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ABSTRACT

The current work examines the impact of the snow cover extent (SCE) of the Tibetan Plateau (TP) on the interannual
variation in the summer (June—July—August) surface air temperature (SAT) over Central Asia (CA) (SAT_CA) during the
1979-2019 period. The leading mode of the summer SAT_CA features a same-sign temperature anomalies in CA and
explains 62% of the total variance in SAT_CA. The atmospheric circulation associated with a warming SAT_CA is
characterized by a pronounced high-pressure system dominating CA. The high-pressure system is accompanied by warm
advection as well as descending motion over CA, favoring the warming of the SAT_CA. Analysis shows that the
interannual variation in the summer SAT_CA is significantly positively correlated with the April SCE over the central-
eastern TP. In April, higher than normal SCE over the central-eastern TP has a pronounced cooling effect on the column of
the atmosphere above the TP and can persist until the following early summer. Negative and positive height anomalies
appear above and to the west of the TP. In the following months, the perturbation forcing generated by the TP SCE
anomalies lies near the western center of the Asian subtropical westerly jet (SWJ), which promotes atmospheric waves in
the zonal direction guided by the Asian SWIJ. Associated with this atmospheric wave, in the following summer, a

significant high-pressure system dominates CA, which is a favorable condition for a warm summer SAT_CA.
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Article Highlights:

¢ The leading mode of summer surface air temperature (SAT) in Central Asia (CA) (SAT_CA) features a same-sign

pattern in CA.

* The summer SAT_CA variation was positively correlated with the changes in April snow cover extent (SCE) over the

central-eastern Tibetan Plateau.

¢ The April SCE over the Tibetan Plateau can promote atmospheric wave patterns that contribute to summer SAT_CA.

1. Introduction

The region of Central Asia (CA) is located in the Euras-
ian continent and constitutes five Asian republics of the
former Soviet Union, viz. Kazakhstan, Uzbekistan, Turk-
menistan, Kyrgyzstan and Tajikistan (Lioubimtseva and
Henebry, 2009). Far from the ocean and covered mostly by
desert and gravel plains, CA is one of the largest semiarid to
arid regions on Earth. It has a very fragile ecosystem and is
very sensitive and vulnerable to climate change (Siegfried et
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al., 2012; Chen et al., 2014; Li et al., 2015; Hu et al., 2016;
Yuan et al., 2017). Previous work has predicted a warming
trend in CA that will be stronger than the global mean in the
coming century (Giorgi, 2006; Chen et al., 2009). Within
the background of global warming, extreme climate events
may occur more frequently in CA, threatening climate adapta-
tion in this area (e.g., Jiang et al., 2020). Therefore, under-
standing the dynamic mechanisms of climate variation over
CA and improving its climate forecast skill are important.
Previous work suggests that the temperature over CA
can be impacted by various factors, e.g., the location and
intensity of the subtropical westerlies (e.g., Schiemann et
al., 2008; Chen et al., 2019), the Pacific Decadal Oscilla-
tion (PDO) and the Siberian High (e.g., Li et al., 2012,
2020) or the polar vortex (e.g., Li et al., 2012; Yao et al.,
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2015). The North Atlantic climate variability may impact
the CA temperature via eastward propagating atmospheric
waves along the westerly wave guide (e.g., Watanabe,
2004; Fujinami and Yasunari, 2009; Fukutomi et al., 2012;
You and Jia, 2018). Lower boundary conditions, such as
vegetation cover (Hiroyuki, 2004), snow cover and soil mois-
ture (Morinaga et al., 2003; Zhao and Moore, 2006), or green-
house gas emissions (Li et al., 2012), may also cause
changes in the climate of CA. To date, most of the work
exploring the factors that can be linked to the variation in
the temperature in CA is mainly limited to correlation/regres-
sion analysis. The underlying potential predictors for the tem-
perature over CA and the dynamic mechanisms are still
unclear.

