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ABSTRACT

Observational evidence indicates that the correlation between Tibetan Plateau (TP) winter snow and East
Asian (EA) summer precipitation changed in the late 1990s. During the period 1979-99, the positive cor-
relation between the TP winter snow and the summer precipitation along the Yangtze River valley (YRV)
and southern Japan was disrupted by the decadal climate shift. In contrast, the summer precipitation over the
Huaihe River valley (HRV) and the Korean Peninsula showed a strong positive correlation with the pre-
ceding winter snow over the TP during the period 2000-11.

The radiosonde temperature measurements over the TP show a pronounced warming since the late 1990s.
This warming is associated with the significant increase in surface sensible heat flux and longwave radiation
into atmosphere. The latter is closely related to the decrease of surface albedo and the soil hydrological effect
of melting snow due to the decadal decrease in the preceding winter and spring snow over the TP. The TP
warming induced by the decrease in winter snow, together with the cooling of the sea surface temperature in
the tropical central and eastern Pacific, intensifies the land—sea thermal contrast in the subsequent spring and
summer over EA, thus causing a northward advance of the EA summer monsoon. Accompanying the
northward migration of the summer monsoon, the summer precipitation belt over EA shifts northward.
Consequently, the high summer precipitation region over EA correlating with the preceding winter snow over
the TP has shifted northward from the YRV and southern Japan to the HRV and the Korean Peninsula since
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the late 1990s.

1. Introduction

The Tibetan Plateau (TP), which has an average al-
titude of approximately 4 km, is one of the earth’s most
complex geographical features. The TP serves not only
as a physical barrier but also as an elevated heat source
that establishes a thermal contrast between the plateau
and surrounding cooler air in the summer (Ding 1992).
The combination of these two significant effects appears
to be a central factor influencing the large-scale mon-
soon circulation over East Asia (EA) (e.g., Flohn 1957;
Li and Yanai 1996). The seasonal cycle and interannual
variation in the EA summer monsoon rainfall are known
to be closely related to variations in TP heating (Ye and
Gao 1979; Tao and Ding 1981; Hsu and Liu 2003; Wu
and Qian 2003; Zhao et al. 2007). Zhang et al. (2004) and
Ding et al. (2009) examined the relationship between
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winter and spring snow cover over the TP and the de-
cadal variations of the EA summer monsoon rainfall
based on the observed data for the period from the 1960s
to 1990s. Correlation analysis documented that the TP
winter snow has a significant positive correlation with
the subsequent summer precipitation along the Yangtze
River valley (YRV;28°-31°N, 110°-120°E) in China. It is
proposed that an increase in the winter snow cover over
the TP is closely related to a significant reduction in
surface sensible heat flux and a subsequent cooling over
the TP and its surrounding atmosphere. The cooling is
caused by the surface albedo and soil hydrological effect
of melting snow owing to the snow increase over the TP.
TP cooling thus reduces the land-sea thermal contrast
during summer over EA, leading to a weak EA summer
monsoon, which brings more precipitation to the YRV
(Ding et al. 2009).

Recently, Si et al. (2009) found that summer precipi-
tation in EA exhibited a decadal shift in the late 1990s.
During the 1980s and 1990s summer precipitation was
mainly concentrated along the YRV. Since the late 1990s
the precipitation belt has shifted northward to the
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Huaihe River valley (HRV; 31°-33°N, 110°-120°E),
which has an average distance of 200-300 km from the
YRV. However, the winter snow cover over the TP has
shown a significant decreasing trend since the late 1990s.
That is to say, both the TP winter snow and the EA
summer precipitation have undergone a decadal change
in the late 1990s, which naturally raises questions as to
whether the TP snow—EA precipitation correlation pat-
tern also experienced a similar change in the late 1990s
and, if so, what new correlation pattern between the TP
winter snow and the subsequent summer precipitation
over EA has been established. With these questions in
mind, we will examine the decadal change in the corre-
lation between the TP winter snow and the EA summer
precipitation in the last decade. Additionally, a physi-
cal mechanism responsible for the change in the TP
snow—EA precipitation correlation in the last decadal
period is discussed.

This paper is arranged as follows. Section 2 describes
the datasets used in this study. In section 3, we docu-
ment the decadal decreases in the winter and spring snow
over the TP, while in section 4 we examine the decadal
changes in summer precipitation over EA in the last de-
cade. In section 5, we compare the correlation patterns
of the winter snow cover over the TP with summer pre-
cipitation in EA between the two periods of 1979-99 and
2000-11. Plausible causes for these changes are discussed
in section 6. A summary is provided in section 7.

