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ABSTRACT

Using multiple datasets, this paper analyzes the characteristics of winter precipitation over southern
China and its association with warm and cold phases of El Nino-Southern Oscillation during 1948-2011.
The study proves that El Nifio is an important external forcing factor resulting in above-normal winter
precipitation in southern China. The study also reveals that the impact of La Nina on the winter precipitation
in southern China has a decadal variability.

During the winter of La Nina before 1980, the East Asian winter monsoon is stronger than normal with a
deeper trough over East Asia, and the western Pacific subtropical high weakens with its high ridge retreating
more eastward. Therefore, anomalous northerly winds dominate over southern China, leading to a cold and
dry winter. During La Nina winter after 1980, however, the East Asian trough is weaker than normal,
unfavorable for the southward invasion of the winter monsoon. The India-Burma trough is intensified, and
the anomalous low-level cyclone excited by La Nina is located to the west of the Philippines. Therefore,
anomalous easterly winds prevail over southern China, which increases moisture flux from the tropical oceans
to southern China. Meanwhile, La Nina after 1980 may lead to an enhanced and more northward subtropical
westerly jet over East Asia in winter. Since southern China is rightly located on the right side of the jet
entrance region, anomalous ascending motion dominates there through the secondary vertical circulation,
favoring more winter precipitation in southern China. Therefore, a cold and wet winter, sometimes with
snowy and icy weathers, would occur in southern China during La Niha winter after 1980. Further analyses
indicate that the change in the spatial distribution of sea surface temperature anomaly during the La Nina
mature phase, as well as the decadal variation of the Northern Hemisphere atmospheric circulation, would
be the important reasons for the decadal variability of the La Nifa impact on the atmospheric circulation
in East Asia and winter precipitation over southern China after 1980.
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EAWM often brings about various kinds of hazards,

As one of the most active components in the
global climate system, the East Asian winter monsoon
(EAWM) is an important climate feature over East
Asia in boreal winter, and one of the most impor-
tant factors influencing the winter climate in China.

such as cold surge, low temperature, snow and ice
weather, etc. (Ding, 1990; Chen et al., 1991; Huang
et al., 2008). Most previous studies have focused on
the temperature variations in winter and the associ-
ated physical mechanisms (Tao, 1957; Li, 1989; Ding,
1990; Wu et al., 1999). Few studies have concerned
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about the winter precipitation anomaly features, prob-
ably because the regions controlled by the winter mon-
soon are often cold and dry, and winter precipitation
accounts for only a small proportion of the annual pre-
cipitation (Chen et al., 2008). On the other hand, win-
ter precipitation anomaly may not cause huge floods
like the East Asian summer monsoon precipitation
does. However, winter precipitation shows an interan-
nual and interdecadal variability over different regions
in China (Xu et al., 1999; Xu and Chan, 2002). Exces-
sively more winter precipitation, in the form of snow
or freezing rain, not only brings inconvenience to peo-
ple’s travel, but also causes threat to people’s life and
property.
winter precipitation may also induce low soil moisture

During some other years, excessively less

and drought, and seriously affect the crop production.
For example, during mid January and early Febru-
ary 2008, an unprecedented disaster of low temper-
ature, persistent rain, snow and ice storms occurred
in the Yangtze River basin and South China, which
killed at least 120 people and caused direct economic
losses of over 150 billion yuan (Li et al., 2008; Wang
Zunya et al., 2008; Wen et al., 2009). However, during
late 2008 and early 2009, the severe drought in north-
ern China affected 10 million hectares of crops, and
resulted in 4 million people short of drinking water.
The direct economic losses were as high as 1.6 billion
yuan in only Anhui Province (Gao and Yang, 2009).
Therefore, with the social and economic development,
the impact of winter climate on the agriculture, en-
ergy, and water balance in China is becoming more
and more important. Forecasting of the winter pre-
cipitation anomaly has also become an essential work
in the meteorological operation (He et al., 2006).

On the interannual timescale, the major mode of
winter precipitation over China is the consistent vari-
ation of rainfall in the area south of the Yangtze River
valley (YRV), which accounts for 50% of the total vari-
ance and shows a significant interannual variability
with 2—4-yr period (Wang and Feng, 2011; Li and Ma,
2012). This mode is closely related to the intensity
of the EAWM and the El Nifio-Southern Oscillation
(ENSO). Strong EAWM gives rise to a dry condition

in southern China, while weak EAWM results in more
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precipitation there (Zhou et al., 2010; Zhou, 2011).
The interannal variability of winter monsoon also con-
tains some ENSO signals (Mu and Li, 1999). Previ-
ous studies have revealed a significant inverse relation-
ship between EAWM and ENSO. During El Nifio win-
ter, the EAWM is weakened, with a weak East Asian
trough (EAT) and low-level southerly anomalies over
the eastern coast of China. During La Nina winter,
however, the EAT is deeper than normal, and low-level
northerly anomalies occur over eastern China, favor-
ing the southward outbreak of strong cold air, and
the EAWM is largely intensified (Li, 1988, 1990; Web-
ster and Yang, 1992; Tao and Zhang, 1998; Chen and
Graf, 1998; Chen et al., 2000; Lau and Nath, 2000;
Chen, 2002). On the other hand, during the mature
phase of El Nino, an anomalous low-level anticyclone
appears around the Philippine Sea, which is excited
through the Rossby wave response. The anomalous
southerly winds to the northwest side of the anticy-
clone not only decrease the EAWM, but also bring
more moisture from the tropical ocean to southern
China (Zhang et al., 1996, 1999; Wang et al., 2000;
Wang and Zhang, 2002; Zhang and Sumi, 2002; Wu et
al., 2003). Therefore, during the winter of warm (cold)
ENSO, the EAWM tends to be weaker (stronger) than
normal, and the water vapor from the Bay of Bengal
and the South China Sea would converge (diverge) in
southern China, favoring more (less) precipitation in
this region (He et al., 2006; Zhou et al., 2010; Wang
and Feng, 2011; Li and Ma, 2012).