The Tibetan Plateau (TP) has an average elevation of
over 4 km and acts as an elevated heating forcing for atmo-
spheric variation. Changes in TP thermal conditions can con-
tribute significantly to climate variation near the TP and
downstream regions (e.g., Duan and Wu, 2005; Fujinami
and Yasunari, 2009; Wu et al., 2012; Wang et al., 2018b).
Recent research has revealed that the thermal condition of
the TP in summer can impact climate variation in the
upstream region (e.g., Lu et al., 2018; Liu et al., 2020). For
example, using a numerical model, Lu et al. (2018) revealed
that the summer TP heat forcing can impact the climate of
upstream regions from western Asia to the North Atlantic.
In winter and spring, the condition of snow is the most import-
ant thermal variable on the TP (Wang et al., 2018a, 2019;
Qian et al., 2019; Jia et al., 2021). Although the process of
how TP snow impacts the climate is complex, many previ-
ous studies have revealed that TP snow in the cold season
has a close correlation with climate variation in East Asia
and nearby regions in the following seasons. Both observa-
tional analysis and numerical model experiments illustrate
that increased winter-spring snow over the TP is usually asso-
ciated with weak Indian and East Asia summer monsoons;
additionally, higher than average rainfall over the Yangtze val-
ley and anomalously dry conditions in northern and south-
ern China tend to occur in the following summer (Zhang et
al., 2004; Zhao et al., 2007; Wu et al., 2012; Si and Ding,
2013; Xiao and Duan, 2016; Li et al., 2017; Wang et al.,
2018a; Qian et al., 2019). Most of the previous work,
however, has focused on examining the impact of TP snow
on the local climate or on the downstream regions of East
and South Asia, whereas few studies have examined the pos-
sible TP snow impact on the climate of CA.

The purpose of the current work is to explore whether
TP snow impacts the variation in summer temperature over
CA. If snow does impact the variation in summer temperat-
ure, the next question is what the dynamic mechanisms are
behind this relationship. In the following, Section 2
describes the data and analysis methods that have been used
in this study. Section 3 documents the characteristics of the
interannual variation in the summer surface air temperature
(SAT) over CA (SAT_CA) as well as its associated climate
anomalies. The possible mechanism accounting for the
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impact of TP snow in April on SAT_CA in the following sum-
mer is investigated in section 4. The conclusions and discus-
sions are given in section 5.

2. Data and Methods

2.1. Data

The original weekly Climate Data Record of Northern
Hemisphere Snow Cover Extent (Robinson et al., 2012)
from the Rutgers University Global Snow Lab, with a hori-
zontal resolution of 25 km and a time span from October
1966 to the present, is available from https://climate.rutgers.
edu/snowcover/docs.php?target=datareq. The snow data are
produced by the Advanced Very High-Resolution
Radiometer (AVHRR), the Geostationary Operational Envir-
onment Satellite System (GOES) and other visible-band satel-
lites. Following Wang et al. (2018b), these snow cover data
were converted to monthly mean data on a regular 2.5° x
2.5° latitude-longitude grid, which represents the snow
cover fraction in a grid square.

The monthly mean surface air temperature data version
ts4.04 from the Climate Research Unit (CRU) of the Uni-
versity of East Anglia (http://www.cru.uea.ac.uk/data/; Har-
ris et al., 2014) was used in this study. The CRU data have a
spatial resolution of 0.5° x 0.5° and cover the period from
1901 to 2019.

The National Centers for Environmental Prediction
(NCEP)-Department of Energy (DOE) Reanalysis II (Kanam-
itsu et al.,, 2002), available from January 1979 to the
present, provides monthly climatological fields obtained
from the NCEP-DOE Reanalysis II (https://www.esrl.noaa.
gov/psd/data/gridded/data.ncep.reanalysis2.html). Horizon-
tal wind, air temperature, geopotential height and vertical
motion (omega) at pressure levels are on regular 2.5° latit-
ude-longitude grids. Additional variables used in this work
include the air temperature at 2 m and total cloud cover,
which are on T62 Gaussian grids.

