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ABSTRACT: The present study analyzes the impact of interannual variation in autumn (September–November) Arctic
sea ice concentration (SIC) on early winter (November–January) precipitation over nonmonsoonal Eurasian (NME) re-
gions based on both observations and numerical model experiments. An energy budget analysis shows that negative au-
tumn SIC anomalies in the Beaufort–Chukchi–East Siberian Seas (BCES) induce heating in the overlying atmospheric
column, which excites a Rossby wave that propagates from the BCES through the Atlantic Ocean to the mid- and high-
latitude Eurasian continent. This Rossby wave obtains energy from the mean flow by both baroclinic and barotropic energy
conversions. In comparison, the baroclinic energy conversion is more important than the barotropic energy conversion.
The low-level anomalous cyclone and anticyclone of the Rossby wave dominate the eastern North Atlantic Ocean–southern
Europe and western Russia, respectively. Anomalous westerly wind along the south flank of the anomalous cyclone transports
moisture from the North Atlantic Ocean to the continent, resulting in a water vapor flux convergence and positive precipita-
tion anomaly over southern Europe in early winter. Pronounced anomalous northerly winds in the eastern part of the western
Russian anticyclone cause negative precipitation anomalies over vast regions of central Asia and the west Siberian plain in early
winter. The Rossby wave ray tracing experiment and numerical sensitivity experiments support the above BCES SIC–NME
precipitation connection.
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1. Introduction

Different from the climate over monsoonal areas, which is
impacted by seasonal reversals of prevailing wind directions
between summer and winter, the climate over the mid- and
high-latitude central–western Eurasian continent is mainly
dominated by nonmonsoonal airflow (e.g., Li and Zeng 2005,
their Fig. 2; An et al. 2015, their Fig. 2). In both summer and
winter, westerly winds blow from the mid- and high-latitude
North Atlantic Ocean to the downstream Eurasian continent
and control the climate over vast regions from the northern
Mediterranean Sea to northern China. Far from the ocean, most
of these nonmonsoonal Eurasian (NME) regions (308–608N,
308–1058E; Qian et al. 2021) are characterized by arid or semi-
arid climates (e.g., Li et al. 2015).

Due to the infertile land and sparse vegetation cover, the
water resources in the NME region are important for ecosys-
tems, agriculture, irrigation, economic activity, social stability,
and people’s lives. Previous studies have noted that central
Eurasia has warmed by twofold compared with the global av-
erage in the past century (e.g., Giorgi 2006; Chen et al. 2009;
Huang et al. 2016; Hu et al. 2016), and the temperature over
these regions might continue increasing at a relatively high

rate in the future (e.g., Christensen et al. 2013; Peng et al.
2020). The increase in temperature will lead to the melting of
snow cover and the shrinkage of glaciers over central Asia
(e.g., Sorg et al. 2012). Some studies have revealed that the
annual precipitation over the central Eurasian continent has
increased in the past several decades and might continue to
increase in the future (e.g., Huang et al. 2012, 2014; Jiang et al.
2020). However, such enhanced annual rainfall is reported
without distinguishing plausible differences among the sea-
sons (e.g., Huang et al. 2012, 2014; Jiang et al. 2020).

Previous studies have noted that the variation in precipita-
tion over the central Eurasian continent can be affected by
the variation of the subtropical westerly jet (e.g., Zhang et al.
2006; Zhao et al. 2014; Fallah et al. 2016), the variation in
Tibetan Plateau thermal conditions (Yao and Chen 2015),
Asian polar vortices (Yao and Chen 2015), and continental
wave train patterns related to the North Atlantic Ocean sea
surface temperature (SST) (e.g., Wu et al. 2016; Jia et al.
2018). In addition, snow cover and sea ice can also affect the
Eurasian continental climate variations by modulating atmo-
spheric circulations (e.g., Li and Wang 2012; Chen et al. 2016;
Wang et al. 2019; Ding et al. 2021). For example, the Arctic
sea ice, which is an important component of the global climate
system, can affect the local energy balance through the ice al-
bedo effect (Curry et al. 1995). The Arctic sea ice can modulate
the exchange of energy between the overlying atmosphere and
the ice-covered ocean (e.g., Serreze et al. 2007; Budikova 2009;
Vihma et al. 2020; Gao et al. 2015) and impose climate
impacts on the mid- and low latitudes by regulating atmospheric
general circulation (e.g., Deser et al. 2000; Alexander et al. 2004;
Dethloff et al. 2006; Jaiser et al. 2012; Chen andWu 2018).
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In recent decades, a fast decrease in the Arctic sea ice accom-
panied by the Arctic warming has received increasing attention
(e.g., Stroeve and Notz 2018). In particular, autumn Arctic sea
ice shows the largest decreasing rate, reaching a record low
(240%) in 2012 (IPCC 2019). Many studies have investigated
the climate impacts of autumn Arctic sea ice anomalies on the
climate over the Eurasian continent in the following seasons
(Francis et al. 2009; Wu et al. 2011; Hopsch et al. 2012; Jaiser
et al. 2012; Chen et al. 2014; Nakamura et al. 2015; Chen andWu
2018), with a focus on the subsequent winter temperature, ex-
treme cold events, and snowstorms (e.g., Francis and Vavrus
2012; Liu et al. 2012; Tang et al. 2013; Wu et al. 2013; Francis
and Vavrus 2015; Wu et al. 2017; Ding et al. 2021). These studies
examined how the loss of autumn and early winter sea ice over
the Arctic, especially over the Barents–Kara Seas, affects the
Eurasian temperature variability via stratospheric processes (e.g.,
Peings and Magnusdottir 2014; Sun et al. 2015; Chen and Wu
2018; Zhang and Screen 2021). Blackport and Screen (2019) fur-
ther pointed out that winter atmospheric circulation anomalies

