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Abstract

Previous studies have found that snow Eurasian anomalies in autumn can affect East Asian winter monsoon (EAWM), but
the mechanisms remain controversial and not well understood. The possible mechanisms by which Eurasian autumn snow
anomalies affect EAWM are investigated by numerical experiments with a coupled general circulation model and its atmos-
pheric general circulation model component. The leading empirical orthogonal function mode of the October—November
mean Eurasian snow cover is characterized by a uniform anomaly over a broad region of central Eurasia (40°N-65°N,
60°E-140°E). However, the results from a 150-ensemble mean simulation with snow depth anomaly specified in October
and November reveal that the Mongolian Plateau and Vicinity (MPV, 40°-55°N, 80°-120°E) is the key region for autumn
snow anomalies to affect EAWM. The excessive snow forcing can significantly enhance EAWM and the snowfall over the
northwestern China and along the EAWM front zone stretching from the southeast China to Japan. The physical process
involves a snow-monsoon feedback mechanism. The excessive autumn snow anomalies over the MPV region can persist
into the following winter, and significantly enhance winter snow anomalies, which increase surface albedo, reduce incoming
solar radiation and cool the boundary layer air, leading to an enhanced Mongolian High and a deepened East Asian trough.
The latter, in turn, strengthen surface northwesterly winds, cooling East Asia and increasing snow accumulation over the
MPYV region and the southeastern China. The increased snow covers feedback to EAWM system through changing albedo,
extending its influence southeastward. It is also found that the atmosphere—ocean coupling process can amplify the delayed
influence of Eurasian snow mass anomaly on EAWM. The autumn surface albedo anomalies, however, do not have a last-
ing “memory” effect. Only if the albedo anomalies are artificially extended into December and January, will the EAWM be
affected in a similar way as the impacts of autumn snow mass anomalies.

Keywords Snow-monsoon feedback mechanism - East Asian winter monsoon - Eurasian snow cover - Surface albedo -
Coupled climate model

1 Introduction

Strong East Asian winter monsoon (EAWM) often brings
cold surges and blizzard to Asian countries, resulting in
heavy economic losses. The year-to-year variation of the
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EAWM is therefore among the utmost issues of climate pre-
diction (Wang and Lu 2016).

Snow is an important component of the hydroclimate
system. Variations of snow cover can modulate radiative,
moisture and heat exchanges between the atmosphere and
land surface. Physically, snow cover and snow depth could
affect the atmospheric circulation through altering surface
albedo and soil moisture during the melting process (Hahn
and Shukla 1976; Barnett et al. 1989). Therefore, the inter-
action between snow cover/snow depth anomalies in local
and remote atmospheric dynamics has been an interesting
subject of research.

The impacts of snow cover/snow depth over Eurasian
continent have been widely studied with respect to its close
relationship with the active Asian monsoon activity, which
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includes spring snow effect on summer monsoon and fall
snow impact on winter monsoon. For the spring snow
anomalies, an inverse relationship between Indian Summer
monsoon rainfall and Eurasian spring snowfall was noticed
(Hahn and Shukla 1976). Yim et al. (2010) further found
two distinct patterns of spring Eurasian snow cover anomaly
which could have different impacts on East Asia summer
monsoon. The autumn snow anomalies can also influence
the subsequent winter atmospheric circulation. Some obser-
vational studies pointed out excessive autumn snow over
the Eurasian continent can decrease the surface temperature
and foreshadow a bitter winter with strong winter monsoon
(Jhun and Lee 2004; Wang et al. 2010). Watanabe and Nitta
(1998a) showed that a decrease of snow cover over East Asia
(EA) in autumn can lead to an increase in surface tempera-
ture in East Asia, and a decrease in sea level pressure and
geopotential height at 500 hPa in the Arctic region. Cohen
and Entekhabi (1999) found that Eurasian snow cover extent
in October correlates well with the Northern Annular Mode
pattern in the following January. Wang et al. (2009) sug-
gested the decrease of snow depth over the Eurasian con-
tinent and North America around 1988 plays an important
role in the decadal weakening of wavenumber 2, and further
weakens EAWM.

Varieties of precursors for seasonal prediction of EAWM
have been documented, including developing El Nifio/
Southern Oscillation (ENSO) events (Zhang et al. 1996;
Wang et al. 2000), Arctic sea ice concentration anomalies
(Honda et al. 2009; Wu et al. 2011) and Eurasian snow cover
anomalies in the preceding autumn (Clark and Serreze 2000;
Watanabe and Nitta 1998a). Wang et al. (2010) revealed
two dominant modes of the EAWM; the cold northern mode
is preceded by excessive snow covers over southern Sibe-
ria—Mongolia, while the cold southern mode is preceded by
development of La Nina episodes and reduced snow covers
over the northeast Siberia. Among these slow varying anom-
alous lower boundary precursors, the autumn snow cover
and snow depth anomaly were found to be an important
source of variability, especially for the higher latitude Eura-
sian regions where El Nifio/Southern Oscillation (ENSO)
has a relatively small impact (Watanabe and Nitta 1998b;
Cohen and Fletcher 2007).

