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Abstract

This study investigates the variability of winter precipitation over southern China (SC) and the impacts of sea surface tem-
perature (SST) forcing in the tropical Pacific and Atlantic Oceans. The SC winter precipitation displays two major spatial
modes: a same-sign mode with the maximum center located in southeastern China, and a north—south dipole mode with
opposite variations between the lower reach of the Yangtze River and the southeastern coast of China. Both modes are asso-
ciated with the variation of the western North Pacific (WNP) anticyclone. The same-sign mode is associated with canonical
El Nifio through the Pacific-East Asian teleconnection in the lower troposphere. The north—south dipole mode is subject to
the impact of the western Pacific warm pool associated with the central Pacific El Nifio and equatorial Atlantic forcing. The
influence of equatorial Atlantic warming is through an upper-tropospheric zonal wave pattern from the tropical Atlantic to
the mid-latitudes of East Asia. Both the tropical Pacific and Atlantic oceanic forcing induce a north—south dipole pattern
of winter precipitation anomalies over SC by affecting the northward extension of the WNP anticyclone. Moreover, the
observed statistical relationship between the dipole mode and the equatorial Atlantic SST anomalies is present in hindcasts/
forecasts of the NCEP Climate Forecast System version 2 (CFSv2), confirming a potential source of the predictability of the
north—south dipole-like variation of the winter precipitation in SC.

Keywords Winter precipitation over southern china - Same-sign mode - North—-south dipole mode - ENSO - Equatorial
atlantic warming - Predictability

1 Introduction

Southern China (SC) is a climate-sensitive region due to the
large population and active economic flow. Also, the precipi-
tation in this region presents an obvious interannual vari-
ability in both summer and winter. The precipitation-related
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climate extreme events have resulted in huge economic and
social damage. Previous studies indicated that the interan-
nual variability of precipitation in China is partially driven
by the oceanic forcing, and the El Nifio-Southern Oscillation
(ENSO) is considered of paramount importance (Lau and
Nath 2003; Wu et al. 2003; Chang et al. 2004; He and Wang
2013; He and Wu 2014; Jang et al. 2016; Jin et al. 2016).
Statistically, winter precipitation in SC tends to be above
normal during the mature phase of an El Nifio event (Zhang
et al. 1999; Zhang and Sumi 2002; Wu et al. 2003; Ke et al.
2019), such as the winter 1982/83, 1997/1998, and 2015/16.

In recent years, it was noted that on average, precipitation
anomaly in SC is larger during the mature phase of eastern
Pacific (EP) EI Niflo than that of central Pacific (CP) El Nifio
(Feng et al. 2010; Hu et al. 2012; Yuan and Yang 2012; Xu
et al. 2019; Ke et al. 2019). Geographically, compared with
EP El Nifio, the maximum wet center shifts northward from
the southeast coast of SC to the lower reach of the Yangtze
River (LRYR) in CP El Nifio (Su et al. 2013). The different
precipitation distributions over SC in EP and CP El Nifio
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are attributed to differences in anomalous Walker circula-
tion and low-level anticyclone around the Philippines (Feng
et al. 2010).

In addition to the effects of ENSO, the winter precipita-
tion anomalies in SC may be affected by other external forc-
ings, such as sea surface temperature anomalies (SSTAs) in
the tropical western Indian Ocean (Liu et al. 2010), in the
North Atlantic Ocean (Li and Bates, 2007; Fu et al. 2008;
Han et al. 2011), in the tropical Atlantic Ocean (Chen et al.
2015; Liu et al. 2020), in the Kuroshio Sea (Zong et al. 2008;
Liu et al. 2010), as well as convective activities in the equa-
torial central and western Pacific Ocean (Nitta and Hu 1996;
Guo and Ni 1998). These external forcings affect the precipi-
tation anomalies in SC through modifying the geopotential
height and wind fields in the upper and lower troposphere
over the Asian region (Zhang et al. 2008; Liu et al. 2013).