2. Data

The main observational data analyzed in this study
include the following products.

1) The daily surface-observed snow depth, wind speed,
air temperature, soil temperature, and pressure data
used in this study are from the National Meteorolog-
ical Information Center (NMIC) of the China Mete-
orological Administration (CMA). The monthly data
are derived from daily data. Because surface observ-
ing stations in the western TP begin providing oper-
ational observations since the late 1970s, our research
is performed using data records starting from 1979 to
add more observations in the western TP. In this
study, 72 stations (Fig. 1) located where there is good
temporal continuity in meteorological observations
are used. The quality control of this dataset was made
by the NMIC of the CMA.

2) Monthly station rainfall data include 160 stations in
China, 11 stations in southern Japan, and 8 stations in
South Korea. The Chinese station data are provided
by the National Climate Center of the CMA included
information from 160 stations, of which we chose 46
stations located in east China. Station data in southern
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FIG. 1. Distribution of the 72 surface-observing stations (black
dots) over the Tibetan Plateau. The shaded area (gray) indicates
regions with an altitude above 2500 m.

Japan and South Korea are derived from the Global
Historical Climate Network (GHCN) of the National
Climate Data Center (NCDC) of the National Oce-
anic and Atmospheric Administration (NOAA).

3) Radiosonde temperature data (Guo and Ding 2009)
are provided by the NMIC of the CMA. Twice-daily
observational data at 0000 and 1200 UTC are com-
bined into a merged daily radiosonde temperature
dataset. The quality control of this dataset also was
done by the NMIC of the CMA recently.

4) The National Aeronautics and Space Administration
(NASA) Global Energy and Water Cycle Experi-
ment (GEWEX) Surface Radiation Budget (SRB)
release 3.1 dataset (Cox et al. 2006; Gupta et al. 2006)
also is used in this study. This dataset uses Interna-
tional Satellite Cloud Climatology Project (ISCCP)
clouds and radiance and other inputs to produce
monthly mean upward and downward longwave radi-
ative flux on a 1° latitude X 1° longitude resolution.
The current release 3.1 covers the period from July
1983 through December 2007.

5) The atmospheric data are derived from the National
Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR)
reanalysis dataset (Kalnay et al. 1996).

6) Monthly mean sea surface temperature (SST) data
used are the optimum interpolated SST (OISST)
dataset (Reynolds and Smith 1994) provided by
NOAA at a 2° latitude X 2° longitude resolution.

3. Observed decreasing trend in the TP winter and
spring snow

An examination of the observed snow depth data re-
veals that a prominent reduction in the winter and spring
snow depth occurred throughout the TP during the last
decade. Figure 2 depicts the time series of snow depths
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F1G. 2. Time series of (a) winter and (b) spring snow depth
(cmday ') over the Tibetan Plateau, averaged for the 72 stations
from 1979 to 2011. The dashed curve indicates the third-order
polynomial fit. The horizontal dashed lines indicate averaged values
for the two decadal periods 1979-99 and 2000-11. The horizontal
solid lines indicate averaged values for the period 1979-2011.

over the TP averaged for the 72 stations in winter and
spring during the period 1979-2011. It can be seen that
the winter and spring snow depth over the TP experienced
a distinct decadal change in the late 1990s. This decadal
change point is further confirmed by the Yamamoto
method and Mann-Kendall method. The snow depth
increases greatly from 1979 to 1996 and then decreases
abruptly from 1996 to 1999. Since 1999 snow depth
remains low except in winter 2008, possibly due to in-
terannual variation. The average winter snow depth is
0.6cmday ! during 1979-99, but it drops to an average of
0.37cmday ! for the period 2000-11. The average spring
snow depth is 0.32cm day ! during 1979-99, but it drops
to an average of 0.25cmday ! for the period of 2000-11.
Figure 3 presents the decadal change (2000-11 mean
minus the 1979-99 mean, as below) in the winter snow
depth over the TP. The regions experiencing significant
snow reduction cover the majority of the TP.