In this study, we focus on the summer (June—July—
August, JJA) SAT, and the dataset for the time period from
1979 to 2019 is used to perform the analysis.

2.2. Methods

An empirical orthogonal function (EOF) analysis was
applied tothe SAT_CA by constructing an area-weighted cov-
ariance matrix to obtain the leading SAT mode. This study
focused on the interannual variation in the SAT_CA, and
the data were filtered by a 9-year high-pass Gaussian filter
to remove variations with periods longer than 10 years. A
Pearson correlation and linear regression were used to cap-
ture the connection between the two variables. Student’s #-
test was applied in this study to examine the confidence
level of the correlation coefficient.

The Rossby wave source (RWS) is associated with the
variation in vorticity, which can be described by the follow-
ing so-called forced barotropic vorticity equation (Sardesh-
mukh and Hoskins, 1988):
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ing the characteristics of the SAT_CA variation is domin-

§=-4D-V, V&=-V: (VX fa) ’ @ ated by a same-sign anomalous temperature structure in CA.

where S is the source/sink of the Rossby wave, which also
represents the vorticity forcing; &, is the absolute vorticity;
D represents the divergence; Vy, = k X Vi refers to the rota-
tional wind velocity, and k denotes the unit vector of a
Cartesian Cooidinate system; and V,, = Vy refers to the diver-
gent wind velocity.

In this work, the total column atmospheric heat
source/sink (Q1 hereafter) was calculated to examine the
effect of the underlying snow cover anomalies on the above
atmosphere. Following Zhao and Chen (2001), Q1 is calcu-
lated as follows:

Q1 = SH+R,+LP, 3)

where SH is the sensible heat flux at the surface; R, is the
net radiation in the atmospheric column; and LP represents
the latent heat related to condensation. When Q1 > 0, the
atmospheric column is a heat source, whereas when Q1 < 0,
the atmospheric column is a heat sink.

3. The Summer SAT CA Variation and Its
Associated Climate Anomalies

First, we applied EOF analysis on the summer
SAT_CA (36°-55°N, 45°-90°E) for the 1979-2019 period.
The leading EOF of the SAT_CA (EOF1) explained 61.8%
of the summer SAT_CA and could be separated from the
rest of the EOF patterns according to the criteria from North
et al. (1982). The bar charts in Fig. 1b depict the normal-
ized time series associated with EOF1 (PC1). The spatial dis-
tribution of EOF1 is shown in Fig. 1a, which is obtained by
regressing the summer SAT onto PC1, and the spatial distribu-
tion over the Eurasian continent is plotted. The structure of
the positive EOF1 is characterized by a same-sign warming
temperature pattern dominating the central Eurasian contin-
ent. Obvious decadal variation is observed for EOF1, as
seen from the low-frequency component of PC1 (black dot-
ted line in Fig. 1b). Negative and positive values dominated
PC1 before and after the mid-1990s, respectively, indicat-
ing an increasing warming of warmer temperature over CA
in summer, consistent with previous work (e.g., Li et al.,
2012; Yao and Chen, 2015).

As the current work focuses on the interannual vari-
ation in SAT_CA, PC1 was filtered, such that only the high-
frequency component of PC1 with periods shorter than 10
years was maintained, as shown in Fig. lc (represented by
solid bars), which shows clear year-to-year variation. To bet-
ter understand the representativeness of EOF1 for SAT_CA,
another index was constructed by area averaging summer
SAT_CA. The high-frequency component of the summer tem-
perature index (JJA TI, and hereafter) is depicted as transpar-

In the following correlation/regression analysis, JJA TI was
used to represent the interannual variation in the summer
SAT_CA.

