates that the dis
tribution of spring precipitation in the NEC is also characterized by a 
distinct dipole structure, as illustrated in Fig. 1c. This emerging evidence 
marks a shift in focus from the overall changes in NEC's precipitation to 
more detailed regional differences, which are crucial for understanding 
the broader climatic dynamics of the area.

Specifically, this research aims to address three key questions: 1) 
What are the spatiotemporal patterns of spring precipitation in NEC? 2) 
What factors contribute to the dipole precipitation pattern observed in 
this region during the spring season? 3) What physical mechanisms 
underlie these patterns? By solving these problems, we further study the 
causes affecting the spring precipitation variability and its spatial dis
tribution in NEC, to provide effective early prediction factors for spring 
precipitation in NEC, so as to better prevent and reduce natural disasters 
caused by precipitation.

2. Data and methods

This paper utilizes the daily precipitation grid dataset (version 2.0) 
provided by the China Meteorological Agency (CMA) and processed by 
Zhao et al. (2014) using the Thin Plate Spline method for spatial inter
polation (Han et al., 2023; Qin et al., 2022). The dataset has a horizontal 
resolution of 0.5◦ × 0.5◦ and spans the period from 1961 to 2020. For 
the purposes of this study, we convert the data into monthly data usage. 
We also use the monthly mean ERA5 reanalysis from the European 
Centre for Medium-Range Weather Forecasts (ECMWF) to calculate the 
geopotential height, temperature, zonal wind, meridional wind, and 
vertical velocity. The vertical layers extend from 1000 hPa to 100 hPa, 
comprising 10 layers, with a horizontal resolution interpolated to 2.5◦ ×

Fig. 2. Spatial distributions of correlation coefficients between spring precipitation in NEC and (a) PC2 and (b) the NECLI, respectively. (c) Correlation between 
spring precipitation in NEC and the winter EKSICI. (d) Normalized time series of the NECLI and PC2 during the period 1961–2020. Regions that are statistically 
significant at the 5% level are dotted.
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2.5◦. Additionally, ERA5 offers data on surface sensible heat flux and 
surface latent heat flux, surface albedo, sea ice and the vertical integral 
of water vapor fluxes and divergence (Hersbach et al., 2020). Further
more, the selection of snow depth data provided by ERA5 is employed to 
effectively reflect the change of snow cover across Eurasia at middle and 
high latitudes (Akyurek et al., 2023; Varga and Breuer, 2023; Muñoz- 
Sabater et al., 2021; Mortimer et al., 2020). All of the above data cover 
the period 1961 to 2020. The climate state mean is defined as the 30- 
year average over the period 1981–2010, and anomalies are computed 
by subtracting this climate state.

In this study, the precipitation index (PI) for the NEC region is 
defined as the anomaly calculated from the average precipitation over 
the entire region (Table 1). The North-South dipole precipitation index 
(PINS) for the NEC region is defined as the precipitation difference be
tween areas north and south of a demarcated line (Fig. 1c). Winter is 
defined as the December–January–February (DJF) mean, which in
cludes December of the preceding year and January–February of the 
current year, and Spring refers to the March–May mean (MAM). In 
addition, we calculate the Takaya and Nakamura (T-N; Takaya and 
Nakamura, 2001) wave activity fluxes to describe the propagation 
conditions of quasi-stationary Rossby waves. We also computed the 
Eliassen-Palm (E-P) flux (Edmon et al., 1980; Andrews, 1987) to 

characterize the vertical wave propagation involved in stratosphere- 
troposphere coupling.