4. Summer precipitation changes in East Asia

In tandem with a reduction in winter and spring snow
throughout the TP, the precipitation and large-scale at-
mospheric circulation in EA have experienced consider-
able changes. Recently, Si et al. (2009) found that the
summer precipitation in east China exhibited a substantial
decadal shift in the late 1990s. Before 1999, the main
precipitation belt was located along the YRV; sub-
sequently, it has steadily shifted northward to the HRV.
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FI1G. 3. Changes (200011 mean minus 1980-99 mean) in winter
snow depth (cmday ') over the Tibetan Plateau based on the

surface-observed data. The shaded areas are statistically significant
at the 95% confidence level according to a Student’s ¢ test.

Figure 4 displays the difference in summer precipita-
tion patterns between 2000-11 and 1979-99 in east China.
The most notable features are the two coherent zonal
bands of precipitation anomalies, with opposite signs,
over the YRV and HRV. One zonal area of negative
anomalies is found along the YRV. Across the HRV,
large precipitation anomalies with opposite signs are also
observed. This pattern resembles the second leading
mode of the empirical orthogonal function (EOF) anal-
ysis for the summer precipitation in east China in Si et al.
(2009). Si et al. analyzed the spatial and temporal varia-
tion of the summer precipitation over the YRV and HRV
and found that the second leading mode accounted for
21% of the total variance. This mode was characterized
by a seesaw between the YRV and HRV (see Si et al.
2009, Fig. 1d). The time coefficients of the second leading
mode also displayed an abrupt phase transition from
negative to positive in the late 1990s (see Si et al. 2009,
Fig. 1e). This change indicates that the summer precipi-
tation has increased over the HRV but decreased over
the YRV since the late 1990s.

Figure 5 shows the spatial pattern of contemporaneous
correlation between the time series of summer precipi-
tation averaged over the YRV/HRV and summer pre-
cipitation series of each of the 65 stations in EA. The most
striking feature revealed by this figure is that the pre-
cipitation variations over southern Japan and Korean
Peninsula are in phase with precipitation over YRV/
HRYV, showing a positive relationship. This correlation
pattern also agrees with the results of Ninomiya and
Akiyama (1992) and Ding and Chan (2005), who found
that the mean summer precipitation belt over EA is nor-
mally elongated and narrow, extending from east China
to southern Japan.

Therefore, the decadal change in the summer preci-
pitation over east China in the late 1990s is not a local
phenomenon but is connected to the shift in the large-scale
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FIG. 4. Changes (2000-11 mean minus 1980-99 mean) in total
summer precipitation (mm) over east China. The shaded areas are
statistically significant at the 95% confidence level according to
a Student’s ¢ test.

precipitation regime over EA. For southern Japan, the
precipitation is also relatively high during the 1980s and
1990s, but relatively low during the 2000s. In contrast, the
summer precipitation levels on Korean Peninsula are
relatively low during the 1980s and 1990s but are com-
paratively high during the 2000s (not shown). This trend
implies that the primary summer precipitation belt,
indeed, shifted northward throughout EA in the late
1990s.

The changes in summer precipitation patterns through-
out EA are revealed by EOF analysis. The normalized
observed summer [June-August (JJA)] precipitation in
EA is used in the EOF analysis. The first EOF mode,
which accounts for 16.6% of the total variance, displays
a pattern of an elongated band of positive precipitation
anomalies along the YRV, southern Japan, and southern
South Korea and negative precipitation anomalies over
other EA regions (Fig. 6a). The first EOF mode clearly
indicates that the main precipitation belt extends from
the YRV to southern Japan, and its time coefficient show
a declining trend (Fig. 6b). The second EOF mode ac-
counts for 14.2% of the total variance. The spatial pattern
corresponds to coherent variations over HRV and the
Korean Peninsula and opposite variations in YRV and
the area south of YRV (Fig. 6¢). Figure 6d illustrates the
time coefficient of the second EOF mode, which shows
an abrupt decadal change in the late 1990s. Moreover, the
period from the early 1980s to 1990s is mainly in the
negative phase of time coefficient, implying that it is wet
in the YRV, the area south of YRV, and southern Japan
but dry over the HRV and Korean Peninsula. Since the
late 1990s the phase abruptly turns positive. This change
implies the decadal northward shift of the precipitation
belt. For the earlier decade (1979-99), the average value
of absolute time coefficient of the first EOF mode is 2.51,
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FI1G. 5. Correlation map between the summer precipitation over
the Yangtze River and Huaihe River valleys averaged for the 46
stations and summertime precipitation over East Asia for 1979-
2011. The shaded areas are statistically significant at the 95%
confidence level.

while the average value of absolute time coefficient of the
second EOF mode is 2.26. This result indicates that the
YRV-southern Japan mode is the leading mode during
1979 to 1999. For the later decade (2000-11), the average
value of absolute time coefficient of the first EOF mode is
2.09, while the average value of the second EOF mode is
2.82. The first leading EA summer precipitation mode
distinctly changes from a YRV-southern Japan mode
during 1979-99 to an HRV-Korean Peninsula mode in
the last decade (2000-11), indicating a decadal northward
shift in the summer precipitation belt in EA.

