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Abstract

The change of average winter precipitation in the South China Sea (SCS) since 1999 was investigated by analyzing the average
precipitation between 1999 and 2014 and 1980-1993. The spatial distribution of the winter precipitation difference between
the two periods showed that the negative anomalies were distributed from the equatorial eastern Pacific to the equatorial
central Pacific, and the positive anomalies were distributed in the subtropical western Pacific, the Maritime Continent, and
northern part of Australia, which is a typical spatial distribution of precipitation anomalies during La Nifia events. In the
tropical Pacific, the Walker circulation is intensified, in which air rises from the Maritime Continent and air in the tropical
western Pacific descends at the equatorial central Pacific. Therefore, the change in sea surface temperature showed a typical
La Nifa pattern. In the East Asian regions, the local Hadley circulation in which air rises above the SCS and descends in the
mid-latitudes of East Asia is intensified. This circulation is related to the anomalous pressure distribution of the west-high
and east-low pattern in East Asia and the strengthening of the East Asian winter monsoon. In addition, this result is in-line

with increased snow depth in mid-latitude East Asia in recent years.
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1 Introduction

Since the South China Sea (SCS) is located at the center
of the Asian-Australian monsoon system and lies within
the region where the East-Asian monsoon and the western
North-Pacific monsoon are conjoined, the SCS summer
monsoon (SCSSM) is one of the important elements of the
Asian summer monsoon season (Murakami and Matsumoto
1994; Wang et al. 2009). The SCS located between the West-
ern Pacific and the Indian Ocean is the largest coastal water
in Southeast Asia. SCS has a basin structure with an aver-
age water depth of 1800 m and a maximum water depth
of 5400 m (Twigt et al. 2007). The SCS is known to be
influenced by the Southeast Asian monsoon and to produce
various surface circulations in the regions surrounding
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southern China (Wyrtki 1961; Shaw and Chao 1994; Chu
et al. 1999; Hu et al. 2000; Liu et al. 2001a, 2001b; Centu-
rioni et al. 2009). During summer, the main wind direction
is southwesterly in the SCS region, and a dominant clock-
wise surface circulation causes upwelling in the coastal areas
of Vietnam, which maintains cold sea surface temperature
(SST).

In particular, the net surface heat flux in the region is a
major cause of SST variation (Liu et al. 2001b; Qu 2001),
and shortwave radiation and latent heat have also been
reported as major determinants of SST (Liu and Xie 1999;
Wu 2002; Chen et al. 2003; Lestari et al. 2011). The SCS is
part of the eastern Indian Ocean and western Pacific warm
pools, where air-sea interactions are important (Wang et al.
1997; Wu and Wang 2001; Liu et al. 2004; Xie et al. 2007,
Wu 2010). In particular, SSTs have shown a distinctive
warming trend in recent years with interannual variations
over the summer. This warming trend is believed to change
the characteristics of air-sea interactions in this region.
More specifically, an increase in the SST can cause surface
evaporation and produce convergence of water vapor in the
lower-level troposphere, generate convection in this region,
and destabilize the atmosphere (Lestari et al. 2011). Thus,
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an increase in SSTs in this region could be a major driver of
convective activity and precipitation.

On the other hand, changes in atmospheric variables such
as precipitation and cloud cover changes in this region affect
other variables such as the amount of solar radiation reaching
the sea, sea surface evaporation, and seawater mixing, result-
ing in changes in SST. Thus, changes in the characteristics
of ocean and atmosphere in this region can lead to various
climate variations through the interaction between ocean and
atmosphere. In addition, these changes can affect the regional
Hadley circulation in the south-north direction, resulting in
weather and climate variations in the surrounding region of
SCS. Accordingly, it is important to understand the changes
in air-sea interaction characteristics in SCS in order to prop-
erly predict weather and climate in the surrounding region
and East Asia as well as SCS (He and Wu 2012).