In winter 2018/19, precipitation was 100-200 mm above
the climate mean in LRYR, greater than two standard devia-
tions, associated with a weak CP or CP/EP mixed type El
Nifio (Ren and Jin 2011; Guo et al. 2019; Liu et al. 2020).
On the other hand, the excessive precipitation did not occur
in the entire SC, and there was deficit precipitation in the
southeastern coast of SC (Liu et al. 2020). Thus, it was a
dipole-like pattern in SC with positive precipitation anomaly
in the north and negative anomaly in the south. It seems
difficult to explain the extremely wet winter 2018/2019 sim-
ply with the previously identified impacts of EP El Nifio
or CP El Nifio. So, what caused the abundant precipitation
over LRYR or the dipole-like variation of the precipitation
in winter 2018/19? What are the leading patterns of win-
ter precipitation in SC and their associated oceanic forc-
ing? To answer these questions, after isolating the leading
patterns of the winter precipitation in SC, the associated
atmospheric circulation patterns in both the upper and lower
troposphere and the roles of tropical SSTAs will be analyzed
in this work. Our purpose is to have a better understanding of
the variability and predictability of the winter precipitation
anomalies in SC.

2 Datasets, SSTA indices, and model

The datasets in this work include precipitation of 753
stations in China provided by the China Meteorological
Administration, NOAA’s PRECipitation REConstruction
Dataset (Chen et al. 2002), and the US National Centers
for Environmental Prediction/National Center for Atmos-
pheric Research (NCEP/NCAR) reanalysis products (Kalnay
et al. 1996), including monthly and daily mean geopotential
height, specific humidity, horizontal winds, stream function,
and surface pressure. The vertically integrated water vapor
transport (Q) is defined as follows:
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Here, g is the acceleration due to gravity.q is special
humidity, and U is a horizontal wind vector. p, represents
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This study focuses on the winter (DJF) season covering
the 1981/82-2018/19 period. Anomalies of all variables
are defined as the deviations from the climatological mean
of DJF for the period 1981/82-2010/11. Linear correlation
and regression, composite, and empirical orthogonal func-
tion (EOF) analysis are used in this study based on seasonal
mean anomalies. The statistical significance of the correla-
tion is estimated based on the two-tailed Student’s #-test. For
the winters of 1981/82-2018/19, the correlation coefficients
at the confidence levels of 90%, 95%, and 99% are 0.27,
0.32, and 0.41, respectively. The linear trend of all variables
including the following SST indices has been removed prior
to the correlation and regression analyses to focus on inter-
annual variations (Huo et al. 2015).

Monthly mean SST on a 2°X2° resolution is extracted
from the National Oceanic and Atmospheric Administration
Extended Reconstructed SST, version 5 (ERSSTv5; Huang
et al. 2017). To measure the tropical SSTA variations and
their association with the atmosphere and precipitation
anomalies, multiple SSTA indices are selected in this work.
In addition to the Nifio3.4 index, Cold Tongue (CT) and
Warm Pool (WP) (Kug et al. 2009; Ren and Jin 2011) and
Modoki (Ashok et al. 2007) indices are used to represent
different flavors of ENSO. Also, the western Pacific warm
pool (NifioW) index, the Indian Ocean basin mode (IOBM,
Chambers et al. 1999), and the equatorial Atlantic Nifio
(ATL3, Zebiak 1993) are selected to represent the tropical
SSTA forcing in different ocean basins. The definitions of
these SSTA indices are shown in Table 1.