Several mechanisms have been proposed to explain the
linkage between autumn snow anomaly and winter circu-
lation anomalies. Watanabe and Nita (1998b) conducted a
light snow numerical experiment using an atmospheric gen-
eral circulation model (AGCM) which employed observed
Eurasian negative snow anomalies from September to the
following February in 1988/1999 as boundary forcing. They
found the surface warming over Eurasia in 1989 winter is
reproduced through a local energy balance associated with
reduced albedo and net shortwave radiation. They also
suggested that the simulated wintertime dipole anomalies
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with positive in midlatitudes and negative in polar regions
could be the key atmospheric responses at 500 hPa to snow
forcing, and thus large scale thermal advection also influ-
ences temperature over Eurasia. Furthermore, Jhun and Lee
(2004), based on their AGCM numerical experiment result,
indicated that the decrease of snow in autumn over East
Asia could stimulate surface warming and upward motion,
and induce a compensating descent over the North Pacific,
which weakens the Aleutian low and EAWM. More recently,
from a wave propagation perspective, Cohen et al. (2007)
pointed out that Eurasian snow cover extent in October are
linked with the Northern Annular mode or Arctic Oscil-
lation (AO) in the following January through a dynamical
process that includes anomalous vertical propagation of
Rossby wave activity. They proposed a dynamical pathway
mechanism: Snow cover increases rapidly over Siberia in
fall; the associated diabatic cooling can then reinforce the
Siberian high and decrease surface temperature; the snow
forced diabatic cooling can increase the upward propaga-
tion of stationary waves in the troposphere; the absorption
of wave in stratosphere in late fall and early winter will lead
to weakened polar vortex and a warming downward from
the stratosphere to the surface several weeks later. When the
hemispheric signal reaches the surface, it will project onto
a negative Arctic Oscillation (AO) pattern. Although some
modeling experiments with prescribed observed snow cover
can reproduce the above statistical relationship (Gong et al.
2003; Fletcher et al. 2009; Peings et al. 2012), recent studies
have pointed out that the current dynamical models could
not recover Eurasian snow cover-AO relationship when snow
cover is internally generated rather than artificially specified
(Hardiman et al. 2008; Furtado et al. 2015). Therefore, it
remains under debate concerning the physical processes by
which autumn Eurasian snow anomalies affect winter cli-
mate. We will investigate this issue using both coupled and
atmospheric dynamical models.

In this study, we intend to reexamine the mechanisms
by which autumn snow anomalies affect winter temperature
and precipitation using a state-of-the-art dynamical model.
We design two types of experiments, i.e., prescribe snow
depth and surface albedo anomalies in the previous autumn
to examine the following issues: (1) what is the lead-lag
relationship between Eurasian snow anomaly and the subse-
quent winter circulation? And (2) what are the physical pro-
cesses captured by the current AGCM and coupled general
circulation model (CGCM)? In addition, since snow could
modulate surface heat flux mainly through changing surface
albedo, we also wonder whether an artificial surface albedo
anomaly in autumn can persist into winter.

Section 2 introduces the model we used and the design
of numerical experiments. In Sect. 3, we identify the snow
mass forcing region over Eurasian continent. Section 4 pre-
sents the results from numerical experiments associated with



How autumn Eurasian snow anomalies affect east asian winter monsoon: a numerical study 71

anomalous autumn snow depth and illustrates the physical
mechanism by which autumn snow anomalies affect EAWM.
Section 5 further shows the results from additional sensi-
tivity numerical experiments with regard to the location of
the forcing as well as an albedo perturbation. Summary and
discussion are provided in Sect. 6.

2 Data and numerical experiments

2.1 Data

The observed weekly snow cover extent data are obtained
from the Rutgers Global Snow Laboratory (Robinson et al.
1993), which cover the period of 1973-2013. The data prior
to June 1999 are based on weekly satellite-derived snow
cover extent maps, and the data after that are derived from
the daily Interactive Multisensor Snow and Ice Mapping
System high resolution (88 X 88 cell) product. The snow
cover extent data have been used in international assess-
ments of climate variability and change (Robinson et al.
2012).