The SCSSM plays a critical role in determining the cli-
mate characteristics of the surrounding areas of SCS during
the boreal summer (Ding 1992; Zhu et al. 2003). In addi-
tion, SCS is considered an important region in determin-
ing the variability of Asian monsoon because it is the first
place where the summer monsoon develops in Asia (Lau
et al. 2000). In particular, SST variations in SCS have been
recently reported to the strongly influential in accordance
with the characteristics of the East-Asian monsoon and
global warming (Shin 2011). Therefore, studies on East
Asia monsoon and the role of air-sea interactions in SCS
are useful in identifying characteristics of East Asia summer
climate system.

Interdecadal variation of the SCSSM has been the sub-
ject of much discussion in recent years. Wang et al. (2009)
showed that summer and autumn precipitation increased
in southern China and northern SCS but decreased in the
central SCS from 1993. They also examined interdecadal
changes in seasonality by using season-reliant empirical
orthogonal function (SEOF) analysis. However, no detailed
analysis on such decadal changes has been performed, and
the mechanisms involved have not been fully elucidated.
Furthermore, interdecadal changes around 1993/1994 were
found to be the result of the spatiotemporal structure of intra-
seasonal variability (ISV) in the SCS during boreal summers
(Kajikawa et al. 2009). Moreover, Kajikawa and Bin (2012)
discovered a clear interdecadal variation in 1993/1994 dur-
ing SCSSM onset. Actually, the recent climate shift around
the late 1990s featured a La Nifia-like SST change over the
Pacific basin, which has been associated with a phase shift
of the Interdecadal Pacific Oscillation (IPO) from a warm
to a cool phase. In fact, the phase shift to be examined in
this study are related to the internal variation of IPO. These
major decadal and multidecadal time scale mode variabili-
ties in the Pacific have been identified by observational and
modeling studies (e.g., Power et al. 1999; Meehl and Hu
2006; Deser et al. 2010; Delworth and Mann 2000; Zhang
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and Delworth 2006, 2007) and they can influence global-
scale climate phenomena, such as rainfall in East Asian (Si
and Ding 2016) or drought in the southwestern United States
(Meehl and Hu 2006).

A small number of studies have been conducted on inter-
decadal variations of winter precipitation in the SCS. Zhang
et al. (2014) reported enhanced winter precipitation over
Southeast China after the 1990s and suggested that this was
induced by variability of the Arctic Oscillation. Choi et al.
(2016) found a significant decrease in winter rainfall over
Southern China around the late 1990s, which may also be
related to a change in Hadley circulation. Olaguera et al.
(2018) identified an interdecadal shift in the winter monsoon
in the Philippines around 1992/1993 and pointed out that the
shift was most remarkable during December. The distribu-
tion of winter to winter variance showed a similar pattern,
with large amplitudes in the SCS suggesting a higher prob-
ability of rainfall extremes. In this paper, we focus on the
interdecadal variability of SCS winter rainfall to identify
relevant large-scale atmospheric and oceanic flow patterns
and mechanisms.

In Section 2, we introduce the analytic methods and materi-
als used, and in Section 3, the interdecadal variation of SCS
winter precipitation is studied. In Section 4, the causes of
interdecadal variations in SCS winter precipitation are veri-
fied by analyzing large-scale environments. Finally, section 5
provides a summary of our results.

2 Data and Methods
2.1 Data

In this study, geopotential height (gpm), zonal and meridi-
onal winds (ms™!), air temperature (°C), precipitable water
(kgm™2), and specific humidity (gkg™') (at multiple levels)
data were obtained from the National Center for Envi-
ronmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis I from 1980 to 2014
(Kalnay et al. 1996; Kistler et al. 2001). Merged analysis of
precipitation (CMAP) data was obtained from the Climate
Prediction Center (CPC), and reconstructed monthly sea sur-
face temperatures were obtained from The National Oceanic
and Atmospheric Administration (NOAA) (NOAA Extended
Reconstruction SST V4; Huang et al. 2014; Liu et al. 2014).