Besides, ensemble means of predictions (hindcasts in
1982-2011 and real-time forecasts since 2012) initiated
from January 1982-December 2018 from the NCEP Cli-
mate Forecast System version 2 (CFSv2) are examined to
investigate the predictability of winter precipitation vari-
ability in SC and to verify the statistical connection with
SSTAs (Xue et al. 2013; Saha et al. 2014; Hu et al. 2013;
2014; 2017). The ensemble means of model predictions
include 28 members each month, out to 9 months. The
atmospheric component of CFSv?2 has a spectral triangular
truncation of 126 waves (T126) in the horizontal and a
finite differencing in the vertical with 64 sigma-pressure
hybrid layers, while the ocean model has 40 vertical layers
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Table 1 The definitions of the selected tropical SST indices

SST index Definition

Nifio3.4 SSTA (5°S-5°N, 170°-120°W)

CT SSTANi503 (5°S=5°N, 150°-90°W)—a*SSTA 504 (5°S—5°N, 160°E-150°W), (while
SSTANi503 ¥ SSTApi04 > 0, a=0.4; otherwise, a=0)

WP SSTApi504 (5°S-5°N, 160°E-150°W)—a*SSTA ;503 (5°S-5°N, 150°-90°W), (while
SSTANi03 ¥SSTANis04 > 0, = 0.4; otherwise, a=0)

Modoki SSTA (10°S—-10°N, 165°-140°W)—[SSTA (15°S-5°N, 110°-70°W) + SSTA (10°S-20°N, 125°-145°E)]/2

NifioW SSTA(0°-10°N,120°-140°E)

IOBM SSTA (20°S-20°N, 40°-110°E)

ATL3 SSTA (3°S-3°N, 20°W-0°)

with the meridional resolution of 1/4° between 10°S and
10°N, gradually increasing to 1/2° poleward of 30°S and
30°N (Saha et al. 2014).

3 Different types of SST and atmospheric
anomalies influences on the winter
precipitation variability over SC

3.1 Leading modes of winter precipitation over SC

Climatologically, precipitation amount in winter gener-
ally decreases from south to north over China, and SC
has a climate mean precipitation amount of 100-280 mm
in DJF (Wu et al. 2003; Ke et al. 2019; Liu et al. 2020).
For the spatial variation pattern, Fig. 1 shows the first two
EOF modes of the winter precipitation variation in the
SC domain and their corresponding Principal Components
(PCs) from 1981/82 to 2018/19. The two leading modes
are a same-sign SC mode (the 1st mode of EOF, EOF1)
with the maximum center located in southeastern China
and a south-north dipole mode (the 2nd mode of EOF,
EOF2) with the opposite variations between LRYR and
the southeastern coast of China, respectively (Fig. 1a, b).
The variance contributions of the two modes are 53.6%
and 21.2%, respectively. Both PCs show profound inter-
annual variability, and the value of PC2 is the largest in
winter 2018/19 (Fig. 1c, d). According to the North’s rule
of thumb for EOF significance (North et al. 1982), the
two leading modes of winter precipitation over SC can be
separated from each other.

The relationships between the two leading modes of win-
ter precipitation anomaly over SC and the atmospheric and
oceanic variables are discussed in the next two subsections.
The simultaneous regressions of the SSTA and atmospheric
circulation anomaly onto PCs are conducted to identify the
remote forcing associated with the variability of winter pre-
cipitation in the SC region.

3.2 Atmospheric and oceanic anomalies associated
with the same-sign mode EOF1

Figure 2a presents the simultaneous regressions of the SSTA
and atmospheric circulation anomaly onto PC1. Correspond-
ing to positive PC1, the tropical ocean is mainly character-
ized by warming in the equatorial central and eastern Pacific
and cooling in the western Pacific warm pool, featuring a
canonical El Nifio-like pattern (Wang et al. 2000; Wu et al.
2003). Among the correlations of PC1 with various SST
indices shown in Table 2, the most significant one is between
PC1 and CT index, confirming that the same-sign mode is
mainly associated with the canonical El Nifio or EP El Nifio.
The SSTA and associated atmospheric circulation anomaly
patterns are nearly identical to those from regressions with
CT index (not shown). Besides, the tropical Indian Ocean
also shows moderate basin-wide positive correlations, con-
sisting with the fact that waring (cooling) in the tropical
Indian Ocean often occurs accompanying El Nifio (La Nifia)
events, with 1 ~2 season lag (Chambers et al. 1999; Xie
et al. 2009; Wang et al. 2019). The correlation coefficients of
IOBM with both Nifio3.4 and CT indices are 0.76 (Table 2),
consistent with a coherent variation between ENSO and
basin-wide Indian Ocean SST.