All of these results reveal that the summer precipita-
tion patterns in East China and EA have both demon-
strated a decadal change in the late 1990s. This decadal
change is opposite to the previous one in the late 1970s.
The decadal change in precipitation over EA occurred
in the late 1970s with more precipitation in the YRV and
southern Japan and less in the HRV and the Korean
Peninsula since then (e.g., Hu 1997; Chang et al. 2000;
Huang 2001; Wang 2001; Gong and Ho. 2002; Yu et al.
2004; Ding et al. 2009; Zhou et al. 2009).

5. Decadal change in the TP snow-EA
precipitation correlation

The above analysis reveals that both TP winter snow
and the ensuing EA summer precipitation underwent a
dramatic decadal change in the late 1990s. In this sec-
tion, we will examine whether the correlation between
TP winter snow and the following summer precipitation
in EA changed in the late 1990s.

To elaborate on the relationship between the above
two elements for the time periods of 1979-99 and 2000-
11, a correlation analysis is applied to the winter snow
depth over the TP and the following summer precipi-
tation in EA.
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FIG. 6. Spatial pattern of (a) EOF1 and (c) EOF2 for summer precipitation and (b),(d) their corresponding time
coefficient during 1979-2011. The dashed curves in (b),(d) indicate a third-order polynomial fit.

For the period 1979-99, the correlation map between
the TP winter snow series (Fig. 2) and the summer rainfall
in EA indicate a significant positive zonal band along the
YRYV and southern Japan (Fig. 7a). The correlation pat-
tern obtained from the analysis implies that an above
normal TP winter snow will be followed by increased
precipitation along the YRV and southern Japan during
the subsequent summer and vice versa.

However, for the period 2000-11 the correlation pat-
tern changes radically and differs from the first period’s
pattern. The positive correlation shift northward from
the YRV and southern Japan to the HRV and the Korean
Peninsula, while a negative correlation along the YRV
and southern Japan is detected (Fig. 7b). The result sug-
gests that an above normal TP winter snow favors in-
creased summer precipitation along the YHR-Korean
Peninsula and decreased summer precipitation along
YRV-southern Japan. This change implies a decadal
change in the correlation pattern between the TP snow
and the EA summer precipitation in the late 1990s.

6. Causes of the decadal change in the TP snow-EA
precipitation correlation

We present a brief description in this section of why
the regions of high correlation between the TP winter

snow and the subsequent summer precipitation over
East Asia have shifted northward from the YRV to the
HRV. This may be closely related to the decadal re-
duction in the snow over the TP since the late 1990s. It is
known that an anomalous preceding winter snow cover
may affect the surface albedo and influence soil hy-
drology, which may further alter the soil moisture and
surface and atmosphere temperature during the sub-
sequent summer, thus leading to variations in the en-
suing large-scale atmospheric circulation and the Asian
summer monsoon (Liu and Yanai. 2002). Shukla (1984)
and Shukla and Mooley (1987) pointed out that the
memory of a winter snow anomaly in the climate system
resides in the wetness of the subsurface soil as snow melts
during spring and summer, which influences the soil and
air temperature in the following summer and affects
the regional monsoon circulation. Figure 8a illustrates
the lagging effect of winter snow depth on the summer
thermal condition over the TP by using a lead-lag cor-
relation. We denote the high snow depth as year 0 and
the following year as year 1. For the winter snow depth
over the TP, the high snow depth peaks during January—
February (1) and persists to early spring. Snow melting
(Fig. 8a, red curve) begins to develop a significantly
positive correlation with snow depth in March (1), which
persists to April (1). Snow melting is a sink for latent heat;
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FIG. 7. Correlation between the winter snow depth over the
Tibetan Plateau averaged for the 72 stations and the observed
summer precipitation over East Asia for the period (a) 1979-99 and
(b) 2000-11. Shaded areas are statistically significant at the 95%
confidence level.