In addition, to validate the mechanism of sea ice's impact on spring 
precipitation dipole pattern in NEC and whether it can serve as a pre
dictive indices for changes in precipitation in NEC, we conduct numer
ical experiments utilizing the Community Atmosphere Model version 
6.0 (CAM6.0) within the framework of the atmosphere component of 
Community Earth System Model (CESM) version 2.1.3, developed by the 
National Center for Atmospheric Research (NCAR) (Lauritzen et al., 
2018; Danabasoglu et al., 2020). The model operates at a horizontal 
resolution of 192 latitude × 288 longitude and incorporates 32 hybrid 
sigma-pressure levels, which are subsequently interpolated to 17 stan
dard pressure levels for analysis. SST is set to a constant climatological 
state. Building upon this framework, we execute two sets of experiments 
over a 32-year period (Table 3): a control experiment (CTL) and a low 
sea ice concentration experiment (LSIC). The CTL simulations utilize 
forcings derived from monthly sea ice values, which are calculated 
based on the climatic averages from the period 1981 to 2010. The LSIC 
experiment is conducted under the same fundamental conditions as the 
control experiment, with the exception that the sea ice concentration in 
the Kara Sea (74◦–77◦N, 75◦–85◦E) is subtracted by 0.5 from the climate 
state values during the months of December and February. The 

Fig. 3. Correlation coefficients of 500-hPa HGT (a, shading) and 850-hPa horizontal wind vector (a, vectors), 200-hPa U-wind (b), vertical integral of water vapor 
flux (c, vectors) and divergence (c, shading) in spring with PC2 during 1961–2020. Latitude–height cross section of spring V-wind (d, vector) and Omega (d, shadow) 
averaged for 110◦-135◦ E correlated with PC2 during the period 1961–2020. The Omega values are multiplied by − 100. Positive (negative) moisture flux divergence 
indicates divergence (convergence). Similarly, a positive (negative) vertical velocity (w) indicates upward (downward) motion. In (a), the “-” indicates the low- 
pressure center, while the “+” signifies the high-pressure center. The red line in (b) is the climatic westerly jet. Regions that are statistically significant at the 
5% level are dotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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simulation results from the last 30 years of both experiments are utilized 
for analysis. The modeled atmospheric response is defined as the 
ensemble mean derived by subtracting the ensemble mean of the control 
run from that of the low sea ice experiment.

To investigate the atmospheric response to diabatic heating resulting 
from sea ice loss in the Kara Sea, we performed an idealized forcing 
experiment using the Linear Baroclinic Model (LBM) (Watanabe and 
Kimoto, 2000). The model was configured with a T42 horizontal reso
lution and 20 sigma levels in the vertical. The basic state was set to the 
DJF (December–January–February) climatological mean. An idealized 
thermal forcing was applied at the lower level over the predefined key 
region for sea ice and snow (71◦N ± 6.0◦, 76.5◦E ± 8.5◦), with a heating 
rate of approximately 1.3 K day− 1. Following a 50-day spin-up, the 
model output from the final 20 days was used for analysis. For specific 
experimental details, please refer to Table 4.

3. Results

3.1. Variability and circulation characteristics of spring precipitation in 
NEC

Many studies show that spring precipitation is on the rise, making it 
the second most precipitation-rich season of the year after summer 
(Liang et al., 2011; Yang et al., 2005). To investigate the characteristics 
of spring precipitation in NEC, we analyze the empirical orthogonal 
function (EOF) of the spring precipitation anomaly field in the NEC from 
1961 to 2020 to obtain the primary modes. The results show that the 
first mode exhibits a consistent change in precipitation distribution 
throughout the region, with high values located in the southeast 
(Fig. 1a). Conversely, the EOF2 mode exhibits a distinct dipole pattern, 
with opposing precipitation anomalies north and south of a southwest- 
northeast trending axis spanning 43◦–48◦N, and the most extreme 

anomalies located in the northernmost and southernmost parts of the 
study region (Fig. 1c).The explained variance for this mode is 18.9%. 
Further analysis reveals that the time series of the above EOF all exhibit 
significant interannual variability characteristics (Fig. 1b, d, black 
lines). The correlation coefficient between the principal component of 
EOF2 (PC2) and the PINS index is 0.95, which is statistically significant 
at the 1% level (p < 0.01) (Table 2).This suggests that a positive value of 
PC2 corresponds to a mode in which precipitation increases in the 
northern regions of NEC while decreasing in the southern regions. 
Conversely, a negative value of PC2 indicates a pattern characterized by 
increased precipitation in the south and decreased precipitation in the 
north.