In response to both the tropical Pacific and Indian oceanic
warming, anomalous westerly occurs over the equatorial
central-eastern Pacific, and anomalous easterly appears from
the warm pool to the eastern Indian Ocean, and twin anom-
alous anticyclones emerge over the western Pacific, sym-
metric with respect to the equator to some extent (Fig. 2a).
The western North Pacific (WNP) anticyclone includes two
separate centers, with a tropical center located over the Phil-
ippine Sea, and an extratropical center over the Kuroshio
extension, which is consistent with previous studies (e.g.,
Wang et al., 2000). Anomalous southerlies prevail to the
western edge of the anomalous Philippine Sea anticyclone,
weakening the East Asian winter monsoon.

The relationship between tropical heating and atmos-
pheric circulation pattern can be used to examining the effect
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Fig. 1 a, b The first two EOF
modes and (¢, d) the corre-
sponding principal components

EOF of Pr over SC in DJF 1981/82-2018/19
(a) EOF1 53.6%

(b) EOF2 21.2%
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of tropical SST forcing (Peng et al. 2019). Figure 2b presents
the regression of DJF precipitation and low-level stream
function anomalies onto PC1. The precipitation anomalies in
the tropical Pacific have an east—west dipole structure, with
above-normal precipitation (heating) east of the Dateline and
below-normal (cooling) in the western Pacific. In terms of
stream function in the lower troposphere, the antisymmetric
anomalous stream function pattern about the equator indi-
cates cyclonic rotational flows forming at both sides of the
equator, feature a Rossby wave response to the anomalous
heating over the equatorial central-eastern Pacific (Gill 1980;
Alexander et al. 2002) associated with the ENSO warming.
The northeasterly anomalies reside in the eastern part of the
WNP anticyclone and the southwesterly anomalies emerge
in the western part of the WNP anticyclone along the coast

@ Springer

of the East Asian continent. Thus, the WNP anticyclone
bridges the forcing in the equatorial central-eastern Pacific
and the atmospheric circulation anomaly over SC, leading to
convergence of moisture and above-normal precipitation in
SC (Fig. 4a). It is a typical pattern of the Pacific-East Asian
teleconnection referred to by Wang et al. (2000). Further-
more, this teleconnection pattern is primarily confined to
the lower troposphere, and it almost disappears in the upper
troposphere (not shown).

3.3 Atmospheric and oceanic anomalies associated
with the north-south dipole mode EOF2

As for the north—south dipole mode (EOF2) of winter pre-
cipitation over SC, the linear regressions onto the PC2 show
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(a) Reg SSTA & UV850 in DJF on PC1
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Fig.2 Linear regressions onto the PC1. a SSTA (contour, °C) and
850 hPa horizontal wind anomalies (vector, m/s). Vectors indicate the
regression of either zonal or/and meridional wind significant above
95% confidence level, and shadings from light to dark indicate the

that both the atmospheric circulation in the lower tropo-
sphere and SST signals are different from and weaker than
those related to PC1 (Figs. 2a, 3a). Corresponding to posi-
tive PC2, there are positive SSTASs in the equatorial Atlantic
Ocean (30°W-0°, 3°S-3°N) and a moderate SST cooling
in the western Pacific warm pool (120°-140°E, 0°~10°N)
(Fig. 3a). The cooling in the western Pacific warm pool is
about 10 degrees westward compared with that associated
with PC1 (Fig. 2a). Such the Pacific warm pool cooling

regression of SSTA significant above 90%, 95%, and 99% confidence
levels, respectively. b 850 hPa eddy stream function (contour, inter-
val: 3 x 10° m%s~!) and precipitation (shading, mm/day) anomalies

appears with the emergence of El Nifio (Nitta and Hu 1996;
Wang et al. 2000; Kug et al. 2009; Hu et al. 2012) and can be
measured by the NifioW index, which has significant nega-
tive correlations with all the ENSO-related indices used in
this work, with the most negative correlation coefficient of
-0.76 with the Modoki index (Table 2).