2.2 Methods

The Student’s ¢ test was used to determine the significance
of differences between means (Wilks 1995). In this study,
boreal winter was defined as the period from December to
February. For example, the boreal winter in 1983 included
the period from the 1st December 1982 to the 28th February
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1983. Nifio-3.4 indices were derived by the Climate Pre-
diction Center (CPC) of NOAA (http://www.cpc.noaa.gov/
products/analysis_monitoring/ensostuff/ensoyears.shtml),
and East Asian winter monsoon (EAWM) indices were
derived using the method devised by Sun and Sun (1995)
and area-averaged 500 hPa geopotential height over the
region 30°-45°N, 125°-145°E. In this study, the SCS region
was defined as the area bounded by 10°-20°N and 110°-
120°E, as shown in Fig. 1.

3 Analysis of the Time Series of SCS Winter
Precipitation

Figure 2 shows the time-series of the SCS winter precipita-
tion, which over the past 35 years showed a clear significant
increasing trend at the 95% confidence level (dashed line
in Fig. 2). As depicted in the figure, SCS winter precipi-
tation over the past 35 years was divided into three peri-
ods: 1980-1993 (red line), 1994-1998 (blue line), and
1999-2014 (brown line). Average precipitations during these
three periods were 1.3, 2.2, and 2.7 mm day ™!, respectively.
Average precipitation during 1999-2014 was twice that dur-
ing 1980-1993, and the difference in average precipitation
was significant at the 95% confidence level.

To determine whether any significant climate regime
shift existed in this time series, statistical change-point

Fig. 1 The definition of South

40N

analysis was applied (bold line). Because this variable
did not follow a Poisson distribution, we used a log-linear
regression model, in which a step function is expressed as
an independent variable, to detect climate regime shifts in
the temperature and passage frequency series. If the esti-
mated slope is at least twice as large as its standard error,
one may reject the null hypothesis (i.e., that the slope is
zero) at the 5% significance level. The details of this method
are well described by Elsner et al. (2000), Chu (2002), and
Ho et al. (2004). When statistical change-point analysis
has been conducted, a t-value is produced for each year.
An absolute large 7-value means that a significant climate
regime shift occurred in that year. In the current study, sig-
nificant climate regime shifts occurred in 1994 and 1999.
Thus, this study aims to analyze the average differences
between 1999 and 2014 and 1980-1993 to determine the
cause of the recent increase in the SCS winter precipitation.

4 Differences between 1999 and 2014
and 1980-1993

4.1 Seasonal Variations of Precipitable Water
Figure 3a shows seasonal variations of precipitable water

during 1994-2014 and 1980-1993. Precipitable water was
greater during the winters and springs of 1994-2014 than
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Fig.2 Time series of South China Sea (SCS) winter (December to
February) precipitation. Red, blue, and brown lines indicate averages
for the periods of 1980-1993, 1994-1997, 1999-2014, respectively.

during those in 1980-1993, but less during summers and
autumns. Two peaks in precipitable water occurred in mid-
June and mid-August during 1980-1993, whereas only one
peak was observed in early August during 1999-2014. The
summer, which can be defined using precipitable water, was
similar in the two study periods from the end of May to the
end of September. Seasonal variation differences in precipi-
table water between 1994 and 2014 and 1980-1993 were
greater in 1999-2014 from December to May, but greater in
other months 1980-1993, except for July (Fig. 3b).

4.2 Large-Scale Environments
4.2.1 Large-Scale Atmospheric Circulations

Figure 4a shows winter precipitation differences between
1994 and 2014 and 1980-1993. Overall, positive anom-
alies were exhibited in the Maritime Continent and the
SCS, whereas negative anomalies were observed along the
equatorial Pacific, which is a typical spatial distribution of
precipitation anomalies displayed during La Nifia events.
On the other hand, negative anomalies were observed in
East Asia. The pattern of spatial distribution of precipita-
ble water differences between the two periods was simi-
lar to that of precipitation differences (Fig. 4b). Positive
anomalies were distinctively shown in the Maritime Con-
tinent and the SCS, whereas clear negative anomalies were
evident in the tropical and subtropical central and eastern
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Thick black line indicates t-value on the statistical change-point anal-
ysis. The dashed line denotes the trend of SCS winter precipitation by
Mann-Kendall trend test

Pacific, and negative anomalies centered in South China
were observed in East Asia.