During Spring, we define a NEC dipole precipitation event as 
occurring when the absolute value of the normalized PC2 exceeds one 
standard deviation and is greater than that of PC1. Based on this crite
rion, the frequency of such dipole precipitation events over the past 60 
years is approximately 26.7% (Fig. 1d). This indicates that the north- 
south opposite distribution of precipitation in the NEC region holds a 
significant proportion. Therefore, investigating the dipole precipitation 
patterns in spring in NEC is deemed essential. Through analyzing the 
circulation field associated with PC2, we identify a significant low- 
pressure center over NEC in spring (Fig. 3a), so we believe that this 
circulation pattern may affect the occurrence of this anti-phase precip
itation pattern in NEC. Therefore, following the method proposed by Liu 
et al. (2012), we define a Northeast China Low-pressure Index (NECLI) 
for spring, which is calculated as the average of the areas in the range of 
40◦ -50◦N and 120◦ -130◦E of the 500-hpa HGT, multiplied by − 1. We 
use NECLI for the subsequent study of NEC spring precipitation char
acteristics. The results show that the correlation coefficient between 
NECLI and PC2 reached 0.5 (significant at the 1% level (p < 0.01), 
Fig. 2c). A larger NECLI value indicates a stronger low-pressure system 
over NEC, leading to the pattern of wet in the north and dry in the south 

Fig. 4. Correlation coefficients of spring NECLI with pre-winter sea ice (a), pre-winter snow depth (c), and EKSICI with snow depth (d). (b) Time series plot and 
correlation coefficients of EKSICI versus the NECLI. Regions that are statistically significant at the 1% level are dotted. The red rectangular boxes in (a) and (c) denote 
critical areas for sea ice and snow depth, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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increased in NEC (Fig. 2b).
In relation to the dipole-type precipitation pattern observed in spring 

in NEC, we conduct a correlation analysis between the springtime cir
culation field and PC2. Illustrated in Fig. 3a is a pronounced “− + − ” 
zonal circulation pattern observed in the 500 hPa height field across the 
mid to high latitudes of Eurasia. Notably, a significant positive HGT 
anomaly is present in Central Asia, while a negative HGT anomaly ex
tends from eastern to NEC toward the Sea of Japan. In the corresponding 
850 hPa horizontal wind field, NEC is controlled by an anomalous 
cyclone. The warm and humid easterly wind originating from the North 
Pacific Ocean leads to significant anomalous upward movement and 
water vapor flux divergence in the northern part of NEC, which is 
conducive to increasing precipitation (Fig. 3b, d). Conversely, due to the 
combination of the cyclone above and the significant high-pressure 
anomaly in the west, a westerly anomaly appears from the southern 
NEC to the Yellow Sea. The anomalous northwesterly wind transports 
dry, cold air from higher latitudes. In the northern part of the region, this 
cold air converges with warm, moist air advected from the south, forcing 
the warm, moist air to ascend and generate enhanced precipitation. 
Meanwhile, over the southern part, the northward diversion of the 
warm, moist air, coupled with subsidence associated with the dry, cold 
air, promotes moisture flux divergence and increases atmospheric sta
bility (Fig. 3b-d). This suppresses convective activity, leading to reduced 
precipitation. This dynamical process establishes a characteristic north- 

south dipole precipitation pattern, with wetter conditions in the north 
and drier conditions in the south, which is mechanistically consistent 
with the spatial pattern shown in Fig. 1c.