Nevertheless, some studies have also proposed
that the climate impact of La Nifia shows a significant
asymmetry with that of El Nino (Deser and Wallace,
1990; Hoerling et al., 1997; Wu et al., 2010; Wang et
al., 2012). Zhang et al. (1996) found that the effect of
El Nino on the variations of the East Asian monsoon
is more significant than that of La Nina. The recent
study of Wu et al. (2010) also revealed the asymme-
try of the location and amplitude of the western North
Pacific low-level atmospheric circulation anomalies be-
tween the El Nifio and La Nina mature winters. Wang
et al. (2012) investigated changes in the relationship
between Meiyu rainfall over East China and La Nina
events after the late 1970s, and found that the impact
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of La Nina on the Meiyu rainfall is not reversed to that
of El Nino.

According to previous studies, the EAWM would
be stronger than normal during La Nina winter, and
the winter precipitation would be less than normal in
southern China. However, in early 2008, the freezing
rain and snow disaster over southern China just oc-
curred during the mature phase of La Nina. In the
winters of two recent La Nifia events (January 2011
and January 2012), the freezing rain and snow again
happened in southern China (Song, 2012). Therefore,
this paper will examine the characteristics of winter
precipitation anomaly in southern China and explore
their possible association with warm and cold ENSO.
We aim to answer the following three questions: 1)
What is the relationship between the winter precipi-
tation anomaly in southern China and ENSO? 2) Is
the impact of La Nina on the winter precipitation in
southern China opposite to that of El Nifio? 3) Why
does the freezing rain and snow in southern China oc-

cur more often during La Nina winter in recent years?

2 Data and methods

Multiple datasets are used in this study, includ-
ing monthly sea surface temperature (SST) data from
the Hadley Center (1948-2011), monthly atmospheric
reanalysis data from the NCEP/NCAR (1948-2011),
monthly precipitation anomalies over global land and
oceans from the precipitation reconstruction (PREC)
dataset (1948-2011; Chen et al., 2002), and monthly
station rainfall data at more than 700 stations in
China provided by the China Meteorological Admin-
istration (1951-2011). The climatology of the station
precipitation data is from 1951 to 2011, and that of all
the other gridded data is from 1948 to 2011. In this
study, the winter of 2007 refers to December 2007 and
January—February 2008.

There are a number of EAWM indices proposed
by using different physical variables, such as the sea
level pressure (SLP), the 500-hPa geopotential height,
the zonal and meridional winds at lower and upper
levels, and so on. However, different indices may re-

flect different aspects of the winter monsoon features,
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and the specific years with strong (weak) EAWM are
often different among these indices (Guo, 1994; Zhu,
2008; Wang and Chen, 2010; Liu et al., 2012). There-
fore, we select several representative EAWM indices
for comparison, including: 1) the Siberian high index
(IsLp-Gong for short; Gong et al., 2001), defined as
the SLP averaged in the Siberian high region (40°—
60°N, 70°-120°E); 2) the east-west land-sea pressure
contrast index (Isrp.cnr; Chan and Li, 2004), defined
as the SLP difference between East Asia (30°-55°N,
100°-120°E) and the northwestern Pacific (30°-55°N,
150°-170°E); 3) the low-level meridional wind indices,
including the 10-m meridional wind averaged in south-
eastern East Asia ((10°-25°N, 110°-130°E) and (25°—
40°N, 120°-140°E)) (Iy10-chw; Chen et al., 2000), and
the 850-hPa meridional wind averaged in eastern East
Asia (20°-40°N, 100°-140°E) (Iv850-vang; Yang et al.,
2002); 4) the East Asian trough index, defined as the
500-hPa geopotential height averaged in (30°—45°N,
125°-145°E) (Igs00-sun; Sun and Li, 1997); and 5) the
Fast Asian subtropical jet index, defined as the 300-
hPa zonal wind shear between (27.5°-37.5°N, 110°-
170°E) and (50°-60°N, 80°-140°E) (I4300-Jhun; Jhun
and Lee, 2004).

3 Characteristics of the winter precipitation

in southern China

As revealed by previous studies, the first major
mode of the interannual variability of the winter pre-
cipitation over China is the consistent variation of
rainfall in the regions south of the YRV, which explains
about 49.6% of the total variance (Wang and Feng,
2011). Based on the station rainfall data over 700 sta-
tions in China from 1951 to 2011, we can also obtain
similar results using the empirical orthogonal function
method (figure omitted). Therefore, we define a win-
ter precipitation index (WPI) as the normalized winter
precipitation averaged over all stations in six provinces
south of the YRV, i.e., Hunan, Jiangxi, Zhejiang, Fu-
jlan, Guangdong, and Guangxi (Fig. 1).
one standard deviation of WPI (Fig. 2), there are 9
yr with abnormally more winter precipitation (1958,
1968, 1982, 1984, 1989, 1991, 1994, 1997, and 2002;

Based on
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Group I for short), and 10 yr with abnormally less
winter precipitation in southern China (1950, 1959,
1962, 1964, 1983, 1985, 1986, 1995, 1998, and 2008;
Group II for short).

During the winter of Group I, winter precipitation
is above normal over most parts of China except most
parts of Northeast China, northeastern Inner Mongo-
lia, and North Xinjiang. Winter precipitation is over
50% above normal in the regions south of the YRV
(Fig. 3a). During the winter of Group II, however, less
precipitation covers most areas of China, especially
western and eastern Northwest China, western North
China, and the regions south of the YRV. Winter rain-
fall anomaly is over 80% below normal in southern
South China (Fig. 3b).

on the global gridded precipitation data show similar

The composite maps based
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results (Fig. 4).
cipitation is above normal in the low-mid latitudes of

During the winter of Group I, pre-
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Fig. 2. Normalized time series of the winter precipitation index (WPI) in southern China (green bar). El/La indicates

El Nifio/La Nifla event in winter.
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Fig. 3. Composite anomalous percentage (%) of winter precipitation in China for (a) positive winter precipitation

anomaly years and (b) negative winter precipitation anomaly years in southern China (based on 700 station precipitation

data in China).
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Fig. 4. As in Fig. 3, but for global precipitation anomaly (mm) based on the global gridded precipitation data.