The JJA Tl-related climate anomalies were then
obtained by regression and are presented in Fig. 2. When
the summer SAT_CA is anomalously warm, significant posit-
ive height anomalies dominate the central Eurasian contin-
ent in the low (Fig. 2a) and mid-troposphere (Fig. 2b), and
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Fig. 1. (a) The spatial pattern of the first EOF (EOF1) of
summer (June—July—August) surface air temperature (SAT)
(°C; shading) over central Asia (36°-55°N, 45°-90°E)
represented by regressing SAT onto the time series of EOF1
during the 1979-2019 period. The number in the top right
corner indicates the percentage of the variance explained by
EOF1. Anomalies significant at the 95% confidence level are
dotted. The yellow box in Fig. la represents Central Asia. (b)
The corresponding time series (PC1) of EOF1 (bar charts).
The black dotted line represents the low-frequency component
of PC1 with periods longer than 10 years. (c) High-frequency
components of PC1 (represented by the solid bar charts) and
the high-frequency components area-weighted averaged
summer temperature index (JJA TI) over Central Asia
(represented by the transparent bar charts).
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also seen in the upper troposphere (not shown), suggesting
an equivalent barotropic structure. To the northwest and
east of these high-pressure anomalies, negative height anom-
alies are observed, suggesting that the atmospheric circula-
tion anomalies associated with the variation in SAT_CA
extended beyond the CA area. Associated with the high-pres-
sure anomalies, southwesterly winds dominated mid-latit-
ude central Eurasia between 30°-60°E, indicating enhanced
warm advection from lower latitudes to CA, which could
cause anomalously warm SAT in that region. At the upper
level, anomalous easterly and westerly winds prevailed,
which were to the south and to the north flanks of the baro-
tropic anomalous positive geopotential height, resulting in
negative and positive anomalous zonal wind speeds along
30°-50°N and 50°-70°N, respectively (Fig. 2c).
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Fig. 2. Anomalies of summer (a) SAT (°C; shading) and 850-
hPa wind (m s~ vectors), (b) 500-hPa geopotential height (m)
and (c) 300-hPa wind (m s~'; vectors) and wind speed (m s7!;
shading) obtained by regression against the JJA TI during the
1979-2019 period. Anomalies significant at the 95%
confidence level are dotted.
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Climatologically, in summer, the western center of the
Asian subtropical westerly jet (SW1J) is located at approxim-
ately 40°N over the central Eurasian continent, which is to
the north of the TP (Fig. 3a, contour). The vertical motion is
dominated by ascent and descent airflow over the TP and
CA, respectively (Fig. 3a, shading). The changes in the
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Fig. 3. (a) The climatological summer zonal wind (m s7;
contour) and 500-hPa vertical velocity (Pa s~!; shading).
Negative and positive values of the vertical velocity denote
ascent and descent motion, respectively. Anomalies of summer
(b) 500-hPa vertical velocity (Pa s~!; shading) and (c) total
cloud cover (%; shading) obtained by regression against the
JJA TI during the period of 1979-2019. Anomalies significant
at the 90% confidence level are dotted.
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upper-level winds associated with SAT_CA (Fig. 2c) sug-
gest a northward shift of the Asian SWJ over the Eurasian
continent. Additionally, associated with these changes is
anomalous descent motion prevailing over and to the north
of CA (Fig. 3b, shading), which is a favorable condition for
warming the SAT over CA. The descent of the airflow over
CA and the surrounding area was accompanied by a negat-
ive anomaly in total cloud cover (Fig. 3c), which means that
more shortwave radiation could reach the ground and fur-
ther warm the summer SAT over CA.