3.2. Possible mechanism of winter sea ice affecting spring precipitation 
dipole model in NEC

Arctic sea ice serves as a crucial remote forcing factor influencing the 
circulation patterns in the mid and high latitudes of Eurasia, thereby 
playing a pivotal role in regulating subsequent changes in precipitation 
and temperature in East Asia through its enduring climatic impacts (Liu 
et al., 2019; Kelleher and Screen, 2017; Li et al., 2018; Hu et al., 2022). 
Fig. 4a demonstrates a strong negative relationship between the dipole 
precipitation in the NEC region during spring and the preceding winter's 
sea ice variations near the Kara Sea. Based on the findings in Fig. 4, we 
identify the region spanning 74◦N to 77◦N and 75◦E to 85◦E as the 
significant area of sea ice influencing the spring precipitation pattern in 
NEC. Within this region, we calculate the average sea ice extent and 
multiply it by − 1 to derive the sea ice index (EKSICI). Consequently, 
higher EKSICI values denote greater sea ice loss. Furthermore, the cor
relation between EKSICI and NECLI is found to be 0.35, while the cor
relation coefficient between EKSICI and PC2 is 0.29 (Table 2 and 
Fig. 4b), which both passed the significance test. This indicates that an 
increase in sea ice loss is correlated with a more intense low-pressure 

Fig. 5. Correlation coefficients of 500-hPa HGT (a, shading) and 850-hPa horizontal wind vector (a, vectors), 200-hPa U-wind (b), water vapor flux (c, vectors) and 
divergence (c, shading) in spring with EKSICI during 1961–2020. Latitude–height cross section of spring V-wind (d, vector) and Omega (d, shadow) averaged for 
110◦-135◦ E correlated with EKSICI during the period 1961–2020. The Omega values are multiplied by − 100. The red line in (b) is the climatic westerly jet. Regions 
that are statistically significant at the 5% level are dotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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system over the NEC, leading to enhanced precipitation in the northern 
regions and a reduction in precipitation in the southern areas of the NEC 
during the spring (Fig. 2c).This indicates that greater sea ice loss is 
correlated with a more intense low-pressure system over the NEC, 
leading to enhanced precipitation in the northern regions and a reduc
tion in precipitation in the southern areas of the NEC during the spring 
(Fig. 2a-b). In addition to Kara Sea ice, the snow cover over Eurasia also 
plays a significant role in influencing the variability of climate in mid- 
high latitudes (Zhang et al., 2021a, 2021b; Handorf et al., 2015; Zuo 
et al., 2012; Saito et al., 2001). Previously, Zhang et al. (2022b) point 
out that the anomalous reductions of the Barents- Kara Sea ice during the 
previous winter is not only significantly correlated with the snow water 
equivalent of the east-west dipole pattern in Eurasian continent but also 
significantly linked to springtime precipitation in Northeast Asia on an 

interannual scale. Consequently, we perform a correlation analysis be
tween pre-winter snow cover and NECLI, as illustrated in Fig. 4c, 
revealing a negative correlation between snow cover in the northern 
part of the Eurasian continent and the dipole precipitation pattern. We 
select the area of significance (65 to 72◦N, 68 to 82◦E, red rectangular 
box) and calculated the area-averaged snow cover index (EUSDI) by 
multiplying it with − 1. This indicates that when the snow depth east of 
the Ural Mountains and the Kara Sea ice in the previous winter show 
negative anomalies, the precipitation in the north of NEC increases, 
while the precipitation in the south decreases in the spring.

To investigate how sea ice anomalies influence the spring dipole 
precipitation patterns in NEC, we examine the atmospheric circulation 
anomalies linked to EKSICI. Our findings reveal that reduced sea ice 
cover near the Kara Sea in the pre-winter could leads to positive HGT 

Fig. 6. Spring albedo (a), surface net solar radiation (b), heat flux (d), lower - atmosphere temperature (f, average atmospheric temperature from 700 to 1000-hPa), 
winter heat flux (c), and winter lower - atmosphere temperature (e, average atmospheric temperature from 700 to 1000-hPa) associated with winter EKSICI. Regions 
that are statistically significant at the 5% level are dotted. The key sea - ice region is outlined by a green rectangle. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

X. Shu et al.                                                                                                                                                                                                                                      Atmospheric Research 336 (2026) 108829 

7 



anomalies in the upper atmosphere over the relevant areas and negative 
anomalies over the Lake Baikal to NEC region (Fig. 5a), which is 
consistent with the PC2 related circulation pattern in Fig. 3a. This at
mospheric configuration generates a wave train across the mid-to-high 
latitudes of Eurasia that exhibits a structure similar to the EU tele
connection pattern (characterized by a “– + − ” anomaly pattern). The 
persistence of this EU-like circulation pattern helps maintain and 
intensify the low-pressure system over NEC (Zhang et al., 2018). Addi
tionally, anomalous cyclonic circulation prevails in the 850 hPa wind 
field over the NEC region, with notably strong southeast winds in the 
north. These intense southeast winds transport warm, moist air from the 
ocean to the NEC, enhancing the convergence of water vapor flux and 
upward motion. As a result, this facilitates increased precipitation in the 
northern areas (Fig. 5c, d). On the contrary, the positive zonal wind 
anomaly and subsidence in the south suppressed the precipitation.