Differences in 850 hPa stream flows between the two
periods were analyzed to identify the cause of precipita-
tion differences between 1994 and 2014 and 1980-1993
(Fig. 5a). Anomalous anticyclonic circulation was
strengthened in the tropical eastern Pacific in both hemi-
spheres, and anomalous cyclonic circulations were located
on the western coast of Australia and the SCS. Anomalous
easterlies (anomalous trade winds) were strengthened in
the equatorial Pacific due to anomalous atmospheric cir-
culations. Furthermore, anomalous westerlies and anoma-
lous easterlies joined in the eastern sea of the Philippines
and moved toward the SCS. Anomalous southerlies sup-
plied anomalous warm and humid air to the SCS, caus-
ing an increase in SCS winter precipitation. In addition,
anomalous southerlies and northeasterlies, directed away
from the East-Asian continent combined in the SCS and
increased SCS winter precipitation, and an anomalous
west-high east-low pressure system, which is typical of
the pressure system pattern in the winter season, formed
in East Asia.

Differences in 200 hPa stream flows between 1994 and
2014 and 1980-1993 showed that anomalous cyclonic cir-
culations were strengthened at the subtropical Pacific in both
hemispheres (Fig. 5b). As a result, anomalous westerlies
were formed in the equatorial Pacific, and anomalous south-
easterlies were strengthened in the SCS due to the anomalous
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Fig.3 Time series of the 7-day running averaged precipitable water over the SCS for the period (a) 1980-1993 (dotted line) and 1999-2014
(solid line), and (b) their epochal difference. In (b), red lines are significant at the 95% confidence level

cyclones, the centers of which were located in the western
region of Australia and the southern region of China.

Since precipitation is more likely to increase as the air
temperature anomaly in the lower troposphere increases,
the difference between the atmospheric temperatures at the
upper and lower tropospheres during the two periods was
investigated (Fig. 6a and b). As shown in Fig. 6a, warm
anomalies were formed in a southwest to northeast direction
at the Aleutian Islands, which included the SCS in the lower
troposphere. In contrast, cold anomalies were strengthened
in the East-Asian continent and the equatorial central and
eastern Pacific. Also, cold anomalies were strengthened in

the analysis region, except for the East-Asian continent and
Australia in the upper troposphere (Fig. 6b). Thus, positive
anomalies were exhibited in the analysis region, except for
the East-Asian continent, Australia, and the equatorial cen-
tral and eastern Pacific, within the difference between air
temperature anomalies in the lower and upper tropospheres
(Fig. 6¢), which meant these regions had higher air tempera-
ture anomalies in the lower troposphere than in the upper
troposphere during 1999-2014. Furthermore, this spatial
distribution was similar to that observed for precipitable
water differences during 1994-2014 and 1980-1993, as
mentioned above.
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Fig. 5 Same as in Fig. 4., but for (a) 850 hPa stream flows and (b) 200 hPa stream flows. Shaded areas are significant at the 95% confidence level

850 and 200 hPa horizontal divergences were analyzed  negative anomalies were strengthened in the SCS, whereas
to identify differences in atmospheric circulation anoma-  positive anomalies were strengthened in the mid-latitude
lies in upper and lower tropospheres during the two peri-  regions in East Asia, which includes northern China,
ods (Fig. 7). Regarding the 850 hPa horizontal divergence, = Korea, and Japan (Fig. 7a). This implied that anomalous
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Fig.6 Same as in Fig. 4, but for
(a) 850 hPa air temperature, (b)
200 hPa air temperature, and

(¢) their difference. Contour
intervals are 0.4 °C for 850 hPa
air temperature and 0.2 °C for
200 hPa air temperature. Shaded
areas are significant above the
95% confidence level by #-test
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convergence was strengthened in the SCS in the lower trop-
osphere during the 1999-2014 period, while anomalous
divergence was strengthened in the mid-latitude region.
According to our analysis of 200 hPa horizontal divergence,
the centers of positive anomalies were located in the SCS,
whereas negative anomalies were strengthened in the south-
ern and northern regions of China and Japan. This indicated
that anomalous divergence was strengthened in the SCS,
whereas anomalous convergence was strengthened in the
southern and northern regions of China and Japan in the
upper troposphere during 1999-2014. Thus, based on con-
siderations of upper and lower tropospheres, anomalous
upward flows were strengthened in the SCS, and anomalous
downward flows were strengthened in the mid-latitude East
Asian region in the SCS during 1999-2014.