Previous studies indicated that the equatorial Atlan-
tic SSTAs have a significant lag correlation with ENSO
(Alexander and Scott 2002; Keenlyside and Latif 2007;
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Table2 Correlation coefficients  qgrijgex  Nifio34  CT WP Modoki  NifioW 10BM ATL3

among the leading PCs of

winter precipitation over SC PCI 0.6%+ 0.65** 0.1 0.17 - 031 0.59% 0.01

d various tropi indi .

gﬂring DIF 1 9§’I/C§‘;_SZSOTI é‘/’fgces PC2 0.05 ~002 024 0.18 —0.37% 0.15 0.413%

after the linear trends have been  Nifio3.4 0.9%%  0.59%  0,63%* —0.625% 0765 0.1

removed CT 0.19 0.23 - 0.38% 0.76%* 02
WP 0.97%* —0.69%%  0.34% -0.02
Modoki — 076  0.35% -0.12
NifioW -0.36% 008
I0BM 0.19

Superscript * and ** denote significance at 95% and 99% significance level using Student’s r-test, corre-
sponding to the absolute value of the correlation>0.32 and > 0.41, respectively

Rodriguez-Fonseca et al. 2009; Hu et al. 2011). How-
ever, the simultaneous correlations between the ATL3
index (representing the equatorial Atlantic variation) and
all the ENSO-related indices are not statistically signifi-
cant (Table 2). It is implied that the simultaneous effect
of ENSO on the Atlantic variability is weak. Chang et al.
(2006) explained that this is because of the offset of the
atmospheric response to the ENSO signal by the opposing
influence of oceanic processes. Thus, the warming in the
equatorial Atlantic Ocean and the cooling in the Pacific
warm pool may be two independent potential contributors
to the positive phase of the north—south dipole mode of the
winter precipitation anomalies over SC. The above SSTA
distribution is accompanied by anomalous westerly over the
equatorial Atlantic, the northwestward shifted WNP anti-
cyclone, and strong southerly surface wind anomalies over
East China, which is favorable to water vapor convergence
and more precipitation over LRYR in winter (Fig. 4b). Thus,
the WNP anticyclone is a critical factor that bridges tropical
oceanic anomaly and the winter precipitation variation, and
its position determines the spatial distribution of the winter
precipitation anomalies in SC.