mainly respond to concurrent winter sea ice loss rather than au-
tumn sea ice loss. However, most of the above studies investi-
gated the climate impacts of autumn Arctic sea ice anomalies on
the subsequent seasonal temperature, while fewer studies have
investigated the climate impacts on the subsequent seasonal pre-
cipitation. Li and Wang (2012) revealed that autumn Arctic sea
ice anomalies in the Kara–Laptev Seas can modulate the winter
Northern Hemisphere Annular Mode and further affect winter
precipitation over the Eurasian continent. He et al. (2022) re-
vealed that autumn sea ice variation on an interdecadal time
scale affects the subsequent winter temperature and precipitation
over the Eurasian continent by weakening the stratospheric po-
lar vortex. In our recent work (Qian et al. 2021), four machine
learning models were constructed to perform seasonal forecast
experiments for winter precipitation over the NME, and we no-
ticed that the Arctic sea ice over the Beaufort–Chukchi Seas in
the previous autumn plays the most essential role in seasonal
forecasts. However, the reason behind the contribution of the
Arctic sea ice to the improved seasonal forecast skill remains

FIG. 1. (a) Spatial distribution of the SON Arctic SIC (shading; unit: 1) and corresponding interannual standard de-
viation (contours) for the 1979–2019 period. (b) Distribution of the EOF1 of the filtered SON SIC for the 1979–2019
period. The percentage on the top right is the percent variance explained by the EOF1 mode. Stippled regions denote
the 90% confidence level. The red box represents the key region (708–808N, 1358W–1208E). (c) The transparent bars
represent the normalized BCES index obtained by the area-weighted mean of the SON SIC over the key region in
(b), and the solid bars denote the filtered BCES index with periods longer than 10 years removed.
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unknown. In the current study, we revealed that the interannual
variation in autumn sea ice over the Beaufort–Chukchi–East Si-
berian Seas (BCES) can affect the subsequent winter precipita-
tion variation over the NME. The possible physical mechanisms
are investigated through observational analysis and numerical
model experiments.

The rest of the paper is organized as follows. Section 2 de-
scribes the data, methods, and numerical model used in this
study. Section 3 documents the climatological characteristics
of autumn Arctic sea ice. Section 4 presents the climate im-
pacts of autumn Arctic sea ice anomalies on the NME precipi-
tation and the possible mechanisms. Section 5 summarizes the
main results of this study.

2. Data, methods, and numerical model

a. Data

The datasets used in the present work are described as
follows:

1) The monthly land rainfall data with a horizontal resolu-
tion of 0.58 3 0.58 (version TS4.05) from 1901 to 2020 are
accessed from the Climate Research Unit (CRU) of the
University of East Anglia (Harris et al. 2014).

2) The monthly SST and sea ice concentration (SIC) data
gridded at 18 3 18 resolution with a time span from 1870
to 2020 are obtained from the Met Office Hadley Centre
(Rayner et al. 2003).

3) The National Centers for Environmental Prediction
(NCEP)–U.S. Department of Energy (DOE) AMIP-II re-
analysis (Kanamitsu et al. 2002), available from January
1979 to the present with a 2.58 3 2.58 horizontal resolu-
tion, provides monthly climatological fields at various
pressure levels, including air temperature, geopotential
height, horizontal wind velocities, and relative humidity.
Surface monthly mean climate variables, including 2-m air
temperature, surface latent heat flux, surface sensible heat
flux, downward and upward solar radiation fluxes, down-
ward and upward longwave radiation fluxes, and precipi-
tation rate, are also obtained from the NCEP–DOE
AMIP-II reanalysis. These surface variables are on T62
Gaussian grids. The daily geopotential height data of the
NCEP–DOE AMIP-II reanalysis with a 2.58 3 2.58 hori-
zontal resolution are also used to investigate the strato-
spheric coupling process.