In order to confirm that anomalous upward flows were
strengthened in the SCS and anomalous downward flows
were strengthened in the mid-latitude region in East Asia
during 1999-2014, differences between vertical meridional
atmospheric circulations averaged over the 110°-120°E
longitude band, including the SCS, were analyzed between
the two periods (left panel of Fig. 8a). Strong anomalous
upward flows were formed in the 0°-25°N latitude band,
where the SCS was located, whereas anomalous downward
flows were strengthened in the 30°-40°N latitude band, that
is, a mid-latitude region in East Asia. Choi et al. (2016)
demonstrated easterly vectors at 200 hPa from ascending
vectors along 10°N and descending vectors along 25°N,
which implied that the local Hadley circulation, whereby air
ascends in the SCS and descends in the mid-latitude region
in East Asia, was strengthened during 1999-2014. In fact,
the ascent around 50°N contributed more to the descent
along 30°-40°N.

Differences in the vertical distributions of air temperature
during the two periods were also investigated. Warm anoma-
lies deviated in a northerly direction from the lower tropo-
sphere at 10°-20°N, and thus, the centers of warm anomalies
were located at 30°N in the upper troposphere (left panel of
Fig. 8b). In contrast, cold anomalies were formed at mid-
latitude in East Asia.

In addition, differences between the vertical distribu-
tions of specific humidity in 1994-2014 and 1980-1993
were examined. The results showed that positive anomalies
were strengthened in the latitude band (0°-20°N) of the SCS,
whereas negative anomalies were strengthened in the north-
ern region above 20°N (left panel of Fig. 8c). Thus, anoma-
lous warm and humid airs were strengthened in both upper
and lower tropospheres in the SCS region during 1999-2014
while anomalous cold and dry airs were strengthened in the
mid-latitude region in East Asia.

Regarding the characteristics of the anomalous vertical
zonal atmospheric circulations, we analyzed average differ-
ences in vertical zonal atmospheric circulations over the 5°S

to 20°N latitude band, including the SCS, during 1994-2014
and 1980-1993 (right panel of Fig. 8a). The results showed
that anomalous upward flows were strengthened in regions
west of 170°E, whereas anomalous downward flows were
strengthened in regions east of 170°E. This implied that the
Walker circulation, that is, ascent of air in the equatorial
western Pacific and descent in the equatorial central and
eastern Pacific, was strengthened in 1999-2014. Differ-
ences between vertical distributions of air temperatures in
the two periods showed that warm anomalies were strength-
ened in regions west of 170°E, whereas cold anomalies
were strengthened in regions east of 170°E (right panel of
Fig. 8b).

Differences between the vertical distributions of specific
humidities in the two periods showed that positive anomalies
were strengthened in regions west of 170°E, whereas nega-
tive anomalies were strengthened in regions east of 170°E
(right panel of Fig. 8c). Thus, anomalous warm and humid
airs were strengthened in the equatorial western Pacific,
including the SCS, whereas anomalous cold and dry airs
were strengthened in the equatorial central and eastern
Pacific in upper and lower tropospheres during 1999-2014.
These patterns were typical anomalous vertical zonal atmos-
pheric circulations and anomalous vertical environmental
structures formed during La Nifia events.

Differences between SSTs in 1994-2014 and 1980-1993
were analyzed to determine whether La Nifia events were
strengthened in 1999-2014 (Fig. 9). We found cold anoma-
lies were strengthened in the equatorial central and east-
ern Pacific and on the west American coast, whereas warm
anomalies were strengthened in other regions, which was
typical of the spatial distribution of SSTs during La Nifia
events.

4.2.2 Interdecadal Variation of Indices and Global-Scale
Atmospheric Circulations

We analyzed the time-series of the Nifio-3.4 index and SCS
winter precipitation to determine whether SCS winter pre-
cipitation was related to El Nifio/the Southern Oscillation
(ENSO; Fig. 10a). Nifio-3.4 indices revealed a non-signif-
icant decreasing tendency. Interestingly, Nifio-3.4 indices
and SCS winter precipitation exhibited a clear out-of-phase
relationship with a high negative correlation of —0.64, which
was significant at the 99% confidence level and showed an
inverse relationship existed between SST in the Nifo-3.4
region (5°S to 5°N, 170°W to 120°W) and SCS winter
precipitation.