The regressions of the precipitation and stream function
anomalies onto PC2 show that the positive precipitation
anomaly (heating) is seen in the equatorial central-western
Atlantic Ocean, which is a response to the equatorial Atlan-
tic SST warming (Fig. 3a). However, unlike the Pacific-East
Asian teleconnection associated with the same-sign mode
that primarily exists in the lower troposphere, the response
to the equatorial Atlantic oceanic heating is strong in the
tropical upper troposphere, with a pair of anticyclones
(cyclones) symmetrical about the equator and centered at
about 15°N and 15°S, respectively, and straddling the heat-
ing (cooling) pattern (Fig. 3b). This kind of tropical heating-
atmospheric circulation response pattern is also present in
the tropical Pacific (Fig. 3b). The precipitation anomalies
in the tropical Pacific are also an east—west dipole structure,
similar to the pattern associated with PC1, but much weaker
and more westward.
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Furthermore, the wave activity flux vectors in Fig. 3b,
which represents the energy dispersion features associated
with a Rossby wave train (Takaya and Nakamura 2001),
indicate a remote influence of the equatorial Atlantic SSTAs
on the East Asian climate through a Eurasian zonal wave
train in the subtropical and mid-latitudes. Hu et al. (2018)
found that the leading EOF mode of winter winds at the
upper troposphere is a wave-like atmospheric teleconnec-
tion pattern along with the wintertime Asian jet. The wave
train propagates northeastward from the North Atlantic to
Europe, turns southeastward to the Middle East with ampli-
fying amplitude, propagates along the jet to southern China,
where an anomalous cyclonic center forms. The regressed
stream function and wave activity flux anomalies on PC2
shows that the equatorial Atlantic warming modulates the
Rossby wave train from the North Atlantic Ocean to East
Asia in the mid-latitudes (Fig. 3b). A similar wave train
originates from the tropical North Atlantic Ocean and prop-
agates northeastward to the Arabian Peninsula, and then
moves eastward via Tibetan Plateau to the eastern coast of
China where an anomalous anticyclone forms in the upper-
troposphere. As the atmospheric circulation anomalies in
extratropics are quasi-barotropic (Wallace and Blackmon
1983), it is conducive to the northward shift of the WNP
anticyclone. The local atmospheric circulation anomalies are
accompanied by strong southerly low-level wind anomalies
over East China, with the convergence of water vapor mainly
in LRYR (Fig. 4b), thus forming a north—south dipole pat-
tern of precipitation anomalies over SC.

The above analysis indicated that the positive same-sign
pattern is related to the EP type El Nifio and the tropical
Indian warming, corresponding to a stronger and further
southward anomalous WNP anticyclone. That leads to
strong water vapor transport that mainly converges over
the southeastern coast and east of China (Fig. 4a). The
formation of the water vapor convergence belt north of
around 15°N results in excessive precipitation in SC,
with the largest center located on the southeast coast of
China. The positive north—south dipole pattern, however,
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(a) Reg SSTA & UV850 in DJF on PC2
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Fig.3 Linear regressions onto the PC2. a SSTA (contour, °C) and
850 hPa horizontal wind anomalies (vector, m/s). Vectors indicate the
regression of either zonal or/and meridional wind significant above
95% confidence level, and shadings from light to dark indicate the

is primarily affected by the western Pacific warm pool
cooling and equatorial Atlantic warming, corresponding
to a further northwestward anomalous WNP anticyclone
compared with that of PC1. Thus, the water vapor trans-
port is weaker and extends further north to the Yangtze
River. LRYR is the water vapor convergence region which
is located at the northwestern edge of the anomalous

1.5 2

0.5 1 2

regression of SSTA significant above 90%, 95%, and 99% confidence
levels, respectively. b Linear regression of 200 hPa eddy stream func-
tion (contour, interval: 5 x 10° m?s~"), precipitation (shading, mm/
day), and wave activity flux (vectors, m?s~2) anomalies

anticyclone, while the southeastern coast of China is the
moisture divergence region which is located at the south-
western edge of the anticyclone (Fig. 4b). Such distribu-
tion of the water vapor transport and associated conver-
gence and divergence results in the north—south dipole
mode of precipitation over SC, with weaker anomalies
compared with the same-sign pattern.
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(a) Reg quv & div on PC1
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Fig.4 Linear regressions of vertically integrated water vapor transport between surface and 300 hPa (vector, kg m™' s™!) and divergences (shad-

ing, 107 kg s~! m™2) on (a) PC1 and (b) PC2

4 Roles of the equatorial Atlantic
and western Pacific

How do the SSTAs in the equatorial Atlantic and western
Pacific warm pool work in the formation of the north—south
dipole mode of winter precipitation over SC? To examine the
SST influences in the above two regions, we use ATL3 and
NifioW indices to represent the SSTAs of the two regions,
respectively. The year-to-year variations of the normalized
ATL3 and NifioW indices with the PC2 are given in Fig. 5.
The simultaneous correlation is 0.41 between the ATL3 and
PC2, and — 0.37 between the NifioW and PC2. This suggests
that the tropical Atlantic warming and the warm pool cool-
ing favor excessive precipitation in the LRYR and deficit
precipitation in the southeastern coast of China, the positive
phase of the dipole-like variation.