snow melts to water that is available for evaporation,
runoff, and to increase soil moisture by diffusion and
gravitational transport (Vernekar et al. 1995). The top
layer (0-7cm) soil moisture (Fig. 8a, green curve)
anomalies have a moderate persistence from winter to
mid spring. High persistence is seen in the middle layer
(28-100 cm) soil moisture (Fig. 8a, blue curve) and per-
sists to late spring. This result is consistent with a longer
persistence of soil moisture for the middle layer than the
top layer in an earlier analysis of a numerical simulation
by Wang et al. (2009). A significantly negative correlation
with soil temperature (Fig. 8b, red curve), sensible heat
flux (Fig. 8b, green curve), and air temperature (Fig. 8b,
blue curve) persists from December (0) to March (1).
This is largely because of the snow albedo effect. When
snow is present on the ground, the soil and air tem-
perature is colder than without snow. After March (1),
a large amount of snow melts and effectively decreases
the snowpack and the albedo effect. Snowmelt water
increases not only the soil moisture but also the heat
capacity of the soil. The air temperature retains a high
negative correlation long after all of the snow is melted
because of the large heat capacity of the wetter surface.
However, air temperature is not significantly corre-
lated with the winter snow depth in May (1) when most
of the snow over the TP has melted. In summary, the air
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F1G. 8. (a) Correlation of the TP snow depth with the TP
snowmelt (change of monthly snow depth, red curve), 0-7-cm-deep
volumetric soil moisture (green curve), and 28-100-cm-deep
volumetric soil moisture (blue curve) of the ECMWF Interim
Re-Analysis for December (0)-February (1) at the 72 stations (29°-
35°N, 90°-104°E) for the period 1979-2011. Note that the high
snow-depth year designated as year 0 and following year as year 1.
The black solid curve is for the autocorrelation of the TP snow
depth with its December—February (DJF) values. (b). Correlation
of the TP snow depth with the TP soil temperature (red curve),
sensible heat flux (green curve), and air temperature (blue curve)
for December (0)-February (1) at the 72 stations for the period
1979-2011.

temperature over the TP is low because of the snow
albedo effect in winter, heat loss energy used in melting
snowpack, and the larger heat capacity of the wetter
soil from spring and summer.

The anomalous snow condition over the TP may
significantly affect the TP heating field. Based on pre-
vious estimates of heat sources and sinks over the TP in
summer, the surface sensible heat flux is a dominant
component of atmospheric heating field over the TP,
especially over the western part of the TP (Ye and Gao
1979; Nitta 1981; Murakami and Ding 1982; Luo and
Yanai 1984). Ye and Gao (1979) computed various
components of long-term mean heat balanced over the
TP and their seasonal variations, and pointed out that
the sensible heating is the primary factor in atmospheric
heating sources over the entire TP until the rainy season
occurs.

We have estimated sensible heat flux by using the 72
station observed data. The sensible heat (H) is calcu-
lated by

H = pc,C,U(T,~T,), )
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FIG. 9. Seasonal-mean sensible heat fluxes (W m ™) over the TP
averaged for the 72 stations for (a) winter, (b) spring, and (c) sum-
mer. The dashed curve indicates a third-order polynomial fit;
horizontal solid lines indicate averaged values for the period of
1979-2011.

where p is air density, C, the specific heat at a constant
pressure, U the wind speed, T the soil temperature, 7, is
near-surface air temperature, and

C,;=0.0012+0.01/U @)

(Chen and Wong 1984).

Figure 9 shows the seasonal mean sensible heat fluxes
over the TP averaged for the 72 station during the period
1979-2011. Significant increasing trends in sensible heat
flux, derived by using a third-order polynomial fit, are
obvious in all three seasons since the late 1990s. The trend
in summer is 0.6% decade '. It is in winter when the
trend is most notable, 1.6% decade™'. The trend in
spring is comparably strong, 1.5% decade .

Additionally, TP warming is an important factor driv-
ing the Asian summer monsoon. The seasonal variation
in TP heating is closely associated with the anomalous
reversal of the zonal thermal contrast in the Asian mon-
soon region. This variation, therefore, may influence the
large-scale atmospheric circulation and summer mon-
soon in EA (Flohn 1957; Yanai et al. 1992; Li and Yanai
1996; Wu and Zhang 1998; Wang et al. 2008). Figure 10
shows the decadal changes in surface longwave radia-
tion ratio (surface longwave upward flux/downward flux)
over the TP. For winter, the decadal difference in surface
longwave radiation ratio is positive over the entire pla-
teau; that is, it represents the TP warming over most of
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F1G. 10. Changes (2000-07 mean minus 1984-99 mean) in the
surface longwave radiation ratio (%) (upward flux/downward flux)
in (a) winter, (b) spring, and (c) summer.

the TP in the later decade, with surface longwave radia-
tion ratio increasing by 2%-9%—even by 9%-15% in
a few regions. A similar difference between the two pe-
riods, but with a relative smaller warming tendency, also
appears in spring and summer.