In this study, we focus on the time period from 1979 to 2020
and the seasons of autumn [September–November (SON)],
late autumn [October–December (OND)], and early winter
[November–January (NDJ)]. Here, we define the early winter
of 1979 as the 3 months from November 1979 to January 1980
following Wang et al. (2017). Monthly data are converted to
seasonal data accordingly and used to perform the analysis in
the following text.

b. Methods

In this study, the interannual variation in the dataset is ob-
tained by applying a 10-yr high-pass Fourier filter. A brief

discussion of the application of the high-pass filter and time
scale can be found in section 5 of the online supplemental
material. Other statistical methods, including linear regres-
sion, the Student’s t test, and empirical orthogonal function
(EOF) analysis, are also used in this study. The degree of
freedom is calculated following Bretherton et al. (1999)
when filtered time series are used in the statistical analysis.
The criteria proposed by North et al. (1982) are used to de-
termine whether one EOF mode is well separated from the
others. In the following text, the anomaly of a variable is de-
fined as the deviation from its climatological basic states
from 1979 to 2020.

The wave activity flux (WAF) proposed by Takaya and
Nakamura (2001) is used in this study to investigate Rossby
wave propagation. This WAF can capture instantaneous wave
propagation, which makes it suitable for both migratory and
stationary quasigeostrophic waves on a zonally asymmetric

FIG. 2. Anomalies of (a) SON, (b)OND, and (c) NDJ SIC (unit: 1)
obtained by linear regression onto the IBCES index. Stippled regions
denote anomalies significant at the 90% confidence level.
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basic flow. Only the horizontal components of this WAF are
used in this study. The formation of the horizontal component
of the WAFW can be expressed as follows:
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where c represents the streamfunction and U and V represent
the horizontal components of the basic flowwind vectorU(U,V),
respectively. The primes denote perturbations on the basic flow,
and the subscripts denote partial derivatives.

The total column atmospheric heat source/sink (Q1) pro-
posed by Zhao and Chen (2001) is applied to investigate the
effect of sea ice anomalies on the overlying atmosphere. Q1
can be calculated as follows:

Q1 5 SH 1 RAD 1 COND, (2)

where SH is the sensible heat flux at the surface, RAD represents
the net radiation in an atmospheric column, and COND denotes
the latent heat induced by condensation. When Q1 is positive
(negative), the atmospheric column is a heat source (sink).

To investigate the source of Rossby waves, we adopt the
vorticity forcing formulated by Sardeshmukh and Hoskins
(1988) in this study. The Rossby wave sources (RWSs) are re-
lated to the variation in vorticity in classic Rossby wave the-
ory, which can be described by a forced barotropic vorticity
equation (Sardeshmukh and Hoskins 1988):

­

­t
1 Vc ?=

( )
ja 5 S, (3)

S 52jaD 2 Vx ?=ja 52= ? (Vxja), (4)

where S is the source/sink of the Rossby waves, which also
represents the vorticity forcing; ja is the absolute vorticity; D
denotes the divergence; Vc 5 k 3 =c represents the rota-
tional wind; and Vx 5 =x denotes the divergent wind.

To further investigate Rossby waves, the barotropic energy
conversion (CK) and baroclinic energy conversion (CP) formu-
lated by Kosaka and Nakamura (2006) are calculated as follows:
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where u′, y ′, and T′ denote the perturbed zonal and meridio-
nal wind and temperature, respectively; u, y , and T represent
the basic states of the zonal and meridional wind and temper-
ature, respectively; f represents the Coriolis parameter; cp is
the specific heat at a constant pressure; and the square brack-
ets represent a vertical integration taken from the surface to
the top of the atmosphere.