2.2 Numerical model

The coupled model used is the Nanjing University of Infor-
mation Science and Technology coupled Earth System
Model (NUIST-ESM) vla (Cao et al. 2015). This NUIST-
ESM consists of an atmospheric component using the Euro-
pean Centre Hamburg Model version 5.3 (ECHAMS.3), an
oceanic component using version 3.4 of the Nucleus for
European Modeling of the Ocean (NEMO), and a sea ice
component using version 4.1 of the Los Alamos sea ice
model (CICE). The ECHAM 5.3 has a horizontal resolu-
tion of T42 spectral truncation (about 2.8° by 2.8°) and 31
vertical levels, and a detailed description could be found in
Roeckner et al. (2003). The ocean model has 31 layers, and
its horizontal resolution is 2° X 2°, with an increased reso-
lution of 1/3° in the meridional direction in the equatorial
region. ECHAM 5.3’s simulation captures the interannual
variability of snow cover area reasonably well (Roesch and
Roeckner 2006). The NUIST-ESM has been used to study
the atmosphere—ocean interaction processes that impact
Indian summer monsoon rainfall and winter monsoon vari-
ability (Li et al. 2016; Luo and Wang 2017).

To demonstrate the fidelity of the NUIST-ESM for study
of EAWM variability, the model simulated winter climatol-
ogy from the control experiment is shown in Fig. 1. Over-
all, the model simulates realistic climatology of EAWM,
including major circulation systems such as the Mongo-
lian—-Siberian High (MSH) over the mid-high latitude Eura-
sian continent and the Aleutian Low (AL) over the North
Pacific Ocean (Fig. 1a, b), the northeast-southwest titled

East Asian trough at 500 hPa level (Fig. lc, d), and the sub-
tropical jet and polar front jet over East Asia at 200 hPa level
(Fig. lc, d), as well as the 2 m air temperature (Fig. le, f).
The positions of these main circulation components are well
captured by model’s simulation. The simulated intensity of
the SH is in a better agreement with observations than the
intensity of simulated AL and East Asian subtropical jet,
which are slightly underestimated.

2.3 Experimental design

2.3.1 Specification of snow depth and snow cover
anomalies

For snow depth experiment, we specify initial perturbations
on the water equivalent snow depth because it is a useful
diagnostic parameter in the model integration. Specifically,
in ECHAMS.3, the SWE could be converted to snow cover
fraction/extent (SCF) on the ground, which is crucial for
computation of winter surface albedo (Roesch and Roeckner
2006). The SCF is diagnostically derived from SWE based
on the following approximate equation:

SCF = 0.95 tanh(lOOSWE)< 1000SWE )

1000SWE + € +0.150,

ey
where o, reflects the slope of the terrain, € is a small number
used to avoid division by zero on the flat grid cells without
snow covering. A correct simulation of the SCF is crucial for

the computation of surface albedo during the winter season
(Roesch and Roeckner 2006).

2.3.2 Control and sensitivity experiments

1. Control run: to obtain atmospheric climatology in the
model, ECHAMS.3 is integrated as a control run with
prescribed climatological values of SST and sea ice
concentration. Meanwhile, control run is also conducted
for coupled model NUIST-ESM with a sample size of
150 years, which follows a spin-up for over 2000 years
to reach an equilibrium state.

2. Water equivalent snow depth sensitivity experiment (SD
experiment): To identify how the autumn snow mass
impact the ensuing winter climate, we perform SD
experiments with a water equivalent snow depth anom-
aly of 2.6 mm/day (or 8 cm/month) gradually added to
the model snow depth field over the central Eurasian
region (40°N-65°N, 60°E-140°E) starting from October
1 to November 30, and after November 30 the model
runs without snow depth perturbation. The selection
of the snow mass forcing region will be discussed in
Sect. 2. Additional sensitivity tests are also performed
with different regions and different amplitudes of snow
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Fig.1 Winter (DJF) mean circulations in the domain of Asian win-
ter monsoon from observation (left panel) and simulated by NUIST-
ESM (right panel). a, b Sea-level pressure (SLP; shaded; hPa) and
850 hPa winds (vectors; m s™!), ¢, d 500 hPa geopotential height

depth anomaly specified, and the results are discussed
in Sect. 6.

Each set of the above experiments is performed using
ECHAMS.3 and coupled model from NUIST respectively,
and these parallel experiment results are used for compar-
ing the differences between the AGCM and CGCM and
assessing the role of atmosphere—ocean interaction.
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2.3.3 Generation of ensemble results

Because of large internal variability in the mid-high lati-
tudes, the ensemble size is set to 30 for the AGCM experi-
ments and 150 for the CGCM experiments. Meanwhile,
the t-test was used to determine the statistical significance
of all the composites derived from the ensemble means.
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3 The observed snow cover variability
over Eurasian continent

Before conducting numerical experiments, we first take
a look at the variability of snow cover extent in Octo-
ber and November over Eurasia. To identify the dominant
variability patterns of Eurasian snow cover, we conducted
Empirical Orthogonal Function (EOF) analysis on the
October—-November mean snow cover anomaly from 1973
to 2013 in the domain of 0°N-90°N, 20°E-150°E. Before
conducting EOF analysis, the covariance matrix field is
weighted using cos(¢), and ¢ refers to latitude.