4. Impact of TP Snow Cover on the Variation
in the Summer SAT_CA

4.1. Possible TP Snow-SAT_CA Relationship

To examine the possible impact of TP snow on the inter-
annual variation in the summer SAT_CA, the Temporal Cor-
relation Coefficient (TCC) maps of the SCE over the TP
and the JJA TI from previous February to May were calcu-
lated (Fig. 4). From February to April, the TP is generally
covered by positive TCCs. The most significant positive
TCCs appears over the central-eastern TP in April and the
TCCs are quite weak in May. This result suggests that when
the April SCE over the central-eastern TP is higher than nor-
mal, in the following summer, the SAT over CA is anomal-
ously warm. The above analysis suggests that the SCE over
the TP in April might serve as a potential driver of the sum-
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mer SAT_CA interannual variation.

An April Snow Index (April SI) was constructed by aver-
aging the April SCE anomalies over the key area of the cent-
ral-eastern TP (33°-39°N, 88°-105°E) (represented by the
red rectangular box in Fig. 4c) to measure the changes in
the April TP SCE that were closely related to the interan-
nual variation in the summer SAT_CA. The normalized
April SI is displayed in Fig. 5a by solid bar charts. The
high-frequency component of the April SIis depicted as trans-
parent bar charts in Fig. 5a and is used in the following ana-
lysis. The TCC of the April SI and JJA TI is 0.56, which is
significant at the 99% confidence level. The regression of
the summer SAT to April SIis presented in Fig. 5b where pro-
nounced warming appears over CA, confirming the close rela-
tionship between the SCE over TP in the previous April and
the SAT over CA in the following summer.

To further understand how the TP snow in April could
be positively correlated with the summer SAT_CA, the circu-
lation anomalies in summer associated with April SI
obtained by regression are presented in Fig. 6 and Fig. 7. A
comparison between Fig. 6 and Fig. 2 shows many similarit-
ies in the characteristics of the anomalous circulations. In gen-
eral, when April SCE over the central-eastern TP is higher
than usual, in the following summer, significant warming
dominates CA (Fig. 6a, shading). Along the west flank of
the positive high-pressure system, enhanced southwesterly
winds penetrate CA, indicating warm advection from lower
latitudes northward to the CA area (Fig. 6a, vector). Posit-
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Fig. 4. Correlation maps of snow cover extent (SCE) (%; shading) for (a) February, (b)
March, (c) April and (d) May against the JJA TI during the 1979-2019 period. Anomalies
significant at the 95% confidence level are dotted. The red rectangle in Fig. 4c represents the
key region of the central-eastern TP (32°-39°N; 89°~105°E).
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Fig. 5. (a) Transparent bar charts represent the normalized
snow index (SI) obtained by the area-weighted average of
snow cover extent (SCE) over the key region of the central-
eastern TP (32°-39°N; 89°-105°E) (red rectangle in Fig. 4c).
The solid bar charts represent the high-frequency component
with periods shorter than 10 years. (b) Anomalies of summer
SAT (°C) obtained by regression against the high-frequency
component of the SI during the 1979-2019 period. Anomalies
significant at the 95% confidence level are dotted.

ive geopotential height anomalies appear over the central
Eurasian continent (Fig. 6b). Negative height anomalies can
be observed over western Europe and around the Lake
Baikal area (Figs. 6a, b), which together with the positive
height anomalies over the central Eurasian continent form a
wave train-like pattern that prevails over the whole extratrop-
ical Eurasian continent.

The spatial distribution of the anomalous summer
winds associated with April SI shows significant anomal-
ous easterly winds to the northwest of the TP, which is
along the south flank of the pronounced positive geopoten-
tial height anomalies dominating CA (Fig. 6¢). The changes
in the winds over this region suggest a northward shift of
the Asian SWJ over the central Eurasian continent. Anomal-
ous ascent motion associated with April SI is observed to
the north and west of the TP (Fig. 7a) while a negative anom-
aly in total cloud cover appears over central and northern
CA (Fig. 7b), which is favorable for positive anomalous sum-
mer SAT_CA. The similarities of the April Sl-related and
JJA Tl-related anomalous atmospheric circulations indicate
that April TP snow may impact the interannual variation in
the following summer SAT_CA by modulating atmo-
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Fig. 6. Anomalies in the summer (a) SAT (°C; shading) and
850-hPa wind (m s~1; vectors), (b) 500-hPa geopotential height
(m) and (c) 300-hPa wind (m s~1; vectors) and wind speed (m s~!;
shading) obtained by regression against the April SI during the
period of 1979-2019. Anomalies significant at the 95%
confidence level are dotted.

spheric circulations.