We also examine the temperature series mostly in the
central and eastern TP averaged for the 15 stations
(Fig. 11a) at five levels from 1979 to 2011 (Figs. 11b,c). A
remarkable feature is that the radiosonde temperature
exhibits a prominent decadal change in the late 1990s. A
distinctive tropospheric (from 500 to 200 hPa) warming
trend and stratospheric (100 hPa) cooling trend are found
over the TP in spring. The warming trend is most prom-
inent in the upper troposphere and around 300 hPa. For
summer, warming also occurs in the troposphere, with
the amplitude of the warming tending to strengthen with
increasing altitude, shifting to a cooling trend above
200 hPa. The tropospheric warming trend over the TP is
notably more pronounced in summer than in spring.

Augmented atmospheric warming in the spring and
summer over the TP since the late 1990s may, in turn,
influence the land—sea thermal contrast in the EA mon-
soon region. Previous research revealed a positive cor-
relation between TP snow and oceanic forcing (SST
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FIG. 11. (a) Distribution of the 15 radiosonde stations over the Tibetan Plateau and (b) spring and (c) summer
temperature (°C) over the TP averaged for the 15 stations from 500 to 100 hPa. The horizontal solid lines indicate
averaged values for the period of 1999-2011; Dashed curves indicate a third-order polynomial fits.

anomalies in the tropical central and eastern Pacific),
and both factors had a high negative correlation with
the land—sea thermal contrast in the EA monsoon re-
gion (Ding et al. 2009). This result implies that, if the
TP has below normal (above normal) snow in the pre-
ceding winter and the tropical central and eastern Pacific

anomalously cools down (warms up), the land-sea ther-
mal contrast in the EA monsoon region will intensify
during the subsequent spring and summer. Based on the
computational methods discussed by Yanai et al. (1992),
the vertically integrated (surface to 200 hPa) apparent
heat source Q; is estimated by using the NCEP-NCAR
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FIG. 12. Time series of the difference between the normalized
vertically integrated (from surface to 200hPa) apparent heat
source Q; (W m™2) averaged over the Tibetan Plateau (28°-43°N,
70°~105°E) and the tropical central and eastern Pacific (10°S-10°N,
180°-120°W) for (a) spring and (b) summer. The solid lines denote
9-yr running mean curves.

reanalysis dataset. Here, the difference of Q; between the
TP and the tropical central and eastern Pacific is defined
as the land-sea thermal contrast index. The higher the
thermal contrast index, the more amplified the land-sea
thermal contrast. The time series of the land—sea thermal
contrast index for 1979-2011 is depicted in Fig. 12, which
shows a distinct rising trend and a change in sign from
negative to positive since the late 1990s, indicating an
augmented land-sea thermal contrast in the EA mon-
soon region.

As the land—sea thermal contrast increases, the large-
scale atmospheric circulation changes over the EA mon-
soon region during the subsequent spring and summer.
Under the above forcing of the heightened land-sea
thermal contrast, the northern boundary of the EA sum-
mer monsoon migrates northward. As seen from Fig. 13,
anomalous low-level westerly winds decrease along the
YRV, and anomalous westerly winds simultaneously in-
crease along the HRYV, indicating the northward migra-
tion of the northern boundary of the summer monsoon
over EA. The anomalous cyclonic circulation strengthens
over the HRV while it weakens over the YRV. Thus, the
precipitation belt is located along the HRV but departs

110E
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2

FI1G. 13. Changes (2000-11 mean minus 1980-99 mean) in 850-hPa
zonal components (red shading denotes westerly components and
blue shading denotes easterly components, ms™ ') and 850-hPa
winds (vectors, ms~ ') in summer. The shaded area (gray) indicates
altitudes above 2500 m.

from the YRV (Fig. 4). Accompanying the northward
advance of the summer monsoon, the EA monsoon
subsystems also shift northward.