The first three EOF modes account for 24.9, 14.1 and
10.7% of the total variance of latitudinal-weighted Octo-
ber—November mean snow cover extent. The leading EOF
is significantly separated from the next two EOFs accord-
ing to the criterion of North et al. (1982). The second and
third EOFs are inseparable and have substantially lower
contribution to the total variance. The spatial pattern of
EOFT1 is characterized by a continental scale of excessive
(suppressed) snow cover anomaly covering the domain of
40°N-65°N, 60°E-140°E (Fig. 2a). The corresponding
principal component (PC) exhibits notable interdecadal
variations with reduced snow cover extent from the early
1980s to late 1990s (Fig. 2b) during a warm period of
EAWM (Wang and Chen 2013). The period with exces-
sive snow cover before the 1980s also corresponds to
strong EAWM. This implies that as a dominant variability
mode, EOF1 is closely linked to the ensuing winter Asian
surface temperature. Therefore, in the following snow
depth experiment, we select the domain of 40°N-65°N,
60°E—140°E as the snow mass forcing region. This domain
is also consistent with the key Eurasian snow cover region
based on observation suggested by Luo and Wang (2017),

(a) EOF1(covarience matrix)

except the western boundary shifts 20° eastward, which is
because the present study deals with the variation of snow
cover in both October and November.

4 Impacts of central Eurasian snow mass
anomaly on winter monsoon

In the SD experiment, a fundamental question is: Will the
perturbed snow depth anomalies in October and Novem-
ber persist into winter? Furthermore, how do snow melt-
ing, evaporation and accumulation processes determine the
persistence of snow mass over the Eurasian continent from
October to the ensuing winter in the coupled model? Our
analysis starts with addressing these questions.

4.1 Evolution of snow anomalies from autumn
to winter

4.1.1 Water equivalent snow depth

Figure 3 shows the evolution of the spatial patterns of the
monthly snow depth anomaly derived from the differences
between the sensitivity experiments and the control run. The
snow anomalies are gradually accumulated from October
to November, and by the end of October, the anomalous
water equivalent snow depth is above 6 cm to the north of
50°N over the specified forcing region. On the other hand,
the snow mass in the southern part of the forcing region has
much less accumulation due to snow melting at the lower
latitudes (Fig. 3a). By the end of November, the anoma-
lous water equivalent snow depth spatial pattern maintains
the “more in the higher latitude and less in the lower lati-
tude” pattern, except that a large quantity of over 15 cm is
seen at the anomaly center (Fig. 3b). The anomalous snow
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Fig.2 Spatial pattern (a) and time series (b) of the leading mode of
the October and November mean Snow cover extent derived by EOF
analysis on latitudinal-weighted covariance matrix field. The thick
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black line is the 3000 m height contour, outlining the Tibetan Plateau.
The black rectangular denotes the forcing region of snow cover extent
anomaly
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Fig.3 Composite differences (SD experiment minus control run) of
water equivalent snow depth (cm) on a November 30, b December 31
and ¢ winter mean from the coupled model experiments

accumulation pattern during winter when the added snow
depth anomalies had been switched off shows a pattern simi-
lar to that on November 30. Meanwhile, it is of interest to
note that the positive snow depth anomalies extend a little
bit southward in the following winter (Fig. 3c), especially
over the central-eastern China.

4.1.2 Snow cover extent and surface albedo

Figure 4 presents the temporal evolution of snow cover
fraction averaged over the Mongolian Plateau and Vicin-
ity (MPV, 40°-55°N, 80°-120°E) region, which, as will be
shown in Sect. 5.1, is a key region for autumn snow anoma-
lies to affect EAWM. The snow cover fraction is derived
from Eq. (1). In the control run, the snow cover increases
gradually from October to February. On the other hand, in
the sensitivity experiment, snow cover fraction increases
rapidly from October to November as we specify excessive
water equivalent snow depth during this period. The speci-
fied snow mass anomaly in the autumn gradually accumu-
lates and is subject to slightly melting and evaporation. After
December 1, the areal mean snow cover fraction maintains
at 0.75 in winter, and starts to decrease in early March in the
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80°-120°E) in coupled model SD numerical experiments. Red
(black) lines are results from the 8 cm SD sensitivity numerical run
(control run) experiments. Coupled model SD experiment’s ensemble
size is 150

SD experiment, which is delayed by about 2 weeks compar-
ing with climatology in the control run.