4.2. Local Impact of the April TP Snow Cover
Anomalies

In the last section, we found that April TP snow is posit-
ively correlated with the interannual variation in summer
SAT_CA. In this section, the possible mechanisms account-
ing for the April TP snow-summer SAT_CA relationship
are investigated.
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shading) and (b) total cloud cover (%; shading) obtained by
regression against April SI during the 1979-2019 period.

First, we examined the impact of anomalous April TP
snow cover on the local climate. The April SI-related temper-
ature and vertical motion anomalies around the TP in April
are presented in Fig. 8. Compared to other underlying sur-
face conditions, snow has much higher reflectivity for incom-
ing shortwave radiation; thus, the albedo effect of surface
snow on the overlying atmosphere can be generally
described as follows: when there is excessive snow cover at
the surface, due to the high snow albedo effect, more short-
wave radiation is reflected back into space. Less shortwave
radiation is absorbed by the ground, which could cause anom-
alous cooling on land. The anomalous cooling on land res-
ults in less upward sensible heat flux and causes anomal-
ously negative air temperature. The snow effect on the atmo-
sphere is confirmed by the results shown in Fig. 8. Associ-
ated with the positive April SI, significant negative SAT
anomalies dominate the central-eastern TP (Fig. 7a). The
snow-related anomalous cold air temperature can extend
from the TP surface to the upper troposphere, as shown in
Fig. 8b. The changes in the upper-level air temperature also
suggest a weakened temperature gradient in the meridional
direction over the extratropical central Eurasian continent
and therefore could cause a weakened Asian SWIJ (e.g.,
Duan et al., 2005). Associated with the positive TP snow
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anomalies and the column cold air temperature, the TP is dom-
inated by negative geopotential height anomalies extending
from the mid-troposphere to the upper troposphere (not
shown). Climatologically, in April, the TP is dominated by
ascending motion (Fig. 8c). Positive TP SCE anomalies
cause cooler temperatures above the TP and weaken convec-
tion and thus anomalous descending motion dominates the
TP (Fig. 8d). According to previous work (Hoskins et al.,
1985; Lin and Wu, 2011; Qian et al., 2019), the upper-tropo-
spheric cold temperature and low height anomalies intro-
duced by excess surface snow can produce increased upper-
level potential vorticity. Consequently, anomalous low-level
convergence and ascending motion would follow ahead of
the low pressure system, leading to increased precipitation.
This is an important mechanism for maintaining surface
snow. In addition, to the west and north of the TP, signific-
antly anomalous descending motion as well as anomalously
warm air temperature is observed.

4.3. Persistent Impact of the April TP Snow Cover
Anomalies

Can the impact of the anomalous April TP SCE persist
to the following summer? To answer this question, the time
evolution of the TP SCE anomalies from April to May-July
was calculated by regression on April SI(Fig. 9). In April, sig-
nificant positive SCE anomalies appears over the east-cent-
ral TP. These positive SCE anomalies decay with time but sig-
nificant anomalies can still be observed in the following
May and June. The results suggest that the SCE anomalies
may persist into the following early summer, indicating a pos-
sible persistent forcing of snow on the above atmospheric cir-
culations.