Time-series of SCS winter precipitation and 850 hPa
zonal wind indices averaged over the Nifio-3.4 region
(hereafter referred to as the U850 index) were also ana-
lyzed (Fig. 10b). Although not significant, the time series
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«Fig.7 Same as in Fig. 4, but for (a) 850 hPa and (b) 200 hPa hori-
zontal divergences. Shaded areas are significant above the 95% confi-
dence level by r-test. Contour interval is 2 s™! x 107

of normalized U850 indices showed a decreasing trend, and
a clear out-of-phase relationship was observed between the
two variables with a high negative correlation of —0.60,
which was significant at the 99% confidence level. This
relation showed that if the 850 hPa zonal wind in the lower
troposphere increased (decreased) in the Nifio-3.4 region,
SCS winter precipitation decreased (increased), which
was consistent with the results obtained for differences in
850 hPa stream flows during 1994-2014 and 1980-1993
mentioned above.

When we analyzed the time-series of SCS winter precipi-
tation and 200 hPa zonal wind indices (hereafter referred
to as the U200 index) averaged over the Nifio-3.4 region
(Fig. 10c), the time series of normalized U200 indices
showed an increasing overall trend, which was significant
at the 90% confidence level. Furthermore, these two vari-
ables exhibited an in-phase relationship with a high positive
correlation of 0.59 (significant at the 99% confidence level),
which implied that if the 200 hPa zonal wind in the upper
troposphere increased (decreased) in the Nifio-3.4 region,
SCS winter precipitation increased (decreased). This result
was consistent with our analysis results of 200 hPa stream
flow differences during the two periods, as analyzed above.

The combined zonal wind index, such as the difference
in zonal wind indices between 200 hPa and 850 hPa, which
physically reflects the variability in Walker circulation, was
analyzed (Fig. 10d). The combined zonal wind index and
SCS winter precipitation show a good relationship.

Because our analysis showed that the anomalous east-
high west-low pressure pattern was strengthened during
winter in East-Asian regions in 1999-2014, and that this
resulted in increased precipitation in the SCS, we examined
time series of winter SCS precipitation and EAWM indices
(Fig. 11) Overall, EAWM indices exhibited a non-significant
increasing tendency (thick dotted line). Furthermore, the two
time series exhibited an in-phase relationship, which had a
positive correlation of 0.48 and was significant at the 99%
confidence level. This meant that as the EAWM strength-
ened (weakened), winter precipitation in the SCS increased
(decreased). Rudeva and Simmonds (2015) presented a
global analysis of frontal activity variability, derived from
ERA-Interim data over a 34-year period from January 1979
to March 2013, performed using a state-of-the-art frontal
tracking scheme. In December to February over this epoch,
a northward shift of frontal activity occurred in the Pacific
in the Northern Hemisphere (NH), whereas in the South-
ern Hemisphere (SH), largest trends were identified in the
austral summer and frontal activity exhibited a southward
shift over the Southern Ocean. Enhancement of the local

Hadley circulation, with ascent over the equatorial region
and descent over mid-latitudes is an important issue. Anom-
alous northerlies/northeasterlies were apparent over the SCS
(Fig. 5a), which indicated that the strength of the EAWM
is influenced by a pressure gradient between the equatorial
region (low pressure) and the mid-latitude region (Siberian
high) (Wang and Chen 2014; Olaguera et al. 2018).