Furthermore, upon examining the mechanism through which snow 
cover impacts spring precipitation in NEC, we observe similarities be
tween the circulation patterns and influencing mechanisms associated 
with the EUSDI and those linked to sea ice affecting precipitation 
(Fig. S1, S2 and Figs. 5, 6). In addition, we investigate the correlation 
between sea ice and snow cover and find a significant positive rela
tionship between the two key areas (Fig. 4d), with an index correlation 
coefficient of 0.38 between the two key areas. Consequently, we believe 
that the combined effects of Kara sea ice and the snow cover in the 
eastern Urals contribute to the north-south opposite pattern of spring 
precipitation in the NEC. In general, a decrease in Arctic sea ice is 
anticipated to result in decreased snow cover across northern Eurasia, 
leading to enhanced spring rainfall in the northern and decreased pre
cipitation in the southern parts of the NEC.

The complex interactions between sea ice and atmospheric circula
tion often involve mechanisms such as albedo and surface heat flux 
(Curry et al., 1995; Budikova, 2009; Vihma, 2014; Gao et al., 2015). As 
illustrated in Fig. 6a, the reduction of Kara Sea ice in the preceding 

winter lowers surface albedo and enhances the absorption of shortwave 
solar radiation. Simultaneously, the expansion of open water suppresses 
the escape of outgoing longwave radiation to the atmosphere, further 
amplifying heat accumulation at the surface and in the lower atmo
sphere. This net warming effect, driven by both shortwave and longwave 
radiation processes, raises surface temperature and strengthens upward 
sensible and latent heat fluxes. Through enhanced ocean–atmosphere 
heat exchange, more energy is transferred into the atmosphere, leading 
to elevated air temperatures in the lower Arctic troposphere (Fig. 6e–f). 
The heating of the earth to the atmosphere increases the thickness of the 
atmosphere, resulting in a geopotential height anomaly in the vicinity of 
the Kara Sea and across the Arctic region (Ye et al., 2024; Chatterjee 
et al., 2023; Jiang et al., 2024). However, sea ice reduction persists from 
the previous winter to the subsequent spring (correlation r = 0.29, 
Fig. S3a - c). The resultant thermal anomaly heats the lower - tropo
sphere atmosphere and transfers upward to the lower stratosphere 
through the tropopause (Fig. S4a - b), warming the stratosphere. This 
upward heat flux can alter the stratospheric bottom temperature struc
ture and upward - propagating wave energy (Xu et al., 2023; Sellevold 
et al., 2016; Cohen et al., 2020; Screen and Francis, 2016), affecting the 
stratospheric circulation pattern (Fig. S4c, e). These signals persist in the 
stratosphere into the following spring (Fig. S4e-f; Baldwin et al., 2003), 
with downward-extending energy emerging in the lower-to-middle 
troposphere, inducing corresponding responses within the mid-high 
latitude tropospheric atmosphere (Fig. S4d - f) (Wu et al., 2016; Wu 
and Smith, 2016; Nakamura et al., 2016; Zhang et al., 2022b; Xu et al., 
2020; Cohen and Agel, 2021; Sun et al., 2015; Screen and Francis, 2016; 
McKenna and Bracegirdle, 2018). Persistent vertical thermal anomalies 
in the atmosphere can induce a baroclinic response in the lower tropo
sphere (Overland et al., 2015; Honda et al., 2009; Inoue et al., 2012). 
This favors the excitation of Rossby waves. However, the weakened 
westerlies slow their eastward propagation during winter and spring. 
Consequently, a latitudinal wave train pattern resembling a Eurasian 
teleconnection (“ -+- “) is established over Western Europe extending to 
the Ural Mountains (Liu et al., 2014), and subsequently propagates 
across the mid to high latitudes toward Northeast Asia (Fig. 7). Anom
alous easterly winds generated by anticyclones in the northern upper 
troposphere enhance the transport of cold advection, leading to the 
southward movement of cold air from northern regions into the Far East 
(Honda et al., 2009; Mori et al., 2019).