Eurasia, with one maximum center in southern China
(Fig. 4a). In the winter of Group II, however, preci-
pitation is mostly below normal in the low-mid lati-
tudes of Eurasia, especially in southern China (Fig.
4b).

The composite results of global precipitation also
Dur-

ing the winter of Group I, precipitation is above nor-

show some important features in the tropics.

mal in the tropical central Indian Ocean and equato-
rial eastern-central Pacific, and below normal in the
Maritime Continent and the equatorial western Pa-
cific (Fig. 4a). This feature is similar to the tropical
precipitation anomaly pattern during El Nino mature
winter (Yuan and Yang, 2012). During the winter of
Group II, the anomaly pattern is just the opposite,
with more winter precipitation in the Maritime Conti-
nent and the equatorial western Pacific, and less win-
ter precipitation over the tropical central Indian Ocean
and equatorial eastern-central Pacific (Fig. 4b), which
is also similar to the tropical precipitation anomaly
pattern during La Nifia mature winter. The above fea-
ture indicates a close relationship between the winter
precipitation in southern China and ENSO. However,
both the station rainfall data in China and the global
gridded precipitation data show that during the win-
ter of Group I (Group II), winter precipitation is above
(below) normal over most areas of China. It is differ-
ent from the anomalous winter precipitation pattern
with less rainfall in northern China and more rainfall
in southern China (more rainfall in northern China
and less rainfall in southern China) during El Niflo
(La Nina) winter (Gong and Wang, 1998). Therefore,
we further investigate the atmospheric circulation fea-

tures for Groups I and II, and explore their relation-

ship with El Nino and La Nina by comparison.

During the winter of Group I, the Siberian high
is weak, and the east-west pressure contrast is smaller
than normal, with positive SLP anomaly over north-
western Pacific and negative SLP anomaly over Eura-
sia (Fig. ba). In the lower troposphere, anomalous
southerly winds control eastern East Asia and extend
from the southeastern coast of China to Northeast
Asia, indicating a weak EAWM (Fig. 5b).

the anomalous southerly winds are located to the

Since

northwest of the low-level Philippine Sea anticyclone
(PSAC), this feature denotes a close relationship be-
tween the low-level wind anomalies for Group I and
the PSAC. At 500 hPa, positive anomaly of geopo-
tential height dominates in the north and negative
anomaly in the south of the mid-high latitudes of
Eurasia. Both the Ural high ridge and the East Asian
trough (EAT) are weaker than normal, also indicating
a weak EAWM. However, positive anomaly of 500-hPa
geopotential height covers the tropical regions from
the tropical Indian Ocean to Pacific, indicating an en-
hanced western Pacific subtropical high (WPSH), with
its high ridge shifting more southward and extending
more westward (Fig. 5¢). This feature is favorable for
more water vapor transport from the tropic ocean to
southern China. Therefore, the winter precipitation
tends to be above normal in southern China. At 200
hPa, easterly anomalies control the regions from cen-
tral China to southern Japan, while westerly anoma-
lies cover Southeast Asia (Fig. 5d). The East Asian
subtropical jet (EASJ) is thereby weaker than normal,
also reflecting a weak EAWM (Yang et al., 2002; Jhun
and Lee, 2004). The above analysis demonstrates that

during the winter with more precipitation in southern
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Fig. 5. Composite anomalous atmospheric circulation in winters for (a—d) exceptionally more winter precipitation

anomaly years in southern China and (e-h) El Nifo years during 1948-2011. (a, e) Sea level pressure (hPa), (b, f)
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China (Group I), the winter monsoon circulation at
different levels shows a weak EAWM. Influenced by
the weak winter monsoon, anomalous southerly winds
control southern China, and more moisture flux con-
verges in that region. Therefore, more winter precipi-
tation occurs in southern China, consistent with pre-
vious studies (Zhou and Wu, 2010; Zhou, 2011).

The atmospheric circulation anomalies for Group

1, (c, g) 500-hPa geopotential height (gpm), and (d, h) 200-hPa zonal wind (m s™1).

IT (years with less winter precipitation in southern
China) are approximately opposite to those of Group I.
The east-west pressure contrast is larger than normal,
with a stronger Siberian high and negative anomaly
of SLP over North Pacific (Fig. 6a). Anomalous low-
level northerly winds prevail over eastern East Asia
(Fig. 6b). The 500-hPa geopotential height over Eura-
sia displays a positive anomaly in the west and a nega-
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tive anomaly in the east. The Ural high ridge is inten-
sified and the EAT is deeper than normal, indicating a
strong EAWM. Meanwhile, the 500-hPa geopotential
height is near normal over the tropical Indian Ocean
and Pacific (Fig. 6¢), denoting that the WPSH is near
normal. At 200 hPa, the EASJ is stronger than normal
and moves more southward (Fig. 6d), unfavorable for
more precipitation in southern China in winter (Mao
et al., 2007). Therefore, during the winter with less
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precipitation in southern China, the atmospheric cir-
culation over Eurasia shows a strong EAWM at dif-
ferent levels. Influenced by the anomalous cold and
dry northerly winds, winter precipitation is less than
normal in southern China.