To determine the cause of EAWM strengthening and the
anomalous west-high east-low pressure pattern in East-Asian
regions during 1999-2014, we investigated differences in
Water Equivalents of Accumulated Snow Depth (WEASDs)
between the two periods (Fig. 12). Anomalous snow affects
the thermal state of the land surface and overlying air due to
snow-albedo and snow-hydrological effects (Barnett et al.
1989). Positive anomalies were more evident in the 20°-
50°N mid-latitude region in East Asia rather than in high
latitude regions above 50°N. Notably, positive anomalies
were seen even in the southern regions of China. Snow cover
lowers ground temperatures, reflects solar energy, and cools
surrounding air temperatures when the snow melts, which
causes local and remote atmospheric circulation changes.
Due to these effects of snowfall, an anomalous west-high
east-low pressure pattern could have been strengthened in
East-Asian regions during 1999-2014 where WEASDs were
high.

We also investigated whether the indices related to
changes in SCS winter precipitation mentioned above (850
and 200 hPa zonal winds averaged over the Nifio-3.4 region
and EAWM indices) also revealed interdecadal variation
(Fig. 13). The 850 hPa zonal wind averaged over the Nifio-
3.4 region during 1980-1993 was 0.44, whereas that during
1999-2014 was —0.48, and this difference was significant at
the 95% confidence level. The 200 hPa zonal wind averaged
over the Nifio-3.4 region during 1980-1993 was —0.38 and
during 1999-2014 was 0.53, and this difference was also
significant at the 95% confidence level. Average EAWM
indices during 1980-1993 and 1999-2014 were —0.40 and
0.17, respectively, which was also a significant difference at
the 90% confidence level. Thus, interdecadal variations, in
which the winter precipitation increased since 1999 across
the SCS, were evident in indices related to changes in winter
precipitation in the SCS.

Differences between 850 hPa and 200 hPa velocity poten-
tials during the two periods were analyzed to identify dif-
ferences between the characteristics of global-scale atmos-
pheric circulation in the two periods (Fig. 14). For 850 hPa
velocity potential, the centers of negative anomalies were
located in the Maritime Continent, whereas the centers of
positive anomalies were located in the equatorial eastern
Pacific (Fig. 14a). This implied that anomalous convergence
developed in the Maritime Continent, including the SCS,
whereas anomalous divergence was strengthened in the
equatorial eastern Pacific in the lower troposphere during
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Fig. 9 Same as in Fig. 4, but for sea surface temperature (SST)

1999-2014. The spatial distribution at the 200 hPa velocity
potential showed a spatial distribution pattern complemen-
tary to that at the 850 hPa velocity potential (Fig. 14b), indi-
cating anomalous divergence had developed in the Maritime
Continent, including the SCS, and that anomalous conver-
gence had strengthened in the equatorial eastern Pacific in
the upper troposphere during 1999-2014. In summary, con-
sidering upper and lower tropospheres, these results showed
that the Walker circulation, whereby air ascended from the
Maritime Continent, including the SCS and descended at
the equatorial eastern Pacific, was strengthened during
1999-2014.

5 Summary and Conclusion

This study shows that average winter precipitation has
increased across the SCS since 1999. To determine the
cause of this increase, we analyzed the differences between
averages in 1994-2014 and 1980-1993. As regards seasonal
variations in precipitation, the summer wet season remained
unchanged from the end of May to the end of September
during both study periods. However, during 1999-2014 pre-
cipitation tended to be less during summer and autumn and
more during winter and spring than in 1980-1998.

Spatial distributions of winter precipitation differences
between the two periods showed that negative anomalies

were distributed from the equatorial eastern Pacific to the
equatorial central Pacific, and that positive anomalies were
distributed in the subtropical western Pacific, the Maritime
Continent, and the northern part of Australia, which is
typical of the spatial distribution of precipitation anomalies
displayed during La Nifia events. On the other hand, most
northern parts above 20°N in East Asia showed negative
anomalies centered over South China.