To further evaluate how the anomalous surface TP
snow impacts the overlying atmosphere, the anomalous
total heat source in the atmospheric column (Q1) in April
was calculated using Eq. (3), obtained by the regression
against the April SI; the results are presented in Fig. 10a.
When there is greater than normal TP SCE, the TP is domin-
ated by significant negative QI1, with the maximum values
appearing over east central TP. This analysis suggests that
anomalous positive TP snow has a significant cooling effect
on the overlying atmosphere, consistent with previous work
(e.g., Wang et al., 2019; Qian et al., 2019). Fig. 10b shows
that the cooling effect of April TP SCE anomalies on the
atmosphere is still significant, suggesting that the April TP
snow effect can persist until the following early summer.

The calculated anomalous RWS in the upper tropo-
sphere associated with April SI in the following May—June
(MJ) is presented in Fig. 11 (shading), along with climatolo-
gical zonal winds at 200 hPa during this period (contours).
Corresponding to a positive April SI, a negative RWS
appears over the TP. Positive RWS anomalies can also be
observed in the region upstream of the TP, as well as down-
stream of the TP, forming a wave train-like pattern prevail-
ing on the extratropical Eurasian continent. The anomalous
RWS might be caused by the anomalous height-induced
upper tropospheric divergence/convergence associated with
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Fig. 8. Anomalies in the (a) April SAT (°C; shading). (b) April Temperature at 150 hPa (°C), (c) climatological 500-
hPa vertical velocity (Pa s~!; shading) and (d) 500-hPa vertical velocity (Pa s~!; shading) obtained by regression

against April SI during the 1979-2019 period.
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Fig. 9. Anomalies in the snow cover extent (SCE) (%; shading) for (a) April and (b) May—June obtained by
regression against April SI during the 1979-2019 period. Anomalies significant at the 90% confidence level are

dotted.

April SI, since as shown in Fig. 11 the anomalous April SI-
related RWS is near the Asian SWIJ core. As noted in previ-
ous studies, disturbances near the jet core can generate a meri-
dionally confined atmospheric response and tend to propag-
ate in the zonal direction with the Asian SWIJ acting as a
wave guide (e.g., Branstator, 2002; Li et al., 2006). The

April Sl-related atmospheric circulations in May—June and
July—August depicted in Fig. 12 show that the wave train-
like atmospheric pattern continuously develops and propag-
ates eastward with time. A northeast-southwest tilted anomal-
ous positive height pattern appears over the central Euras-
ian continent (Fig. 12b), a structure with many similarities
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Fig. 10. Anomalies in the (a) April and (b) May—June Q1
(units: W m~2) obtained by regression against the SI during
the 1979-2019 period. Anomalies significant at the 95%
confidence level are dotted.

to those shown in Fig. 2b over CA, favoring warming in the
summer SAT_CA.

5. Conclusions and Discussion

Most previous work focused on examining the impact
of TP thermal forcing on the climate of local or down-
stream regions of East Asia or South Asia. The current work
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has investigated the impact of anomalous TP snow cover on
the variation in the summer SAT over CA. The focus has
been given to the interannual time scale. The characteristics
of the leading EOF mode of the summer SAT_CA vari-
ation features a same-sign anomalous temperature pattern in
CA, and this pattern explains the dominant fraction of the
summer SAT_CA variation. When the summer SAT_CA is
anomalously warm, the CA is controlled by an anomalous
high-pressure system, and the Asian SWJ shifts northward.
Associated with these changes, pronounced warm advec-
tion prevails along the west flank of the high-pressure sys-
tem, and ascending motion dominates CA, favoring a warm
summer SAT_CA.

The interannual variation in the summer SAT_CA was
found to be significantly positively correlated with anomal-
ous April SCE over the central-eastern TP. When there is a
greater than normal April SCE over the central-eastern TP,
the SAT_CA in the following summer tends to be anomal-
ously warm. Analysis shows that in April, the anomalous pos-
itive SCE over the central-eastern TP has a pronounced cool-
ing effect on the atmospheric column above the TP. The sum-
mer SAT_CA-related SCE anomalies over the east central
TP can persist from April to early summer. The analysis of
the RWS shows that in May—June, the anomalous TP SCE-
related geopotential height anomalies stimulate perturba-
tions near the SWJ over the central Eurasian continent, eas-
ily promoting an atmospheric wave response and propagat-
ing in the zonal direction guided by the Asian SW1J. In the fol-
lowing summer, associated with this atmospheric wave pat-
tern, a significant high pressure is centered over CA, which
favors a warm SAT_CA in the summer.