To track the path of Rossby waves, the Rossby wave ray
tracing algorithm proposed by Karoly (1983) is used in this
study. The path of a wave ray can be obtained by integrating

FIG. 3. Anomalies of SON (a) Q1 (unit: W m22), (b) SH (unit: W m22), (c) RAD (unit: W m22) and (d) COND
(unit: W m22) obtained by linear regression onto the IBCES index. Stippled regions denote anomalies significant at
the 90% confidence level.
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the following equations for the ray path (x, y) and wavenum-
ber (k, l) under the Mercator projection:

dx
dt

5 ug 5 uM 1
[(k2 2 l2)qy 2 2klqx]

K4 , (8)

dy
dt
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v 5 uMk 1 yMl 1
(qxl 2 qyk)

K4 , (12)

where uM and yM denote the basic states of the zonal and
meridional winds in the Mercator projection, respectively;
K 5 (k, l) denotes the wavenumber; q is the absolute vorticity

of the basic states; v is the dispersion relationship; and the
subscripts x and y represent partial derivatives in the zonal
and meridional directions, respectively. The details of the ray
tracing experiment are described as follows:

1) The climatological means of autumn 200-hPa horizontal
velocities obtained from the NCEP–DOE AMIP-II rean-
alysis are employed as the basic states.

2) The ray tracings are initialized with zonal wavenumbers
1–7 following Shaman and Tziperman (2005) at forcing
sites near the Bering Strait.

3) To make the result more robust, grid points that fall
within 65.08–72.58N, 132.58W–180.08 (red box in Fig. 7)
are assigned a perturbation according to the distribu-
tion of RWS anomalies (Fig. 7; Li et al. 2015; Yiu and
Maycock 2019, 2020), and each perturbation is tracked
independently.

4) The integration time for the ray path is 20 days.

c. Numerical model

The sensitivity experiments performed in this study are con-
ducted using the National Center for Atmospheric Research
(NCAR)CommunityAtmosphereModel, version 5.2 (CAM5.2),

FIG. 4. (a),(b) SON, (c),(d) OND, and (e),(f) NDJ (a),(c),(e) precipitation anomalies (shading; unit: mm) and
850-hPa wind (black vectors; unit: m s21) and (b),(d),(f) column water vapor flux from 1000 to 10 hPa (vectors; unit:
102 kg?m21?s21) and corresponding divergence (shading; unit: 102 kg?m21?s21) obtained by linear regression onto the
IBCES index. Stippled regions represent anomalies significant at the 90% confidence level. Black vectors represent
vector anomalies significant at the 90% confidence level. The red rectangle box denotes the NME region (308–608N,
308–1058E).
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which is the atmospheric component of the Community Earth
System Model (CESM). The finite-volume dynamic core with
a horizontal resolution of 1.98 3 2.58 and 30 vertical levels in
hybrid pressure–sigma coordinates with a top at 2.255 hPa is
used in this study (Neale et al. 2010). The physical parameteriza-
tion schemes of CAM include a double-moment microphysics
scheme (Morrison and Gettelman 2008), a cloud macrophysics
scheme (Park et al. 2014), a deep convection scheme (Zhang
and McFarlane 1995), a shallow convection scheme (Park and
Bretherton 2009), a moist turbulent scheme (Bretherton and
Park 2009), and the Rapid Radiative Transfer Model for long-
wave and shortwave radiative transfer (Iacono et al. 2008). As a
complex numerical model, CAM5 is widely used in climate re-
search and can help to understand and verify atmospheric re-
sponses to variations in sea ice (e.g., Ding et al. 2021; Peings and
Magnusdottir 2014). In this study, we perform two numerical ex-
periments using CAM to examine the role of the BCES SIC
forcing on the atmosphere. In the first experiment, climatological
monthly SIC and SST for the analysis period are specified in the
model, and the results of this experiment serve as a reference
(control experiment). In the sensitivity experiment, the SIC forc-
ing (see supplemental material section 4) is composed of clima-
tological monthly SIC and the SIC anomalies in September,
October, and November over BCES (red box in Fig. 1b), which
are determined according to the distribution of SIC anomalies
obtained by linear regression against the interannual component
of the BCES index (IBCES; Ding et al. 2021). The SST in the
sensitivity experiment is the same as that in the control experi-
ment. The difference between the sensitivity experiment and the
control experiment represents the atmospheric response to the
SIC anomalies in BCES. In each experiment, CAM is integrated
for 220 years following the suggestion of the Polar Amplification
Model Intercomparison Project (PAMIP; Ogawa et al. 2018;
Smith et al. 2019; Siew et al. 2020; Peings et al. 2021). The first
20 years of integration are treated as the spinup period, and the
last 200 years are used for analysis.

3. Climatological characteristics of autumn Arctic SIC

In this section, the characteristics of the climatological
mean and interannual variation in the autumn SIC in the Arc-
tic region are first examined. The climatological mean SIC
(Fig. 1a, color shading) shows that in autumn, vast regions of
the Arctic are covered by sea ice, with the center close to the
North Pole. The standard deviation of the SIC (Fig. 1a, con-
tours) shows large values in the BCES, which is the marginal
Arctic Ocean. The regions near the North Pole with large val-
ues of climatological mean SIC have small values of standard
deviation as the SIC is perennial there, consistent with previ-
ous studies (Wu et al. 2011; Ding et al. 2021).