We also calculate the linear correlation between
WPI and atmospheric circulation anomaly at differ-
ent levels. Significant negative correlation of SLP is
observed over the Lake Balkhash (Fig. 7a), indicating
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Fig. 6. Asin Fig. 5, but for (a—d) exceptionally less winter precipitation anomaly years and (e-h) La Nifia years during

1948-2011.
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that when the Siberian high is stronger (weaker) than
normal, winter precipitation tends to be less (more)
than normal in southern China. Meanwhile, signifi-
cant positive correlation of SLP in northwestern Pa-
cific and negative correlation over tropical eastern Pa-
cific (Fig. 7a) may reflect the “seesaw” relationship
of the pressure between the tropical eastern and west-
ern Pacific, i.e., the southern oscillation. This feature
denotes a possible connection between ENSO and the
SLP anomaly influencing the winter precipitation in
southern China. In the lower troposphere, the meri-
dional wind over East Asia is significantly correlated
with WPI (Fig. 7b), suggesting that when anoma-
lous southerly (northerly) winds control East Asia,
winter precipitation would be more (less) than nor-
mal in southern China (Zhang et al., 1996; Wang and
Feng, 2011).
of zonal wind over the tropical ocean also indicates

Meanwhile, the significant correlation

the possible connection of the winter precipitation in
southern China with SST over the tropical ocean. Sig-

nificant negative correlation of 500-hPa geopotential
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height is observed near the Ural Mountains, and sig-
nificant positive correlation is located over the regions
of the EAT (Fig. 7c). Therefore, when the Ural high
ridge is weaker (stronger) and the EAT is shallower
(deeper), more (less) winter precipitation tends to oc-
cur in southern China. The significant correlation
of the 500-hPa geopotential height over the tropical
Indian-Pacific Ocean with WPT also suggests that the
intensity and position of the WPSH should have sig-
nificant impacts on the winter precipitation in south-
ern China. In the upper troposphere, the 200-hPa
zonal wind over the subtropical region in East Asia
is significantly negatively correlated with WPI (Fig.
7d), reflecting that the winter precipitation in south-
ern China may be more (less) than normal when the
westerly jet is weakened (intensified). The above cor-
relation results are consistent with our previous com-
posite analysis (Figs. 5 and 6), further confirming that

a stronger (weaker) EAWM would result in less (more)

winter precipitation in southern China (Zhou and Wu,
2010; Wang and Feng, 2011; Zhou, 2011).
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geopotential height, and (d) 200-hPa zonal wind. Shading denotes areas with correlation above the 95% confidence level.
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Since different winter monsoon indices may re-
flect different features of the EAWM (Guo, 1994; Zhu,
2008; Liu et al., 2012), we calculate some representa-
tive indices for the composites of Group I and Group
II. All indices show a consistent weak (strong) EAWM

circulation pattern during more (less) winter precip-
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the Siberian high
is weakened (enhanced), the east-west land-sea pres-

itation years in southern China:

sure contrast is smaller (larger), anomalous southerly
(northerly) winds prevail over East Asia, the EAT is
shallower (deeper) than normal, and the East Asian

subtropical jet is weakened (strengthened) (Table 1).

Table 1. Values of various East Asian winter monsoon indices composite for years of exceptionally more (Group

I) and less (Group II) winter precipitation anomalies in southern China

IsLpP-Gong Ispp-chL Iy10-chnw Iy850-vang Ig500-Sun I4300-Jhun
Group I -0.73 -1.94 0.49 0.51 18.85 -3.05
Group II 0.75 1.36 -0.29 -0.44 -15.15 0.77

4 Relationship between the winter precipita-

tion in southern China and ENSO

Analyses in the previous section have revealed
some ENSO

tion anomalies associated with winter precipitation

signals in the atmospheric circula-

anomaly in southern China, such as SLP in the trop-
ical oceans and low-level winds over East Asia. In
this section, we further explore the relationship be-
tween warm/cold ENSO and the winter precipitation
anomaly in southern China. Considering the decadal
change of the SST anomaly (SSTA) distribution dur-
ing ENSO mature phase in recent 10 years (Ashok et
al., 2007; Kao and Yu, 2009; Kug et al., 2009; Yeh et
al., 2009; Lee and McPhaden, 2010), we select all El
Nino and La Nina years from 1948 to 2011 based on
one standard deviation of Nifio3, Nifio4, and Nino3.4
indices in winter. There are 14 El Nino years: 1957,
1965, 1968, 1972, 1982, 1986, 1987, 1990, 1991, 1994,
1997, 2002, 2004, and 2009; and 14 La Nina years:
1949, 1950, 1955, 1967, 1970, 1973, 1975, 1984, 1988,
1998, 1999, 2007, 2010, and 2011. When these ENSO
years are marked on the WPI in Fig. 2, we obtain some
implications: 1) during most El Nifio winters (71.4% of
all El Nifio years), winter precipitation is above normal
in southern China, and during most La Nina winters
(69.2% for all La Nifia years), winter precipitation is
below normal in southern China; 2) some winters with
more precipitation in southern China are not El Nino
years, such as 1958 and 1989; similarly, some winters
with less precipitation in southern China do not oc-
cur in La Nifa years, such as 1962, 1964, 1995 and

2008; 3) before 1980, the probability of El Nifio win-
ters with more precipitation in southern China is 75%,
which changes a little to 70% after 1980; however, the
probability of La Nina winters with less precipitation
in southern China is 100% before 1980 and largely re-
duces to only 42.9% after 1980.