Figure 5 presents the spatial patterns of snow cover frac-
tion evolution from December to the following February. In
the control run, the climatological snow cover occupies the
Eurasian continent to the north of 50°N (Fig. 5a, c, e). In
the SD sensitivity experiment, the anomalous snow cover
fraction is significantly enhanced in the mid-latitude Eur-
asia, and the maximum increase is located in the latitude
belt between 40°N and 50°N (Fig. 5b, d, f). Note that the
increased winter snow cover extent is generally located at the
southern part of snow perturbation domain. This is because
climatologically, the high-latitude (north of 50°N) Eurasian
continent is already covered by snow during winter; thus,
an increase in snow depth could only slightly modulate the
snow cover extent. In contrast, over the mid-latitude Eur-
asian region, especially over the mountain regions of the
Mongolian Plateau and vicinity where it is less covered by
snow in winter, the snow cover tends to increase much more
significantly given an equal amount of the snow mass anom-
aly. It is also notable that the snow cover extent anomaly
extends further southward to 30°N over East Asia during
winter, especially in January and February (Fig. 5d, f). This
southward expansion of snow cover fraction can also induce
increased surface albedo over the eastern China, as will be
shown in Fig. 6.

How does snow cover anomaly affect surface albedo?
Figure 6 shows spatial patterns of anomalous surface albedo
evolution from November to February. In November, the
surface albedo is increased along the latitude belt between
45°N and 55°N, in particular over the Eastern Mongolia and
Inner-Mongolia with the positive anomaly center exceeding
0.3 (Fig. 6a). During December, the belt of increased surface
albedo shifts further southward by about 5° of latitude to
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Fig.5 Snow cover fraction in December (a, b), January (c, d) and
February (e, f). Left panels (a, c, e) are climatology, and right panels
(b, d, f) are composite differences (SD experiment minus control run)
of snow cover fraction from the coupled model experiments. Dots in
b, d, f indicate the anomalies of snow cover fraction significant at the

northern China and maintains there in January and Febru-
ary (Fig. 6b—d). Also, the increased surface albedo extends
further southward to 30°N in the central eastern China dur-
ing January and February (Fig. 6¢, d), corresponding to the
southward expansion of snow cover extent anomaly (Fig. 5d,
f). The evolution and persistence of surface albedo anoma-
lies from October to December verify that the albedo change
is closely linked to the snow cover extent anomaly over Eur-
asia, because it is the snow cover extent that modules surface
albedo directly.

To see why the snow cover anomaly expands southward
to the central eastern China in winter, we then examine the
monthly snowfall anomaly (Fig. 7). In winter, the exces-
sive snowfall occurs to the south and along the T2m 0 °C
as shown by the blue lines in Fig. 7, primarily located
along the EAWM front zone stretching from the southeast
China to Japan (Fig. 7b—d). The anomalous snowfall over

-0.1 0 0.02 0.1 0.2 0.3 0.4 05 0.6

95% confidence level. The thick black line is the 3000 m height con-
tour, outlining the Tibetan Plateau. The thick navy blue line outlines
the boundary of China and Mongolia. The blue rectangular denotes
the snow forcing region

central eastern China is further enhanced in December
and January (Fig. 7c, d), which leads to the southward
expansion of snow cover extent during those two months
(Fig. 54, 1).

The SD experiments reveal that the excessive water
equivalent snow depth perturbation in autumn could per-
sist into the ensuing winter, and largely increases snow
cover extent in between 40°N and 50°N, especially over
the MPV where climatological snow cover is relatively
low. The snow cover extent is further enhanced over East
China in winter, due to the increased snowfall there. Obvi-
ously, the increased snowfall over MPV and East China
plays an important role in increasing the surface albedo
in situ, and its feedback to local winter circulation could
be significant. This will be discussed in the following
subsection.
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Fig.7 Same as in Fig. 6 except for the snowfall (mm/day). Blue curves in each panel show the T2m zero contour line. Dots indicate the anoma-
lies of snowfall significant at the 95% confidence level
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Fig.8 Winter circulation response to excessive autumn snow depth
forcing in the coupled model experiment. Shown are the composite
differences between the SD and control experiments in a snow cover
fraction, b surface albedo, ¢ 2 m air temperature (T2M), d 500 hPa
geopotential height (H500), e sea level pressure (SLP) and f snowfall