EOF analysis is then conducted on the Arctic SIC to obtain
the dominant mode of the autumn SIC variations. The spatial
distribution of the leading EOF mode (EOF1) of the SIC is
presented in Fig. 1b, obtained by regressing the autumn SIC
onto the corresponding principal component (PC1; not
shown) of EOF1. EOF1 accounts for 21.90% of the autumn
SIC variance during the analysis period and is well separated
from the other EOF modes according to the criteria of North

FIG. 5. Anomalies of (a) SON, (b) OND, and (c) NDJ 200-hPa
geopotential height (shading; unit: gpm) and the corresponding
wave activity flux (vectors; unit: m2 s22) obtained by linear regres-
sion onto the IBCES index. Stippled regions denote the 90% confi-
dence level.
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FIG. 6. Anomalies of (a),(b) SON, (c),(d) OND, and (e),(f) NDJ vertically integrated (a),(c),(e) baroclinic energy
conversion (shading; unit: 1021 W m22) and (b),(d),(f) barotropic energy conversion (shading; unit: 1023 W m22)
obtained by linear regression onto the IBCES index. Overlaid black vectors represent wave activity flux (unit: m2 s22)
at 200 hPa.
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et al. (1982). As shown in Fig. 1b, EOF1 is characterized by
large loadings in the BCES. Significant SIC loadings with op-
posite signs are observed in the Barents–Kara Seas. The mag-
nitudes of the interannual variation in SIC in BCES are much
larger than those in the Barents–Kara Seas. Therefore, an
SIC index is constructed by averaging the SIC anomalies over
the BCES region (denoted by the red box in Fig. 1b) to repre-
sent the interannual variation in the SIC in the BCES. For
convenience, this SIC index is normalized and multiplied by
21 and is defined as the BCES index. Here, a positive (nega-
tive) index represents decreased (increased) autumn SIC in
these regions. The BCES index (Fig. 1c, transparent bars) and
its interannual component (Fig. 1c, solid bars) are shown in
Fig. 1c. The BCES index is dominated by negative values be-
fore 2001 and positive values after 2002, suggesting that the
autumn SIC in BCES has a pronounced decreasing trend,
which is consistent with previous studies (e.g., Ding et al.
2021). The current work focuses on the interannual variation,
and therefore, a 10-yr high-pass Fourier filter is applied to the
BCES index, and the interannual component of the BCES in-
dex is used in the following analysis to represent the interan-
nual variation in autumn SIC in the BCES region.

The SIC anomalies associated with the interannual variation
in BCES SIC from autumn to early winter are obtained by lin-
ear regression onto the IBCES index (Fig. 2). Significant nega-
tive SIC anomalies are observed in BCES in autumn (Fig. 2a),
suggesting that the IBCES index can well represent the autumn
SIC variation in the key region (red box in Fig. 1b). The signifi-
cant negative SIC anomalies in the BCES persist in OND
(Fig. 2b). The anomalous SIC decays quickly in the following
early winter but can still be observed with significance in the
Chukchi Sea (Fig. 2c). Figure 2 reveals that the autumn BCES
SIC anomalies can persist until early winter. This indicates a
possible persistent forcing of the SIC on the overlying atmo-
sphere and perhaps a persistent impact on the climate in the fol-
lowing early winter.

To understand how the autumn BCES SIC impacts the cli-
mate, the SIC-related changes in the local energy budget are
investigated by examining the anomalies of autumn SAT,

SST, and surface heat fluxes associated with SIC variation in
BCES obtained by regressing these variables onto IBCES
(section 1 in supplemental material). Overall, we found that
negative SIC anomalies in BCES lead to pronounced anoma-
lous warming in the near-surface air (supplemental Fig. 1f).