The composite atmospheric circulation anomalies
during El Nino and La Nina years are also shown in
Figs. 5 and 6, so that we can compare their features
with the composite results for Groups I and II, re-
spectively. It is shown that the composite circulation
anomalies for El Nifo years are similar to those dur-
ing the winters with more precipitation in southern
China (Group I). The Aleutian low is intensified and
the east-west land-sea pressure contrast is smaller than
normal (Fig. 5e), similar to Fig. 5a. An anoma-
lous low-level anticyclone appears around the Philip-
pine Sea and anomalous southerly winds control the
eastern coast of China. Meanwhile, anomalous east-
erlies are observed over the equatorial Indian Ocean,
and anomalous westerlies prevail over the equatorial
central-western Pacific (Fig. 5f), also similar to Fig.
5b. The 500-hPa geopotential height over Eurasia dis-
plays an anomalous “negative in the north and positive
in the south” pattern, with a weak Ural high ridge and
a shallower EAT. At the same time, significant positive
anomaly of geopotential height covers the tropical re-
gion, indicating an enhanced WPSH with its high ridge
extending more westward and southward (Fig. 5g).
During El Nino winters, features of positive anomalies
of the 500-hPa geopotential height over the tropical
region are more significant (Fig. 5g). However, during
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the winters with more precipitation in southern China,
more significant features of the geopotential height
anomalies appear over the mid-high latitudes of Eura-
sia (Fig. 5c). At 200 hPa, the East Asian subtropical
jet is weaker than normal (Fig. 5h; Zhang et al., 1996),
also similar to Fig. 5d. Larger similarities between the
right panel and the left panel confirm that El Nifo is
an important external forcing factor resulting in more
winter precipitation in southern China (Li, 1988, 1990;
Tao and Zhang, 1998; Wu et al., 2003; Zhou and Wu,
2010; Zhou et al., 2010).

However, the composite atmospheric circulations
for La Nina winters show more differences with Group
IT (winters with less precipitation in southern China).
During La Nina winters, the Aleutian low is weaker
than normal. However, few signals of SLP anomaly
can be discerned around the Siberia and for the east-
west land-sea pressure contrast (Fig. 6e), different
from the intensified Siberian high and larger east-west
pressure contrast for Group II (Fig. 6a). At 850 hPa,
an anomalous cyclone is located around the Philip-
pines, and anomalous easterlies prevail over southern
China. Meanwhile, westerly anomalies cover the equa-
torial Indian Ocean, and easterly anomalies dominate
over the equatorial western Pacific (Fig. 6f). All these
features are different from those for Group II (Fig. 6b).
The 500-hPa geopotential height over Eurasia shows
an anomalous “positive in the north and negative in
the south” pattern, indicating a strong EAWM. Nega-
tive anomaly of 500-hPa geopotential height covers the
tropical Indian-Pacific Ocean, denoting a weak WPSH
with its high ridge retreating more eastward (Fig. 6g).
These features are also different from Fig. 6¢. At 200
hPa, westerly anomalies cover from northern India to
southern Japan during La Nina winters, indicating an
intensified East Asian subtropical jet (Fig. 6h). Al-
though the subtropical jet is also enhanced for Group
IT, the Middle East jet is weakened (Fig. 6d), different
from that in Fig. 6h.

Significant positive correlations of SSTA with
WPI are located over the tropical Indian Ocean and
the equatorial eastern-central Pacific (Fig. 8a), de-
noting a close relationship between ENSO and winter

precipitation in southern China. However, the com-
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posite SSTA for Groups I and IT shows significant dif-
ferences compared with the correlation results. During
the winter of Group I, an El Nifio event occurs over the
equatorial eastern-central Pacific. Meanwhile, SSTA
is above normal in the tropical Indian Ocean and be-
low normal over the equatorial western Pacific (Fig.
8b). These features are consistent with the SSTA dis-
tribution pattern during El Nino winter (figure omit-
ted). However, during the winter of Group II, except
weak negative SSTA dominating over the equatorial
eastern-central Pacific, SST over other oceans shows
insignificant anomaly features (Fig. 8c).

The above analysis not only confirms the close re-
lationship between more winter precipitation in south-

ern China and El Nifio events, but also suggests that

60°N g
40
20
EQ
20
40 . ® a

60°S 0: 540 . i
0 60  120°E 180 120°W 60 0

0.4 —0.32 —0.25 0.25 0.32 0.4
60°N{5(b)~ S T, O
40
20
EQ
20
40
60°S i A
120°E 180

—0.2 0.2 0.6 1.0

60°N15(c5
40
20
EQ
20
40 ) v
60°S =

0 60 120°E 180

! T T T T T T —

-1.0 —0.6 —0.2 0.2 0.6 1.0

Fig. 8. (a) Significant correlation (above the 95% confi-
dence level) between WPT and the global SSTA, and SSTA
composite (°C) for (b) more winter precipitation (Group I)
and (c) less winter precipitation (Group II) years in south-
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the relationship between less winter precipitation in
southern China and La Nina events is not significant.
The impact of La Nina on the winter precipitation in
southern China should not be opposite to that of El
Nino. Therefore, in the following section, we further
investigate the impact of La Nifia on the winter precip-
itation in southern China and the associated physical

mechanisms.

5 Decadal variability of the La Nina impact on

winter precipitation in southern China

It is revealed in previous sections that the prob-
ability of less winter precipitation in southern China
during La Nina years changes from 100% before 1980
to 42.9% after 1980, suggesting that La Nina years
with more winter precipitation in southern China take
a larger probability (57.1%) after 1980. Then, does
the impact of La Nina on the winter precipitation in
southern China show a decadal variability?