4.2 Delayed winter circulation anomalies

The winter circulation response to the autumn snow forc-
ing is shown in Fig. 8. The enhanced snow cover extent
and surface albedo are located in Mongolian Plateau, the
northern China and the central East China (Fig. 8a, b).
Figure 8c shows that extensive cooling occurs in the region
where surface albedo is largely increased. The maximum
cooling reaches —4.5 °C and is located in Mongolia and
the northern China. Although Fig. 8c only shows the
surface cooling, similar cooling is also observed in 850
and 700 hPa (figure not shown). As a result of the lower-
tropospheric cooling, the mid-tropospheric (500 hPa) East
Asian trough is enhanced and slightly shifted westward
as the climatological trough line is titled from Okhotsk
Sea to Yangtze River delta (Fig. 8d). Meanwhile, notable
positive sea level pressure anomaly is found over the sur-
face cooling region, which tends to enhance the Mongolian

 — — I I I I I I I
-35 -26 -15 -10 -5 5 10 15 25 35

and 1000 hPa wind anomalies. Dots indicate the scalar anomalies sig-
nificant at 95% confidence level. Blue curve in f denote the T2m zero
contour line. The thick black line is 3000 m height contour, outlining
the Tibetan Plateau. The black rectangular denotes the region of snow
forcing

High (Fig. 8e). The anti-cyclonic circulation anomalies
associated with the enhanced Mongolian High strengthen
northwesterly and northerly winds that induce cold air
advection into the central-south East China (Fig. 8f). The
circulation anomalies at lower tropospheric levels such as
850 and 700 hPa are relatively weak compared to 500 hPa
and SLP (figure not shown). With the southward cold air
intrusion, snowfall is enhanced over the East Asia cos-
tal region, forming a northeast-southwest titled snowfall
band from the Yangtze River Valley to the east of Japan
along the EAWM front zone, as well as to the northern
flank of TP (Fig. 8f). The increased snowfall over East
Asia favors the snow accumulation in winter, and thus
caused the locally enhanced snow cover fraction (Fig. 8a)
and surface albedo (Fig. 8b). This enhanced snow cover
fraction during winter are also detected from observation
when the northern part of East Asia experiences a bitter
winter (Chen et al. 2014).
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Enhanced snow mass over
Mongolian Plateau and
vicinity (MPV)

Increased
albedo/Reduced
solar radiation over
MPV

Cold air advection
/increase snowfall
in MPV and EA
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Mongolian High/
deepening EA
trough

BL and lower
tropospheric

cooling

Fig.9 Schematic diagram showing the positive feedback between
Eurasian snow anomalies and the East Asian winter monsoon

4.3 Snow-monsoon feedback process

Based on the above evidence and discussion, we propose
a positive snow-EAWM feedback mechanism to character-
ize the processes by which autumn Eurasian snow depth
anomaly affects EAWM climate as illustrated in Fig. 9. The
excessive snow depth anomaly persists through the follow-
ing winter season, and increases surface albedo over mid-
latitude Eurasia (40°-50°N), especially the MPV moun-
tain regions. The increased albedo reduces solar radiation
received over the surface, leading to coldness in situ and
generating a positive SLP anomaly, as well as a negative
geopotential height anomaly at 500 hPa. The enhanced
Mongolian High and deepened East Asian trough would
further enhance southward advection of cold air from the

B

high latitude, increases snowfall over the northern China and
the central East China, favoring snow accumulation instead
of melting (Fig. 9). The increased snow accumulation in the
MPYV and East Asia would, in turn, enhance the Mongolian
High. Thus, the positive snow-EAWM feedback process
maintains snow accumulation anomaly and the anomalous
cold air temperature in East Asia. It is also notable that this
feedback process extends the anomalous cooling southward,
and leads to a large scale of coldness over East Asia.

5 Results from additional sensitivity
experiments

5.1 Sensitivity of the winter monsoon anomaly
to the location of the autumn snow forcing

To find out whether the persistence of snow depth and
snow-EAWM circulation feedback are robust over the
entire selected forcing region, we further conducted numer-
ical experiments with prescribing water equivalent snow
depth anomalies over three sub-regions, A (40°N-65°N,
40°E-75°E), B (40°N-65°N, 75°E-115°E), C (40°N-65°N,
115°E-140°E), and MPV (40°N-55°N, 80°E-120°E),
respectively. The selection of the first three sub-regions fol-
lows the results from Luo and Wang (2017), which showed
the October snow cover anomalies over different regions
have different connections with the EAWM. The MPV is a
region where the winter snow cover fraction has the largest
variability in the coupled model SD sensitivity experiment.