To determine the characteristics of large-scale atmos-
pheric circulations that caused the different spatial distri-
butions of precipitation during 1994-2014 and 1980-1993,
we investigated differences between 850 hPa stream flows
during the two periods. Anomalous anticyclonic circulations
were strengthened in the central and eastern Pacific, and
due to these anomalous circulations, anomalous easterlies
(anomalous trade winds) were strengthened in the equatorial
Pacific. In contrast, a pair of anomalous cyclonic circulations
were formed in the Australian western sea and the SCS.
Thus, anomalous southeasterlies and anomalous northeast-
erlies conjoined in the SCS. These anomalous circulations
are typical of La Nifia events. Furthermore, as discussed ear-
lier, negative precipitation anomalies were formed from the
equatorial eastern Pacific to the equatorial central Pacific,
whereas positive precipitation anomalies were strength-
ened in the subtropical western Pacific, the Maritime Con-
tinent, and northern parts of Australia. On the other hand,
an anomalous west-high east-low pressure system, which is
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a typical pressure system pattern observed in winter, was
strengthened in East-Asian regions. Thus, anomalous north-
erlies were strengthened in most East Asian regions, and as
a result, negative precipitation anomalies were created in
most regions of the northern sector above 20°N in East Asia.

To determine whether La Nifia events actually strength-
ened between the 1994-2014 and 1980-1993 study peri-
ods, differences in average zonal atmospheric circulations
over the 5°S to 20°N region during winter were analyzed.
Our results showed that anomalous upward flows were
strengthened in regions west of 170°E, whereas anoma-
lous downward flows were strengthened in the regions
east of 170°E, which indicated the Walker circulation was
stronger in 1994-2014 than in 1980-1993.
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The analysis of averaged meridional atmospheric cir-
culations over the longitude band 110°-120°E, which
included the SCS, over the two periods showed that
anomalous upward flows were strengthened in the SCS,
and anomalous downward flows were strengthened in the
mid-latitude region in East Asia, which showed the local
Hadley circulation, that is, ascending air in the SCS and
descending air at mid-latitude in East Asia, was stronger
in 1999-2014.

The observed characteristics of large-scale atmospheric
circulations associated with the causes of winter precipi-
tation increased after 1999 in South China (Fig. 15), and
the observation that SSTs during the two periods showed
a typical La Nifia pattern. Therefore, we further analyzed
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correlations between average SCS winter precipitations,
Nifio-3.4 indices, and 850 hPa and 200 hPa zonal winds
over the Nifio-3.4 region. SCS winter precipitation was
found to be strongly and negatively correlated with Nifio
3.4 SST indices, negatively correlated with 850 hPa zonal
wind indices, and positively correlated with 200 hPa zonal
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wind indices, which suggested that SCS winter precipitation
is positively related to Walker circulation intensity.
Because anomalous a west-high east-low pressure pat-
tern in East-Asian regions during winters in 1999-2014 was
strengthened and precipitation in the SCS was reduced, we
analyzed the correlation between winter precipitation and
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EAWM indices in the SCS and found the two variables
exhibited a positive correlation of 0.48. To determine the
causes of EAWM strengthening and the anomalous west-
high east-low pressure pattern in the East-Asian regions
during 1999-2014, we examined differences between Water
Equivalents of Accumulated Snow Depth (WEASDs) in the
two periods. Positive anomalies were more obvious in the
20°-50°N mid-latitude region than in high latitude regions
above 50°N in East Asia, and notably, positive anomalies
were seen even in the southern regions of China.

This study showed that indices related to changes in win-
ter precipitation in the SCS (Nifio-3.4 indices, 850 hPa and
200 hPa zonal winds averaged over the Nifio-3.4 region,
and EAWM indices) exhibit interdecadal variations. In
addition, these indices were found to be the causes of inter-
decadal variations in SCS winter precipitation. Differences
between 850 and 200 hPa velocity potentials in the two
study periods were analyzed to identify the characteristics
of global-scale atmospheric circulation during the two peri-
ods. Furthermore, based on considerations of upper and
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Fig. 15 Schematic illustration of anomalous atmospheric circulation changes on the recent decrease of SCS winter precipitation. Abbreviations
of ‘AC’ and ‘AA’ indicate ‘anomalous cyclone’ and ‘anomalous anticyclone’, respectively

lower tropospheres, the Walker circulation was found to be
stronger in 1999-2014 than in 1980-1993.

Observations around SCS, especially in South China,
show that summer monsoon rainfall is increasing (Preethi
et al. 2017a). In addition, climate model simulations and
projections also showed that summer monsoon rainfall has
increased in SCS and will continue to increase, respectively
(Preethi et al. 2017b). In this respect, further research on the
issue is needed in the future.
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