Furthermore, the warming associated with the loss of sea ice is 
detrimental to the formation and persistence of snow cover (Fig. S3d-f). 
The increase in lower atmospheric temperatures likely corresponds with 
a decline in snow cover around the Ural Mountains (Zhang et al., 2022b; 
Hezel et al., 2012; Park et al., 2013). The reduction in snow cover further 
contributes to a decrease in surface albedo, which in turn results in 
elevated temperatures at high latitudes (Mu and Zhou, 2012; Brown 
et al., 2010). In addition, the hydrological effect of snow cover also af
fects surface processes and atmospheric circulation (Yasunari et al., 
1991; Barnett et al., 1989; Xu and Dirmeyer, 2011; Xu and Dirmeyer, 
2013a, 2013b). The snow cover in northern Eurasia gradually melts with 
the increase in temperature from winter to the following spring. As 
shown in Fig. S2 and Fig. S5, both reduced albedo and increased soil 
moisture resulting from diminished snow cover trigger persistent 
anomalies in upward heat flux and wave activity flux propagation 
(Zhang et al., 2017a, 2017b; Halder and Dirmeyer, 2017; Xu et al., 2021; 
Sun et al., 2021). This phenomenon establishes a positive feedback loop, 
which promotes the propagation of the Rossby wave train (Fig. S2d). 
The combined action of the snow cover's albedo effect and the delayed 
hydrological effects gives rise to Arctic warming. These anomalous 
signals modulate springtime mid-to-high latitude circulation patterns 
over Eurasia by influencing stratospheric circulation anomalies and 
subsequent stratosphere-troposphere coupling (Fig. S6). Simulta
neously, accompanied by the cooling in the mid - latitudes of Eurasia, 
this situation decreases the atmospheric thickness gradient as well as the 
meridional temperature gradient from the Arctic to Eurasia. The 

Fig. 7. The regression of winter (a) and spring (b) 200-hpa HGT anomaly 
(shading, gpm) and wave flux (T-N, vector, m2s− 2) with preceding 
winter EKSICI.

X. Shu et al.                                                                                                                                                                                                                                      Atmospheric Research 336 (2026) 108829 

8 



warming of the Arctic, coupled with cooling in mid-latitude Eurasia, 
reduces both the atmospheric thickness gradient and the meridional 
temperature gradient from the Arctic to Eurasia. This weakens the 
westerly jet, deepening the trough and ridge pattern from Siberia to 
Northeast Asia (Ding et al., 2021; Petrie et al., 2015; Chen et al., 2020; 
Sellevold et al., 2016; Francis and Vavrus, 2012), which in turn in
tensifies low pressure and cyclonic activity over Lake Baikal and the 
NEC. Ultimately, the winter disappearance of Kara Sea ice affects high- 
latitude Eurasian snow melting by interacting with atmospheric circu
lation. This leads to the convergence of cold air and low-pressure 
anomalies from the Arctic over the NEC, enhancing the North-South 
dipole precipitation pattern. Fig. 8 illustrates this mechanism.