The results from the coupled model show that the win-
ter monsoon responses to snow mass forcing are generally
local, especially the lower boundary temperature anomaly
(Fig. 10). The cooling centers are located at the southern
edges of the regions A, B, C, and MPV, respectively (Fig. 10

C MPV
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Fig. 10 Composite differences in snow cover fraction anomalies (upper panels) and 2 m temperature anomalies (lower panels) simulated by the
coupled model with prescribed excessive snow depth anomalies over key region A, B, C and Mongolian Plateau vicinity (MPV), respectively
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lower panels). The snow mass anomaly in region B may
have a substantial impact on East Asian winter climate as
it can induce a broad range of cooling over East Asia. The
enhanced snow mass in region C can induce cold winter over
the northeast China. More importantly, based on the model
results, the MPV region turns out to be a key region where
the excessive autumn snow mass could lead to wintertime
coldness over East Asia (Fig. 11d, f). The MPV domain is
generally consistent with the region B, except eliminating
the area to the north of 55°N.

5.2 Possible role of atmosphere—ocean coupling

Comparison of the coupled model and AGCM alone exper-
iment results can help to identify the role of the atmos-
phere—ocean coupling. The winter circulation anomalies
associated with autumn anomalous snow depth forcing
derived from the atmospheric component of the coupled
model, the ECHAMS.3, are shown in Fig. 11. The anom-
aly patterns are generally consistent with those from the
coupled model. However, the intensities of the anomalous
circulations are weaker compared with those derived from

the coupled model, i.e., the cooling center over East Asia
reaches — 3.5 °C and pressure anomalies center is around
2.5 hPa at SLP (Fig. 11c, e). The mild influences on winter
circulation simulated by ECHAM model are corresponding
to the weaker snow depth accumulation in ECHAM model
(figure not shown). Due to atmosphere—ocean interaction
(AOI), the East Asian trough shifts southward, deepening
over Japan (figure not shown). The deepened 500 hPa trough
and the increased land—ocean pressure gradients over East
Asia enhance northwesterly winds, which decrease the tem-
perature, meanwhile increase the snowfall along the EAWM
front zone, thereby amplifying the snow-EAWM feedback.

5.3 Results from specified albedo experiment

Results from SD experiments have suggested a positive
snow-EAWM feedback could lead to intensified EAWM.
Snow mass is proved to be a key parameter because it can
persist into winter and is also actively involved in this feed-
back process. However, apart from snow mass, it is also
necessary to address whether albedo variations, as another
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Fig. 11 Same as in Fig. 8 except for the results in the ECHAM model experiments
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key link in the feedback process, can persist from autumn
to winter and influence wintertime circulation anomalies.

To examine this issue, we first perform a paired albedo
experiments to evaluate the impact of the autumn albedo
anomaly on the ensuing winter circulation. In the first set
of experiments, the albedo over the central Eurasian region
is multiplied by a factor of 1.2 in October and November,
which is named as enhanced albedo experiment (+ AL2).
The second set of experiments resembles the first set,
except that the factor is replaced with 0.8, and is denoted
as reduced albedo experiment (— AL2). The difference
between (+ AL2) and (— AL2) is regarded as the atmos-
pheric response. It turns out the difference in surface albedo
between (+ AL2) and (— AL2) disappears immediately in
December, and correspondingly no significant wintertime
circulation anomalies can be found (figures not shown).

A second paired experiments similar to (+AL2, — AL2)
are performed, except that albedo modification is prolonged
into midwinter, i.e., from October 1 to January 31, and they
are named as (+ AL4) and (— AL4), respectively. Results
from (+ AL4) and (— AL4) experiments show significant
wintertime circulation anomalies (Fig. 12). The anoma-
lous low at 500 hPa deepens the East Asian trough, mean-
while, the positive SLP anomalies at mid-latitude East Asia
enhance the Mongolian High, and notable surface cooling
is also observed at mid-high latitude Eurasian continent
(Fig. 12). The positive anomalous SLP over mid-latitude

(a) albedo anomaly in DJF

Eurasia in Fig. 12c¢ has a similar location as the that in the
SD experiments in Fig. 8e, Meanwhile, the composite dif-
ference between (+ AL4) and (— AL4) again show enhanced
snowfall at East Asia (figure not shown), which implies it
also involves a snow-EAWM circulation feedback process
(Fig. 9) as we found in SD experiment. Note that the albedo
experiment verifies that the surface albedo acts as an impor-
tant link in the feedback loop in influencing the EAWM. The
results from ECHAM model experiment are again similar to
what we found in the coupled model, but with less intensity.

6 Summary and discussion

We have shown that the leading mode of interannual varia-
bility of the mean snow cover extent in October and Novem-
ber is characterized by a continental scale of excessive (or
suppressed) snow cover anomaly covering the domain of
40°N—-65°N, 60°E—~140°E. This central Eurasian domain is
therefore selected as the forcing region for our numerical
experiments.