Because the westerly subtropical jet marks the pole-
ward limit of the Hadley cell, a systematic northward
shift of the jet implies that the Hadley cell expands
northward in the Northern Hemisphere. Figure 14a il-
lustrates the change in outgoing longwave radiation
(OLR) in the summer. Enhanced convection is obtained
in the climatological tropical western North Pacific in-
tertropical convergence zone (ITCZ) and areas to its
north, where the climatological OLR values are less than
220Wm 2 along 0°-13°N, implying that the tropical
western Pacific ITCZ is enhanced and displaced north-
ward. However, convection is suppressed to the north of
the climatological western North Pacific subtropical high
(WNPSH) where the climatological OLR values are
greater than 250 W m ™2 along 20°-30°N, implying that
the WNPSH is enhanced and displaced northward as
well. The change in the WNPSH is more evident in the
500-hPa geopotential height difference for the 2000-11
mean minus 1980-99 mean. As seen from Fig. 14b, geo-
potential height is raised in an extensive area to the north
of the climatological WNPSH, where the climatologi-
cal 500-hPa geopotential height values are greater than
5880 gpm, whereas it drops in the extensive area to the
south of the climatological WNPSH, further verifying
the northward displacement of the WNPSH. Because the
locations of the ITCZ and WNPSH are considered as
rising and subsiding branches of the Hadley cell, respec-
tively, an enhancement and northward displacement of
the ITCZ and the WNPSH implies that the local Hadley
cell in EA intensified and expanded northward during the
last decade. Because subsidence causes adiabatic heat-
ing and suppresses convection, this northward expansion
leads to midlatitude (near 30°N) tropospheric warming
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FIG. 14. (a) Changes (2000-11 mean minus 1980-99 mean) in
outgoing longwave radiation (Wm™?) in summer. The red thick
contours indicate the climatological outgoing longwave radiation
distribution averaged for summer in 1981-2010. Values exceeding
the 95% confidence level according to a Student’s ¢ test are stip-
pled. (b) Changes (2000-11 mean minus 1980-99 mean) in 500-hPa
geopotential height (gpm) in summer. The red thick contours in-
dicate the climatological 500-hPa geopotential height distribution
averaged for summer in 1981-2010. Values exceeding the 95%
confidence level according to a Student’s ¢ test are stippled.

and a broadening of subtropical dry zones (near 30°N)
(Fu et al. 2006; Hu and Fu 2007), which would contribute
to a decrease in summer precipitation along the YRV and
southern Japan, but an increase summer precipitation
along the HRV and Korean Peninsula.

As previously noted, water vapor transport is one of
the most important components of the EA monsoon
system. Anomalous precipitation is directly related to
water vapor transport. Here, an analysis is made to ex-
amine the differences in water vapor transport over the
EA monsoon region between the periods 1979-99 and
2000-11.

Figure 15 displays the anomalous composite field
of the 850-hPa water vapor transport for 1979-99 and
2000-11. The shaded areas indicate the convergence of
the anomalous water vapor. During 1979-99 the tropical
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FIG. 15. Anomalous 850-hPa water vapor transport (kgm ™ 's 1)
in summer for the period (a) 1979-99 and (b) 2000-11. The diver-
gence of water vapor transports is plotted in shading; A (C) mark the
centers of the anomalous anticyclone (cyclone); the dashed curves
indicate the anomalous anticyclone (cyclone) ridge (trough).

southwest water vapor transport converges with the
northwest midlatitude water vapor transport above the
main rain belt along the YRV and southern Japan. This
anomalous water vapor transport is associated with a
southward displacement of the WNPSH and a southward
migration of the northern boundary of the EA summer
monsoon. During 2000-11, in contrast, the water vapor
convergence zone moves northward to the HRV and
Korean Peninsula. The origin of the anomalous con-
vergence is from the subtropical southeast water vapor
transport and the northeast midlatitude water vapor
transport. The subtropical southeast branch originates
from the East China Sea. This anomalous water vapor
transport is associated with a northward displacement of
the WNPSH and a northward migration of the northern
boundary of the EA summer monsoon, which is favorable
for a heavier rain belt along the HRV (Zhou and Yu,
2005) and Korean Peninsula.