3.3. Results from CAM6.0 and LBM experiments

To better understand and validate the mechanisms by which sea ice 

influences precipitation in Northeast China, we conducted idealized 
adiabatic heating forcing experiments using a Linear Baroclinic Model 
(LBM) and sensitivity experiments with the Community Atmosphere 
Model (CAM6.0). The model results successfully reproduce the previ
ously observed atmospheric and precipitation anomalies over the Arctic 
and Eurasia in spring following winter sea ice anomalies. As shown in 
Fig. 9a–d, the models accurately replicate the observed processes: winter 
sea ice loss in the Kara Sea leads to reduced spring snow cover over 
northern Eurasia, which subsequently increases soil moisture due to 
snowmelt. Simultaneously, the reduction in sea ice cover decreases 
surface albedo, enhancing the absorption of solar radiation. These two 
processes collectively strengthen upward heat fluxes from winter to 
spring, warming the overlying atmosphere into the stratosphere. 
Furthermore, the idealized adiabatic heating experiments with the LBM 
demonstrate that Kara Sea ice loss generates thermal forcing that excites 
anomalous upward wave activity flux propagating eastward. These 

Fig. 8. (a) The physical mechanism chain and (b) schematic diagram illustrating the impact of Arctic sea ice on the spring precipitation dipole pattern in the NEC. In 
the figures, “A” denotes an anticyclone, and “C” denotes a cyclone. The areas circled in pink are key areas for sea ice and snow cover. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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anomalous thermal and geopotential height signals persist into the 
following spring via the stratospheric memory effect. Concurrently, at
mospheric warming over the Arctic weakens the meridional tempera
ture gradient between the polar and subtropical regions. The resulting 
deceleration of the westerly jet stream slows the eastward propagation 
of Rossby waves. Consequently, a west–east oriented Rossby wave train 
pattern (“– + –”) forms and persists over Eurasia from winter to spring 
(Fig. 9e–f), consistent with the 110-year model results of Xia et al. 
(2024). This wave train thereby fosters the development of an anoma
lous cyclonic circulation over Northeast Asia. This circulation provides a 
dynamical disturbance background conducive to precipitation, which in 
turn reinforces the dipole tendency in regional rainfall distribution 
(Fig. S7b).

Simulated outcomes align well with observational evidence, lending 
support to the role of winter Kara Sea ice anomalies in shaping the 
north–south dipole mode of spring precipitation over NEC. The simu
lations confirm that reduced sea ice forces large-scale circulation, 
exciting a Rossby wave train that extends from the polar region to the 
mid-latitudes and establishes a pronounced upper-level cyclonic 
anomaly over NEC. This dynamical disturbance provides a key back
ground condition that polarizes the spatial distribution of precipitation, 
thereby promoting the formation of the dipole precipitation pattern over 
Northeast Asia in spring. These findings validate the physical mecha
nism illustrated in Fig. 8.

Fig. 9. Composite differences in (a) snow-depth (units: m), (b) net surface solar radiation (units: W/m2), (c) surface heat flux (units: W/m2), (d)700–1000-hPa mean 
air temperature (contour, units: ◦K), (e) 500-hPa geopotential height (units: m) for MAM between the control and Low Sea Ice experiments based on CAM6 (LSIC- 
CTL). (f) The 500-hPa geopotential height (shading; m) averaged over the last 20 days of the LBM ensemble simulation, with the blue curve showing the 
wavenumber-1 Rossby wave ray path at day 11. Vectors represent the composite difference in spring 500-hPa horizontal Takaya–Nakamura wave activity flux (m2 

s− 2) from the CAM6 experiment. Dotted areas denote statistical significance at the 10% level. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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4. Conclusions and discussions

This study delves into the interannual variability of spring precipi
tation in NEC spanning 1961–2020, exploring its primary influencing 
factors and associated mechanisms. The spatial characteristics of spring 
rainfall in NEC demonstrate a pronounced dipole distribution, with the 
north being wet and the south being dry. The corresponding principal 
component (PC2) exhibits significant interannual variability. Over the 
last six decades, this dipole precipitation pattern accounts for about 32% 
of the total precipitation model. This implies that precipitation trends in 
NEC evolve beyond uniform changes to encompass a distinct north- 
south inverse phase pattern. Hence, there is a pressing need for deeper 
exploration and analysis of the regional nuances in precipitation vari
ability within NEC.