Figure 9 shows the composite anomalous percent-

age of winter precipitation over 700 stations in China
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during El Nino and La Nina years. Few differences can
be observed for El Nino years before and after 1980.
They both show less precipitation over central China
and more precipitation over eastern China and the re-
gions south of the YRV (Figs. 9a and 9b). However,
the composite precipitation for La Nina years exhibits
significant differences before and after 1980. During
La Nina winters before 1980, less precipitation occurs
over most China, with minimum centers over western
China and the regions from North China to the mid-
dle and lower reaches of the YRV (Fig. 9c). During
La Nina winters after 1980, however, more precipita-
tion dominates over some regions of China, especially
in eastern Northwest China and southern China (Fig.
9d). We have also compared the temperature anomaly
over China for La Nina years before and after 1980.
During La Nina winters before 1980, temperature is
below normal over most China. After 1980, however,
except Northwest China and southern China with low
temperature, winter temperature is above normal in
other regions (figure omitted). This feature probably

indicates the variation of La Nina impact on the winter

(b)

A
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Fig. 9. Composites of anomalous percentage (%) of winter precipitation in China for El Nifio and La Nifia years. (a)
El Nifo years before 1980, (b) El Nifio years after 1980, (c) La Nifia years before 1980, and (d) La Nifa years after 1980.
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temperature in China influenced by the global warm-
ing background (not discussed in this paper). More
importantly, since the temperature is still below nor-
mal in southern China during La Nina winter after
1980 and more winter precipitation tends to occur in
southern China, this feature results in somewhat cold
and wet winter in southern China during La Nifia win-
ters after 1980, but not cold and dry winter before
1980. Therefore, freezing rain and snow/ice storms
become more likely to occur in southern China during
La Nina winters after 1980.

We further compare the atmospheric circulation
anomalies at different levels for La Nina years before
and after 1980, respectively. During La Nina winters
before 1980, the SLP anomaly over Eurasia shows a
“positive in the north and negative in the south” pat-
tern (Fig. 10a). After 1980, however, positive anomaly
of SLP dominates over the Siberia, indicating an in-
tensified Siberian high (Fig. 10f). Before 1980, the
anomalous low-level cyclone excited by La Nina is lo-
cated to the east of the Philippines, causing anoma-
lous northerly winds over southern China (Fig. 10b).
After 1980, however, the anomalous low-level cyclone
induced by La Nina moves to the west of the Philip-
pines. Therefore, anomalous easterly winds dominate
over southern China (Fig. 10g), not conducive to the
strengthening of the winter monsoon, but favorable
for more moisture flux transport from northwestern
Pacific to southern China.

At 500 hPa, the geopotential height in Eurasia
shows an anomalous “positive in the north and nega-
tive in the south” pattern, reflecting a strong EAWM
during La Nina winter before 1980. Meanwhile, neg-
ative anomaly of 500-hPa geopotential height covers
the tropical and subtropical regions of Eurasia (Fig.
10c). This feature indicates a weakened WPSH with
its high ridge retreating more eastward, unfavorable
for the water vapor transport from the tropical oceans
to southern China. During La Nina winters after 1980,
the 500-hPa geopotential height shows a weak “posi-
tive in the north and negative in the south” pattern
over Eurasia. However, positive anomaly of the geopo-
tential height over eastern East Asia suggests a shal-

lower EAT, which is unfavorable for the southward in-
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vasion of cold air to southern China. Meanwhile, the
500-hPa geopotential height is relatively below nor-
mal over the Bay of Bengal (Fig. 10h). Therefore,
the India-Burma trough would be intensified, favoring
more moisture flux transport from the Indian Ocean
to southern China.

In the upper troposphere, the East Asian subtrop-
ical jet is strengthened during La Nina winter both
before and after 1980. However, the strengthened jet
is located over southern China before 1980 (Fig. 10d),
unfavorable for more winter precipitation there. Dur-
ing La Nina winters after 1980, however, the westerly
jet moves more northward and southern China is lo-
cated under the right side of the jet entrance area (Fig.
10i). Therefore, more winter precipitation would oc-
cur in southern China through the secondary vertical
circulation (Mao et al., 2007).

During La Nina winters before 1980, anomalous
divergence of moisture flux controls southern China
(Fig. 10e). After 1980, however, anomalous conver-
gence of moisture flux dominates over southern China.
Intensified moisture flux comes from the tropical In-
dian Ocean and western Pacific (Fig. 10j), with the
former caused by the enhanced India-Burma trough
and the latter induced by the anomalous easterlies to
the north side of the anomalous low-level cyclone.

The above analyses confirm that the impact of
La Nina on the winter precipitation in southern China
exhibits a significant decadal variability. During a La
Nina winter before 1980, the East Asian subtropical
jet is stronger than normal and the jet is located more
southward. The EAT is deeper than normal and the
WPSH is weakened with its high ridge retreating more
eastward. The anomalous low-level cyclone excited by
La Nina is located to the east of the Philippines, induc-
ing anomalous northerly winds over southern China.
Therefore, the intensified EAWM as well as the poor
moisture flux condition would cause low temperature
and less winter precipitation in southern China, i.e., a
“cold and dry” winter. During a La Nifa winter after
1980, however, the East Asian subtropical jet moves
northward. The EAT is shallower than normal, unfa-
vorable for the southward invasion of the winter mon-

soon. On the other hand, the enhanced India-Burma
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trough leads to more moisture flux from the tropical
Indian Ocean. Meanwhile, the anomalous low-level
cyclone excited by La Nina is located to the west of
the Philippines, which also favors more moisture flux
As a

result, unlike the “cold and dry” winter in southern

from the western Pacific to southern China.

China during La Nina winter before 1980, an anoma-
lous “cold and wet” winter occurs in southern China
during La Nina winter after 1980. Therefore, the freez-
ing rain and snow /ice storms are more likely to happen
in southern China after 1980.