Another phenomenon in the anomalous water vapor
transport pattern worth discussion is the ENSO signal
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FIG. 16. Changes (2000-11 mean minus 1982-99 mean) in observed winter sea surface
temperature (°C) based on the NOAA OISST data. Values exceeding the 95% confidence level

according to a Student’s ¢ test are stippled.

from the tropical central and eastern Pacific. Through-
out the period 1979-99, the circulation anomalies at low
latitudes are dominated by an elongated anticyclonic
ridge extending from the southeast coast of China to the
western Pacific. This ridge has two centers at 22°N, 120°E
and 20°N, 140°E. This anomalous anticyclonic ridge
conveys, in part, the impacts of warm tropical central
and eastern Pacific SSTs to the EA climate through the
Pacific-East Asia teleconnection (Wang et al. 2000; Wang
and Zhang 2002), which leads to a higher water vapor
supply to the YRV and southern Japan. During the later
period of 2000-11, the anomalous circulation change
occurs at the low latitudes of EA and the former anticy-
clonic ridge is replaced by a cyclonic trough. This decadal
shift results from the decadal change in the remote forc-
ing produced by the tropical central and eastern Pacific
SST anomaly. During the 1980s and 1990s, the SST over
the tropical central and eastern Pacific is relatively high.
Since the late 1990s, the central and eastern Pacific ex-
periences a high La Nina event period, leading to a cor-
responding cold SST over the tropical central and eastern
Pacific during the 2000s (Fig. 16).

Opverall, the northward migration of the northern
boundary of the summer monsoon, the subtropical west-
erly jet, the WNPSH and the local Hadley cell over EA
results in the northward shift of the summer precipi-
tation belt from the YRV and southern Japan to the
HRYV and Korean Peninsula. These results suggest that
the connection between the northward shifts in the high
summer precipitation throughout EA with the TP winter
snow may be closely related to the significant decadal
reduction in snow depth over the TP since the late 1990s.

7. Summary

A significant trend in the decline of winter and spring
snow over the TP since the late 1990s is confirmed based
on weather station observational data. This trend may
exert some considerable influence on the precipitation

and large-scale atmospheric circulation over the TP and
its surrounding areas, including the displacement of
the primary summer precipitation belt and the northern
boundary of the summer monsoon over EA. It is verified
that the summer precipitation belt over EA experienced
a decadal shift in the late 1990s. There is a remarkable
difference between the periods prior to and following
the late 1990s, with the summer precipitation belt chiefly
located along the YRV and southern Japan before the
late 1990s, subsequently shifting northward to the HRV
and Korean Peninsula.

In addition, the correlation between the TP winter
snow and the following summer precipitation in EA
changed in the late 1990s. For the period from the 1980s
to the 1990s, the correlation analysis reveals a strong
positive correlation between the TP winter snow and the
subsequent summer precipitation along the YRV and
southern Japan. Since the late 1990s, however, the areas
of strong positive correlation between the TP winter
snow and summer precipitation over EA shift northward
from the YRV and southern Japan to the HRV and
Korean Peninsula, thus leading to a negative correlation
along the YRV and southern Japan. An above normal
winter TP snow favors increased precipitation along the
HRYV and the Korean Peninsula but decreased precipi-
tation along the YRV and southern Japan in the sub-
sequent summer.

Further analysis suggests that this change in correlation
patterns is closely associated with the decadal decrease in
snow over the TP since the late 1990s. The increase in TP
heating, mainly owing to the decrease in winter snow,
together with the decrease in SST in the tropical central
and eastern Pacific, possibly enhances the land-sea
thermal contrast over EA in the subsequent spring and
summer. Thus, the northern boundary of the EA summer
monsoon and the summer precipitation belt migrate
northward. Correspondingly, the WNPSH and the local
Hadley cell advance northward over East Asia, and the
water vapor convergence zone moves northward from
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the YRV and southern Japan to the HRV and Korean
Peninsula. These changes led to an increase in pre-
cipitation over the HRV and Korean Peninsula and
a decrease over the YRV and southern Japan in the
subsequent summer. Thus, the decadal northward shift
of the high correlation region over EA between the TP
snow depth and the monsoonal precipitation in the late
1990s is closely related to the decrease in winter and
spring snow over the TP. However, it is not apparent why
the TP winter and spring snow has experienced a decadal-
scale decrease.

For a long time period, the TP role, especially on the
interannual time scale, in regional climate change is still
an open question whether it plays an active role. This
work provides evidence indicating the close relationship
between decadal variations of the TP snow and that of
the rainfall pattern in EA, but it does not mean logically
that the rainfall anomaly pattern in EA is dominated
completely by the TP snow variations as this relation-
ship may be an indicator of, and is probably affected by,
the external large-scale forcing from the interdecadal
variation of SST in the Indian, Pacific, and even Atlantic
Oceans, as well as polar ice concentration.
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