Our findings suggest that the spring dipole precipitation pattern 
observed in the NEC is significantly affected by low-pressure systems, 
which are primarily influenced by the pre-winter sea ice conditions in 
the Kara Sea and the snow cover east of the Ural Mountains. Further
more, a significant correlation exists between sea ice and snow cover in 
these regions, and the physical mechanism by which both influence 
spring precipitation in the NEC are similar (Zhang and Sun, 2020; Zhang 
et al., 2020; Zhang et al., 2022b; Zhang et al., 2022a; Wu et al., 2016). 
The reduction of sea ice in the Kara Sea during the preceding winter 
likely diminished snow cover in northern Eurasia, causing a decrease in 
surface albedo and an increase in upward heat flux. Such variations in 
surface thermal forcing may induce anomalous upward wave activity 
flux, exciting eastward-propagating Rossby waves that manifest as a “−
+ − ” zonal wave train over Eurasia, somewhat like the EU tele
connection. This wave train subsequently induces a quasi-stationary 
cyclonic anomaly over NEC, deepening the local low-pressure center. 
Simultaneously, the increased surface heat flux warms the lower at
mosphere at high latitudes. This warming effect over the Arctic is likely 
to weaken the meridional temperature gradient in the middle and high 
latitudes of Eurasia, weakening the westerly winds. As a result, this 
process deepens the troughs and ridges and intensifies anomalous cy
clones over the NEC. Anomalous cyclones and low-pressure centers 
contribute to heightened water vapor divergence and descending 
movement anomalies in the southern region of NEC, while the opposite 
effect occurs in the northern part, leading to a distinct dipole pattern 
characterized by dry conditions in the south and wet conditions in the 
north. Furthermore, we conduct sensitivity experiments using CAM6.0, 
which demonstrate that the loss of sea ice in the pre-winter Kara Sea 
influences circulation changes through a positive feedback mechanism 
arising from the interaction between anomalous thermal conditions and 
the atmosphere (Mori et al., 2014; Cho et al., 2022). This interaction 
yields an atmospheric circulation pattern akin to the Eurasian tele
connection observed in the mid to high latitudes of Eurasia (Liu et al., 
2014; Xu et al., 2019, 2022; Wang et al., 2024).

This study examines the influence of interannual sea ice and snow 
cover variations on spring precipitation patterns in NEC. Numerical 
experiments demonstrate that winter Kara Sea ice loss triggers an at
mospheric teleconnection wave train that affects subsequent spring 
climate. However, NEC precipitation is modulated by multiple factors, 
including North Atlantic SSTs, Eurasian snow water equivalent, and soil 
moisture over the Tibetan Plateau and Yangtze Basin (Zuo and Zhang, 
2007; Zuo et al., 2012; Zuo and Zhang, 2016). Decadal-scale variations 
in warm pool and Indian Ocean SSTs further underscore the importance 
of low-frequency climate signals (Yang and Lau, 2004; Chen et al., 2014; 
Lu et al., 2020). Mid-latitude circulation patterns such as the NAO and 
AO regulate cold-air activity by modulating the Ural blocking and East 
Asian trough (Ding et al., 2021; Park et al., 2013). The position and 
intensity of the NEC cold vortex also critically shape precipitation dis
tributions (Xu et al., 2023; Xie and Bueh, 2015; Xu and Qi, 2023; Xue 
and Zhang, 2022). Recent studies indicate that Arctic sea ice decline 
induces Eurasian snow cover and soil moisture anomalies that influence 
NEC spring precipitation (Du et al., 2022; Ji and Fan, 2019). However, 

internal variability in Arctic sea ice remains a key uncertainty (Ding 
et al., 2017, 2019), while the observed snow cover decline over northern 
Eurasia (Ye et al., 2015) and its teleconnections with southern China 
precipitation (Jia et al., 2018) highlight the need for a more compre
hensive understanding of these complex interactions. Given the uneven 
spatial and temporal distribution of spring precipitation in NEC, which 
leads to extreme drought, flood and other natural disasters, enhancing 
the accuracy of spring precipitation forecasts in NEC is paramount. 
Future research should focus on refining our understanding through 
detailed numerical experiments, considering both the spatial and tem
poral distribution of spring precipitation and the external forcing factors 
that influence these patterns. This comprehensive approach is crucial for 
managing the risks associated with adverse weather conditions 
effectively.
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