Considering the different external forcing patterns
between El Nino and La Nina episodes, the physical
mechanism for more winter precipitation in southern
China during La Nina years after 1980 should not be
the same as that during El Nino years. Previous stud-
ies have clearly revealed the physical mechanism of the
El Nino impact on the increased winter precipitation in
southern China (Zhang et al., 1999; Chang et al., 2000;
Wang Bin et al., 2008; Yuan and Yang, 2012). Influen-
ced by the warm SSTA over the equatorial eastern-
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central Pacific during El Nino winter, anomalous rising
motion dominates over the equatorial eastern-central
Pacific and anomalous subsidence prevails over the
equatorial western Pacific. This subsidence also ex-
cites anomalous upward motion over southern China
through the regional Hadley circulation in East Asia
(Fig. 1la; Zhang et al., 1996; Yuan and Yang, 2012).
On the other hand, El Nino also stimulates an anoma-
lous low-level anticyclone around the Philippines
(PSAC), which causes anomalous southerly winds over
southern China. This feature not only decreases the
EAWM, but also favors more moisture flux transport
from western Pacific to southern China (Zhang et al.,
1996, 1999; Wang et al., 2000; Zhou and Wu, 2010;
Zhou et al., 2010).

sult in more winter precipitation in southern China

Therefore, El Nino would re-

mainly through influencing the regional Hadley cir-
culation over East Asia and exciting the PSAC (Fig.
12a). During La Nina winter, the cold SSTA over the
equatorial central Pacific and warm SSTA over the
equatorial western Pacific would intensify the Walker
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Fig. 11. Composite of the anomalous 500-hPa vertical velocity in winter for (a) El Nifio years and (b) La Nina years

after 1980. The vertical velocity has been multiplied by 100. Blue (yellow) shading indicates anomalous descending

(ascending) motion (0.01 Pa s™!).
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Fig. 12. Sketch map for the physical mechanism of the (a) El Nifio and (b) La Nina impact on the winter precipitation

in southern China after 1980.
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circulation. According to our analysis, La Nina events
after 1980 would increase the East Asian subtropical
jet and cause the jet moving more northward. Since
southern China is located under the right side of the jet
entrance region, the anomalous subsidence to the left
side of the jet (North China) would induce anomalous
rising motion in southern China (Fig. 11b). On the
other hand, La Nina after 1980 would also increase the
India-Burma trough and excite the low-level Philip-
pine Sea cyclone (PSC) to the west of the Philippines.
More moisture flux transports from the tropical Indian
Ocean and western Pacific to southern China, favoring
more winter precipitation there. Therefore, La Nina
after 1980 may also induce more winter precipitation
in southern China mainly through influencing the in-
tensity and position of the EASJ, the India-Burma
trough, and the position of the PSC (Fig. 12b). It
can be concluded that under the global warming back-
ground, both El Nino and La Nina would result in
more winter precipitation in southern China. How-
ever, the physical mechanisms for the anomalous ris-
ing motion over southern China as well as the moisture
transport are significantly different between El Nino
and La Nina.

It is also revealed from the above analysis that
there are three differences in the atmospheric circula-
tion anomaly during La Nina winter before and af-
ter 1980: 1) the location of the PSC, 2) the 500-
hPa geopotential height anomaly in East and South
Asia, and 3) the position of the EASJ. SSTA com-
posite shows that La Nifa after 1980 (Fig. 13b) is
stronger than that before 1980 (Fig. 13a).
while, the negative SSTA center during La Nina after

Mean-

1980 moves westward to near the date line, and posi-
tive SSTA appears over southeastern and northwestern
Pacific (Fig. 13b), showing some central-Pacific (CP)
type features after 1980 (Yuan and Yan, 2013). Some
recent research has found that the anomalous low-level
Philippine Sea anticyclone excited by CP El Nifo is
located to the west of the Philippines, unlike the an-
ticyclone induced by eastern-Pacific (EP) El Nifio to
the east of the Philippines (Feng and Li, 2011; Yuan
and Yang, 2012; Yuan et al., 2012). Similar to this fea-
ture, the response of low-level atmospheric circulation
to different types of La Nina should also be different.
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Because of the higher-frequency occurrence of CP La
Nina after 1980 (Yuan and Yan, 2013), the anomalous
low-level Philippine Sea cyclone also moves westward
to the west of the Philippines (Fig. 10g). Therefore,
the change of the cyclone’s position should be related
to the decadal variation of the SSTA distribution of
La Nina during its mature phase.

On the other hand, both SST and atmospheric
circulation show a decadal variability after 1980. Af-
ter 1980, significant warming appears over the tropical
Indian Ocean and Northwest Pacific (Fig. 14a), which
results in a weak warm condition in the tropical In-
dian Ocean during La Nifia mature phase (Fig. 13b),
not a cold condition as revealed by previous studies
(Klein et al., 1999; Lau and Nath, 2003; Yang et al.,
2007). Coupled with the warming conditions over the
tropical Indian-western Pacific Ocean, westerly winds
increase over the equatorial Indian Ocean and east-
erlies also strengthen over the western Pacific, which
lead to enhanced convergence and a cyclone around
southern South China Sea (Fig. 14b).
decadal warming over the tropical Indian—western Pa-

Therefore,

cific Ocean not only favors the westward movement of
the PSC excited by La Nina, but also increases the
moisture condition for more precipitation in southern
China. At 500 hPa, the geopotential height has sig-
nificantly intensified over the tropical and subtropical
regions of Eurasia (including the region of the EAT)
after 1980. However, the geopotential height over the
Ural decreases to some extent (Fig. 14c¢). These fea-
tures may reflect the decadal decrease of the EAWM
after 1980 (Zhu, 2008; Wang and Chen, 2010). At
200 hPa, westerly winds cover the regions from cen-
tral Asia to southern Japan in the difference map (Fig.
14d), indicating a significant decadal increase of the
EASJ. Therefore, besides the decadal variation of the
SSTA distribution of La Nina, the decadal variation
of the atmospheric circulation in the Northern Hemi-
sphere should also be an important reason for more
winter precipitation in southern China during La Nina
winter after 1980.

6 Conclusions and discussion

Using atmospheric circulation data from NCEP/
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NCAR, SST data from the Hadley Center, station
rainfall data over 700 stations in China, and global
gridded precipitation data, this paper has investigated
the EAWM and the atmospheric circulation anomalies
during exceptionally more and less winter precipita-
tion years in southern China, and further explored
their asymmetric relations with El Nino and La Nina.
We have basically answered the three questions pro-
1) What is the

relationship between the winter precipitation anomaly

posed in the introduction section:

in southern China and ENSO events? During more
winter precipitation years in southern China, there
is usually a significant El Nifo event maturing in

the equatorial eastern-central Pacific. During the El

s™1) in winter.