The warming effect of the negative autumn BCES SIC
anomalies on the local atmosphere is further examined using
the total heat source anomalies (Q1), which are obtained by
linear regression (Fig. 3a). Significant positive Q1 anomalies
are observed to be associated with the IBCES, indicating that
the whole column of the atmosphere over the BCES is gener-
ally warmed up by negative SIC-related anomalous heating.
Q1 is further decomposed into three individual terms, namely,
the sensible heat flux at the surface (Fig. 3b), the net radiation
in an atmospheric column (Fig. 3c), and the latent heat flux–
related condensation (Fig. 3d). Associated with negative SIC
anomalies, the SH is enhanced, which is attributed to the in-
crease in SST and decrease in SIC over the BCES (supple-
mental Figs. 1e and 2). In contrast to the SH, the RAD over
BCES is negative, suggesting that less net radiation is ab-
sorbed by the column of the atmosphere (Fig. 3c). Weak posi-
tive COND anomalies can also be observed in part of the
BCES region, indicating that the negative SIC anomalies
have a limited effect on COND over BCES (Fig. 3d). In sum-
mary, Fig. 3 shows that negative BCES SIC anomalies impose
a heating effect on the whole column of atmosphere over
BCES. The magnitudes of the RAD and COND are obvi-
ously weaker than those of SH, while the enhanced SH has
the largest contribution to this heating effect.

4. Impact of autumn BCES SIC variation on
precipitation in NME

Previous sections show that the autumn BCES SIC anoma-
lies can persist until the following early winter and that the
SIC anomalies impose a heating effect on the overlying col-
umn of the atmosphere. In this section, we examine the anom-
alous precipitation over NME in the following winter related
to autumn BCES SIC variation.

FIG. 7. Time–height cross sections of area–mean geopotential height anomalies (shading; unit: gpm)
over theArctic region (708–908N, 1808W–1808E) regressed upon IBCES.
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a. Anomalous precipitation over NME related to autumn
BCES SIC variation

To examine the possible link between the autumn BCES
SIC and the precipitation over NME in the following seasons,
the anomalous precipitation and column water vapor flux
over NME from autumn to the following early winter are ob-
tained by regression on IBCES and are depicted in Fig. 4. In
autumn, associated with negative BCES SIC anomalies, sig-
nificant positive precipitation anomalies are observed over a
large area of Europe, while significant negative precipitation
anomalies are observed over northern Europe and the mid-
and high-latitude central Eurasian continent (Fig. 4a). The
BCES SIC–related precipitation anomalies are intensified and
extend eastward to the west Siberian plain in the following
late autumn (Fig. 4c). In the following early winter, the pre-
cipitation anomalies become weak to some extent but remain
significant over Europe and the central Eurasian continent
(Fig. 4e).

The evolution of the BCES SIC–related precipitation
anomalies is closely associated with the low-level wind anom-
alies. In autumn, an anomalous cyclone and anticyclone domi-
nate east North Atlantic Ocean–south Europe and western
Russia, respectively (Fig. 4a). Anomalous westerly and south-
easterly winds along the south and east flanks of the anoma-
lous cyclone transport moisture from the North Atlantic
Ocean and Mediterranean Sea to the inner land, accompanied
by significant water vapor convergence (Fig. 4b), leading to
more precipitation over Europe (Fig. 4a). To the east, a
branch of anomalous northerly and northeasterly winds along
the eastern flank of the central Eurasian anticyclone brings
drier and colder air from higher latitudes, accompanied by di-
vergence of the water vapor flux, leading to negative precipi-
tation anomalies over vast regions of central Eurasia and the
west Siberian plain. The BCES SIC–related low-level circula-
tion anomalies persist in late autumn (Figs. 4c,d) and early
winter (Figs. 4e,f), consistent with the anomalous precipita-
tion pattern.

In addition to the cyclone over the east North Atlantic
Ocean–south Europe and the anticyclone over western Rus-
sia, another anomalous anticyclone can be noticed over the
northwest North Atlantic Ocean centered over Iceland, forming
a wave train–like pattern, suggesting that the atmospheric circu-
lation anomalies over NME might originate from the high lati-
tudes. To explore the link between the autumn BCES SIC
anomalies and the early winter precipitation over NME, the
200-hPa geopotential height anomalies and the corresponding
wave activity flux associated with the IBCES from autumn to
the following early winter are presented in Fig. 5. Correspond-
ing to negative SIC anomalies in BCES, in autumn, significant
positive geopotential height anomalies emerge over BCES in
the upper troposphere (Fig. 5a). Simultaneously, negative, posi-
tive, and negative geopotential height anomalies are observed
over the downstream regions of North America, the North
Atlantic, and the western Eurasian continent, respectively,
forming a wave train–like pattern extending from BCES to
NME (Fig. 5a). The IBCES-associated wave activity fluxes also
emerge over BCES and propagate southeastward to the NME

(Fig. 5a). This wave train–like pattern persists and intensifies
in the following late autumn and early winter (Figs. 5b,c).
Along the path of the wave train, significant negative and
positive geopotential height anomalies dominate east North
Atlantic Ocean–south Europe and western Russia, which
matches well with the anomalous cyclone and anticyclone
systems over these regions, as shown in Fig. 4. This indicates
that the BCES SIC–related circulation changes might con-
tribute to the precipitation anomalies over NME in the fol-
lowing early winter.