In this work, we showed that the April TP snow and its
effect can persist to early summer. In the following months,
with the increase in the temperature and the decrease in
snow, it is possible that the altered soil moisture over the
TP, which is related to the variation in the SCE in the previ-
ous season, can help maintain the anomalous signal for a
longer time. Greater details about the mechanism of the per-
sistent effect of spring TP snow on summer need further
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Fig. 11. Anomalies in the May—June Rossby wave source at 200 hPa obtained by
regression against the SI (shading, with a scale factor of 10!!). The black contours
refer to the climatological zonal wind (m s~1). Dotted regions represent Rossby wave
source anomalies significant at the 95% confidence level.
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investigation. Here we focused on examining the possible
impact of TP snow on the variation in the summer
SAT_CA. The SST over the upstream region of the North
Atlantic may also contribute to the SAT_CA variation. For
example, an atmospheric wave train-like pattern originat-
ing from the North Atlantic has been reported in some previ-
ous studies to propagate eastward to East Asia (e.g.,
Watanabe, 2004; Li et al., 2015; Li et al., 2018; You and
Jia, 2018). An atmospheric wave pattern was also observed
in the current study associated with JJA TI and April SI,
respectively.

It is possible that both TP snow and CA_SAT are influ-
enced by SST in the North Atlantic. To address this possibil-
ity, we calculated the anomalous SST in the previous
spring(March—April-May, MAM) associated with the JJA
TI (Fig. 13a). Significant positive and negative SST anom-
alies can be observed over the mid-latitude and high-latit-
ude North Atlantic, suggesting a possible impact of the
North Atlantic MAM SST on the following summer
CA_SAT. In contrast, the anomalous North Atlantic April
SST associated with April SI (Fig. 13b) is not significant,
indicating that the relationship between April TP snow and
North Atlantic SST is weak. In summary, the relationship
between the North Atlantic SST, the Eurasian atmospheric
wave pattern, the TP snow and the summer CA_SAT can be
described as follows. The North Atlantic SST in the previ-
ous MAM can impact the summer CA_SAT by exciting a
Eurasian atmospheric wave pattern, as discussed in previ-
ous work (e.g., Watanabe, 2004; Li et al., 2015; You and
Jia, 2018). The atmospheric wave pattern can propagate down-
stream to the TP area and cause anomalous TP snow (e.g.,

(b)Apr_SI: SST_ Apr
80N

60N

40N

20N

-0.24-0.12 0 0.12 0.24

Fig. 13. (a) Anomalies in the previous March-April-May (MAM) SST (°C; shading) obtained by regression against
JJA TI. (b) Anomalies in April SST (°C; shading) obtained by regression against April SI. Dotted regions represent
SST anomalies significant at the 95% confidence level.



JULY 2022

Qian et al., 2019). The TP snow anomalies then intensify
the Eurasian atmospheric circulation anomalies through air-
snow interactions and impact the summer CA_SAT, as
revealed in the current work.

In addition to the SST, other factors, such as Arctic sea
ice, may also be a factor that can impact the SAT_CA vari-
ation by modulating the westerly jet (e.g., Wu et al., 2016,
He et al., 2018; Zhang et al., 2020). The relationship
between the North Atlantic SST and the Arctic sea ice and
the wave pattern needs further study in the future. Further-
more, it is not clear to what extent the April TP SCE can be
used as a predictor to improve the seasonal forecasting accur-
acy of summer SAT_CA. Numerical experiments may be per-
formed by constructing a regression model to examine this
issue.
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