Nino mature phase, more winter precipitation tends
to occur in southern China. The composite atmo-
spheric circulation patterns show much similarity for
more winter precipitation years in southern China and
for El Nino winters, which confirms that El Nifio is
an important external forcing factor for more win-
ter precipitation in southern China. However, during
less winter precipitation years in southern China, few
La Nina signals can be discerned over the equatorial
Pacific.

ter precipitation in southern China opposite to that

2) Is the impact of La Nina on the win-
of El Nino? The answer is no. El Nino would re-
sult in more winter precipitation in southern China.

However, the impact of La Nina on the winter precip-
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itation in southern China shows a decadal variability.
During La Nina winter before 1980, the EAWM is
significantly stronger than normal, and the WPSH is
weakened with its high ridge retreating more eastward.
Thereby, anomalous northerly winds control southern
China and cause a “cold and dry” winter there. How-
ever, during La Nina winter after 1980, the intensity
of EAWM is largely reduced as compared with the
condition before 1980, whereas the tropical moisture
flux increases significantly. As a result, more winter
precipitation occurs in southern China, which induces
a “cold and wet” winter there. 3) Why does the freez-
ing rain and snow in southern China occur more often
during La Nina winter in recent years? During La
Nina winter after 1980, the EASJ is intensified and
moves northward. Since southern China is located to
the right side of the jet entrance, anomalous rising
motion dominates over southern China through the
secondary vertical circulation. Meanwhile, the East
Asian trough is weaker than normal, unfavorable for
The inten-

sified India-Burma trough favors more moisture flux

the southward invasion of the cold air.

transport from the tropical Indian Ocean to southern
China. The anomalous low-level cyclone excited by La
Nina is located to the west of the Philippines, causing
anomalous easterlies over southern China and favoring
more moisture from northwestern Pacific to southern
China. Therefore, during La Nina winter after 1980,
the freezing and snow storm disasters are more likely
to occur in southern China. We have also analyzed
some La Nina cases with more winter precipitation in
southern China after 1980 (such as 1984, 1988, 2007,
and 2011), and found that the winter monsoon circula-
tion features in each case are similar to our composite
results. Our further analyses have pointed out that
the high-frequency occurrence of CP La Nina after
1980 causes the low-level anomalous cyclone to move
to the west of the Philippines.

On the other hand, the atmospheric circulations
over the tropical and subtropical Eurasia show sig-
nificant decadal variability after 1980. We have also
checked the possible impact of the decadal variability
of the atmospheric circulation background through

changing the climatology. Based on the climatol-
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ogy of 1980-2011, the anomaly features of both the
station precipitation in China and the atmospheric
circulation over East Asia show evident differences as
compared with those based on the climatology from
1948 to 2011 (figures omitted). It is therefore inferred
that the decadal variability of the climate background
should have some effects on the decadal variation of
La Nina impact on the winter precipitation in south-
To conclude, the change of the SSTA

distribution type of La Nina during its mature phase,

ern China.

as well as the decadal variability of the atmospheric
circulation in the Northern Hemisphere are the impor-
tant reasons for the decadal variation of the La Nina
impact on the East Asian climate after 1980.

It should be noted that the decadal change of the
La Nina impact on the tropical atmosphere, especially
on the anomalous low-level cyclone around the Philip-
pines and the tropical moisture transport, may be
more direct and significant. The atmospheric circula-
tion anomaly over the mid-high latitudes of Eurasia in
winter may be influenced by some other factors, such
as the Arctic Oscillation (Gong et al., 2001), the North
Atlantic Oscillation (Wu and Huang, 1999), the Arctic
sea ice (Wu et al., 2011), the snow cover over Eurasia
(Zuo et al., 2011), and so on. Further investigations
are still needed to explore the circulation anomalies
over the mid-high latitudes of Eurasia associated with
winter precipitation anomalies in southern China.

Our analysis reveals that winter precipitation is
above normal over most parts of China during more
winter precipitation years in southern China. How-
ever, more precipitation over southern China mainly
occurs in the next January and February. It is also
revealed that the “cold and wet” winter in southern
China is only significant in January during La Nina
winter after 1980, and the atmospheric circulation in
the decaying January of La Nina is most similar to
that in the whole winter of La Nina. In recent years,
the freezing rain and snow storm disasters also happen
more in the decaying January of La Nina, like January
2008, January 2011, and January 2012. Therefore, the
above features are probably related to the subseasonal
variation of the EAWM and the low-frequency activ-

ities of atmospheric circulations (Bueh et al., 2008;
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Wang Yun et al., 2008; Shao et al., 2011).

Some previous studies have proposed the asym-
metry of El Nifio and La Nina impact on the climate.
For example, Zhang et al. (1996) found that the East
Asian monsoon shows significant anomaly during El
Nino mature phase, while exhibits negligible anomaly
during La Nina mature phase. Recently, Wu et al.
(2010) revealed that the response of the atmospheric
circulation anomaly over the northwestern Pacific to
La Nina events is asymmetric to that of El Nifio. Nei-
ther the intensity nor the position of the anomalous
low-level Philippine Sea cyclone excited by La Nina
is consistent with those of the anticyclone excited by
El Nifo. (2012) also suggested that
La Nina events after 1970 may induce more Meiyu
in the YRV, not opposite to the impact of El Nino.

It is also revealed from our analysis that the impact

Wang et al.

of La Nifia on the winter precipitation over south-
ern China shows evident asymmetric features with
that of El Nino. Considering the complication of La
Nina impact on the climate under the global warming
background, the impact deserves more studies in near
future.
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