To further understand the mechanisms of the development
and maintenance of the BCES SIC–related atmospheric wave
train pattern, the IBCES-related CP and CK are obtained by
regression and are presented in Fig. 6. In autumn, associated
with negative SIC anomalies in BCES, positive CP anomalies
are noticed near BCES (Fig. 6a). Positive and negative CP
anomalies are observed in North America and the North
Atlantic Ocean downstream of BCES, with the path and pat-
tern matching the propagation of the BCES SIC–related

FIG. 8. Anomalies of (a) SON, (b) OND, and (c) NDJ Rossby
wave sources (shading; scale factor of 1011) obtained by linear re-
gression onto the IBCES index. Stippled regions denote the 90%
confidence level. Grid points in the red box (65.08–72.58N, 132.58W–

180.08) are assigned with a perturbation in the Rossby wave ray trac-
ing experiment.
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WAF (Fig. 6a). In contrast, the CK anomalies related to
the BCES SIC variation are small (Fig. 6b), indicating that
CP has a larger contribution to the development of the atmo-
spheric wave pattern. Both CK and CP intensified in the fol-
lowing late autumn and early winter (Figs. 6c–f). The spatial
distribution of CK and CP matches the wave centers shown in
Fig. 5. This result indicates that both CK and CP might con-
tribute to the autumn BCES SIC–related atmospheric wave
pattern from autumn to early winter, while the effect of CP is
much stronger than that of CK. This is consistent with supple-
mental Fig. 8 (section 2 of the supplemental material), which

shows that the Eliassen–Palm (E–P) flux anomalies in the tro-
posphere between 408 and 608N have a larger vertical compo-
nent than the horizontal component, suggesting that the heat
flux is larger than the momentum flux.

In addition, there exists a time delay in the impacts of re-
duced autumn BCES SIC on winter NME precipitation. In
addition to tropospheric wave–mean flow interactions, the
stratospheric coupling process may also contribute to this
phenomenon. The stratosphere–troposphere interaction is
better captured by the time–height cross sections of the area-
mean geopotential height anomaly over the Arctic region

FIG. 9. The paths of eastward-propagating Rossby waves from the Arctic regions to the Eurasian continent, starting with an initial zonal
wavenumber of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, and (g) 7 and following the waves for 20 days. Each line in the panels represents a ray
path of one perturbation. For more details, please refer to the main text.
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(Fig. 7). The downward propagation of geopotential height
anomalies begins in November and is maintained until March.
Previous studies noted that the stratosphere–troposphere
almost takes up 2 months of decorrelation time (Baldwin
and Dunkerton 2001). Ding et al. (2021) also showed that
there exists such a downward propagation of positive geo-
potential height anomalies from stratosphere to tropo-
sphere in winter due to the early autumn SIC anomalies
over BCES. These results further support the analysis
of this study. A more detailed discussion of the delay
mechanism and analysis can be found in section 2 in the
supplemental material.

b. Rossby wave ray tracing experiment

In this section, to verify the role of the BCES SIC forcing in
the atmospheric wave pattern and the precipitation over the
NME, a Rossby wave ray tracing experiment is performed to
track the ray path of BCES SIC–related waves. Before the
ray tracing experiment, we first examined the BCES SIC–
related Rossby wave source anomalies (Fig. 8). Associated
with negative BCES SIC anomalies, positive Rossby wave
source anomalies appear near the Bering Strait and persist
until early winter. According to this result, the perturbations
in ray tracing experiments are placed near the Bering Strait
(red box in Fig. 8).

The results of the Rossby wave ray tracing experiment are
presented in Fig. 9. This shows that the perturbations near
the Bering Strait can excite Rossby waves propagating east-
ward zonally and that the ray paths are consistent with the
path of the atmospheric wave train, as shown in Fig. 5, con-
firming the relationship between the BCES SIC forcing and
the atmospheric wave pattern. We also perform several other
experiments by using the climatological means of 200-hPa
horizontal velocities in late autumn and early winter as basic
states. The results (section 3 in the supplemental material)
are quite similar to those shown in Fig. 9, indicating that the
basic states in the following late autumn and early winter
change little. This result also confirms the robustness of our
analysis. In summary, the ray tracing experiment shows that
BCES SIC–related perturbations can produce an eastward-
propagating Rossby wave, which can reach the NME regions
and may affect the climate there.