Using a coupled model NUIST-ESM, we perform a con-
trol run and SD sensitivity experiments to identify how the
autumn snow mass impacts the subsequent winter climate.
The SD experiment is designed with prescribed positive
snow depth anomaly over the Eurasian forcing domain in
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Fig. 12 Winter circulation response in the albedo forcing experiment. Composite differences of a albedo, b 2 m air temperature (T2M), ¢ sea
level pressure (SLP), d 500 hPa geopotential height (H500) between (+ AL4) and (— AL4) in the coupled model experiments
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October and November, and after December 1 the model
runs without snow depth perturbation.

6.1 Summary

The model results show that an excessive snow mass in
autumn can enhance the subsequent EAWM and increase
winter snowfall over mid-latitude East Asia, i.e., the north-
western China and along the EAWM front zone stretching
from the southeast China to Japan.

The physical processes by which an autumn snow anom-
aly affect EAWM involves a positive snow-EAWM feedback
mechanism. The excessive autumn snow depth anomaly can
persist throughout the following winter season, significantly
enhancing the snow cover extent in the mid-latitude Eura-
sia between 40°N and 50°N, especially over the Mongolian
Plateau and vicinity (MPV) region. The increased surface
albedo over Eurasia and reduced solar radiation received at
the surface cool lower-troposphere in situ, which enhances
the Mongolian High and deepens East Asian trough. The
later, further reinforce southward advection of cold air from
the high latitude. Cold air advection causes the snow accu-
mulation over the MPV and the southeastward extension of
snow cover to the southeast China, which will feedback to
enhance EAWM system through changing albedo.

Model results suggest that the MPV is a key region where
excessive autumn snow mass could induce substantial cold-
ness in the following winter over East Asia. The results also
show that the snow mass accumulation over the northern
central Eurasia between 50°-65°N does not have signifi-
cant influences on the winter monsoon south of 45°N. The
wintertime circulation responses, especially the surface air
temperature response, to autumn snow anomalies are gener-
ally local.

We also find that the coupled model reproduces simi-
lar winter anomalous circulation patterns as the AGCM
experiments but the magnitude of the anomaly is larger.
This is related to a more efficient accumulation of the pre-
scribed excessive snow depth anomaly in the coupled model
simulation.

The results from AL2 experiments suggest that sur-
face albedo does not have a “memory” effect. When the
added albedo anomaly is switched off on December 1, its
impact on atmospheric circulation terminates immediately
and could not persist into winter. Only when the specified
albedo anomalies are artificially prolonged into December
and January, the snow-EAWM feedback process could be
stimulated.

6.2 Discussion

The feedback process between the snow depth and winter
circulation anomalies reproduced in the coupled model

provides a robust physical basis for the delayed influ-
ence of autumn snow on winter climate. Thus, snow mass
anomaly is confirmed as a source of predictability in sea-
sonal prediction.

Some previous studies have proposed that an increase in
snow cover over Siberia could yield a negative AO anom-
aly (Gong et al. 2003; Cohen et al. 2007) through a process
involving vertical wave propagation from troposphere to
stratosphere. In the present study, we did not find AO-
related circulation anomalies in the SD experiments. This
may be because ECHAM 5.3 model only has 31 vertical
levels, which is incapable of capturing the vertical propa-
gating waves and the stratosphere-troposphere interaction.

We found both persistence process of snow mass
anomaly in winter (Fig. 3) and the snow-EAWM feed-
back process could lead to accumulation of snow mass
and increase Eurasian snow cover fraction in winter. An
interesting question is which process of the above two is
more important? The time series of water equivalent snow
depth averaged over the MPV from the coupled model
show that the snow depth in the sensitivity SD run accu-
mulates at the same rate as in the control run (figure not
shown), which suggests the snow mass accumulation is
the major process that caused excessive snow anomaly
over the MPV in winter. However, over the southern EA
(30°N—40°N, 105°E~120°E) the snow-monsoon feedback
process is essential as evidenced by the excessive snowfall
along the EAWM front zone (Fig. 8f).

The sensitivity tests suggest that the degree of snow
mass’s impacts on winter monsoon is positively related to
the extent of the specified autumn water equivalent snow
depth. In our experiment, an 8 cm/month of water equiva-
lent snow depth was specified as an initial perturbation,
which may exaggerate the observed snow depth anomaly.
However, sensitivity experiments with 6 or 4 cm/month
snow depth anomaly that are specified in the preceding
autumn produced similar anomalous circulation patterns
as those in the 8 cm/month water equivalent snow depth
experiment except with reduced intensity. Observational
analysis suggests the enhanced snow cover fraction dur-
ing winter can be observed when the northern part of East
Asia experiences a bitter winter, and this supports part of
the snow-EAWM feedback process. However, more obser-
vational analysis should be further conducted.
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