c. CAM experiments

Associated with the autumn SIC forcing in BCES, a wave
train pattern is observed in the model atmosphere dominating
the BCES–North America–North Atlantic sector and the
NME region (Fig. 10a). The wave pattern intensifies in the
following late autumn and early winter (Figs. 10b,c). The neg-
ative and positive geopotential anomalies over east Atlantic
Ocean–south Europe and over the central Eurasian continent
are consistent with those in the observations (Fig. 5). The pat-
tern correlation coefficient between Figs. 10c and 5c is 0.67,
significant at the 90% confidence level. In addition, the propa-
gation path of the Rossby wave in the model bears a high

FIG. 10. Differences in the (a) SON, (b) OND, and (c) NDJ
200-hPa geopotential height (shading; unit: gpm) between the sen-
sitivity experiment and the control experiment of CAM5 for the
last 200 years of integration. The black vectors denote the corre-
sponding wave activity flux (unit: m2 s22). Stippled regions repre-
sent anomalies significant at the 90% confidence level.
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similarity to the ray tracing experiments and is also consistent
with that in the observational analysis. The model responses
of the precipitation, low-level wind, and column water vapor
flux are shown in Fig. 11. In autumn, an anomalous cyclone
(Figs. 11a,b) dominates the eastern Atlantic Ocean and west-
ern Europe, which brings moisture from the North Atlantic
Ocean eastward to the continent. Water vapor flux convergence
and positive precipitation anomalies are observed over southern
Europe. Accompanying anomalous northeasterly winds over
the central Eurasian continent, negative precipitation anomalies
extend from northern Europe to central Asia and the west Sibe-
rian plain (Fig. 11a). The anomalous precipitation pattern and
anomalous cyclone persist until early winter (Figs. 11c–f), which
is also consistent with the observational analyses (Fig. 4). Some
differences between the numerical experimental results and the
observations can also be noticed. For example, in NDJ, the sim-
ulated anomalous cyclone over Europe shifts slightly toward
the west compared to the observations. This discrepancy may
be due to the effect of model bias or other factors or processes.

In summary, the results of Rossby wave ray tracing and
CAM sensitivity experiments share many similarities to those
in the observations. This confirms that negative autumn SIC
anomalies in BCES can excite a large-scale wave train–like

atmospheric pattern that crosses North America and the
North Atlantic and reaches the NME region and can affect
the variation in early winter precipitation over NME.

5. Summary

In this study, we investigate the mechanisms of the impact
imposed by anomalous autumn sea ice in BCES on early winter
precipitation over NME with a focus on the interannual varia-
tions. The leading EOF mode of SIC variation in the Arctic
Ocean shows large loading in BCES, which is also the region
with large SIC interannual variations. Local budget analysis
shows that negative SIC anomalies in BCES play a heating role
in the overlying atmosphere and cause a warming of the above
air. Further analysis shows that associated with anomalous neg-
ative SIC, a branch of Rossby waves is induced. The wave prop-
agates downstream, crossing North America and the North
Atlantic and reaching NME, and this wave pattern can persist
until early winter. A low-level anomalous cyclone and anticy-
clone are observed over Europe and the central Eurasian conti-
nent associated with this wave pattern, causing significant
precipitation anomalies in early winter over vast regions in
NME. The Rossby wave ray tracing and CAM numerical

FIG. 11. Differences in the (a),(b) SON, (c),(d) OND, and (e),(f) NDJ (a),(c),(e) precipitation (shading; unit: mm)
and 850-hPa wind (vectors; unit: m s21) and (b),(d),(f) column water vapor flux from 1000 to 10 hPa (vectors; unit:
102 kg?m21?s21) and corresponding divergence (shading; unit: 102 kg?m21?s21) between the sensitivity experiment
and the control experiment of CAM5 for the last 200-yr integration. Stippled regions represent anomalies significant
at the 90% confidence level. Black vectors represent vector anomalies significant at the 90% confidence level. The red
rectangle box denotes the NME region (308–608N, 308–1058E).
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experiment support this mechanism. Figure 12 summarizes the
processes of the BCES SIC–NME precipitation relationship.

Compared with previous studies focusing on the SIC impact
on temperatures and extreme cold events, this work revealed
that autumn SIC over BCES can affect early winter precipita-
tion over NME. The results, together with our previous work
(Qian et al. 2021), demonstrate that improving the Arctic sea
ice–atmosphere interaction process in climate models is im-
portant and may be efficient in helping improve the seasonal
forecast skill of operational numerical models over the NME
regions. In addition, previous studies revealed that Arctic sea
ice is decreasing, including in the BCES region, especially in
autumn. How the BCES SIC–NME precipitation relationship
will change under the background of global warming needs
further investigation and will be addressed in our next study.
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