The further detailed corresponding relationship between
PC2 and ATL3 and NifioW indices in the abnormal years
of PC2 and the corresponding ATL3 and/or NifioW indi-
ces if they are also abnormal years during the period from
1981/82 to 2018/19, are investigated based on the composite
analysis. The criteria for an abnormal year are that the mag-
nitudes of the normalized PC2 and the ATL3 and NifioW
indices exceed 0.5 standard deviations. Among a total of
11 abnormal years of PC2 and ATL3, there are 9 years
(1991/92, 1995/96, 1996/97,1997/98, 2002/03, 2012/13,
2013/14, 2014/15, 2018/19) with a same-sign ATL3-PC2
relationship (including positive SST-positive PC2 and
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negative SST-negative PC2 anomalies) and 2 years (1992/93,
2010/11) with an opposite-sign relationship (Fig. 5a). While
for the abnormal years of PC2 and NinoW, there are 8 years
(1985/86, 1990/91, 1992/93, 1998/99, 2004/05, 2010/11,
2017/18, 2018/19) with an opposite-sign NiioW-PC2 rela-
tionship and 1 year (1991/92) with a same-sign relationship
(Fig. 5b). These corresponding relationships further con-
firm the robustness of the relation of PC2 with the ATL3
and NifioW indices. In the following, we perform compos-
ite analyses based on the abnormal cases with a same-sign
ATL3-PC2 relationship and with an opposite-sign NifioW-
PC2 relationship, respectively.

4.1 The ATL3 SST influence

Nine years with a same-sign ATL3-PC2 relationship are
used in the composite (the mean of positive abnormal
ATLS3 years minus the mean of negative abnormal ATL3
years) analysis for the ATL3 cases in Fig. 6. During these
years, basin-wide warming is observed in the tropical Atlan-
tic Ocean, with the low-level anomalous westerly over the
western Atlantic and anomalous easterly from the central
Indian Ocean to the eastern Atlantic (Fig. 6a). The equato-
rial Atlantic warming induces an anomalous cyclone north
of the equator, which is manifested by the equatorward flows
associated with the equatorial westerly anomalies over the
western Atlantic, with strong cyclonic vorticities. Also, an
anomalous anticyclone appears to the east associated with
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Fig.5 Time series of the

(a) ATL3 & PC2

normalized PC2 of winter

precipitation over SC (black
line), and corresponding (a) the
normalized detrend ATL3 or (b)
NifioW indices (red and blue
bar) for the period of 1981/82—
2018/19. Grey dashed lines are
the criteria of the 0.5 standard
deviations

1981 1986 1991

(b) NinoW & PC2

1996 2001 2006 2011 2016

(FS]

1981 1986 1991

the equatorial anomalous easterly from the central Indian
Ocean to the eastern Atlantic. The low-level southwesterly
anomalies are located over SC (Fig. 6a). This kind of remote
influence of the equatorial Atlantic on the winter East Asian
atmospheric circulation anomalies seems to be through a
zonal teleconnection in the upper troposphere (Fig. 6b). The
corresponding stream function and wave activity flux vec-
tors show a wave train from the tropical Atlantic to the mid-
latitudes of East Asia captured to some extent in the upper
troposphere though there is a slight deviation in the position
of anomalous centers compared with that of regressions onto
PC2 (Fig. 3b). It originates from the tropical North Atlantic-
western coast of Africa continent and propagates northeast-
ward to western Asia-Tibetan Plateau, and then move east-
ward to East Asia. The anomalous anticyclone in the upper
troposphere over East Asia is conducive to the northward
shift of the WNP anticyclone and southerly wind over SC
as the atmospheric circulation anomalies in extratropics are
quasi-barotropic (Wallace and Blackmon 1983). It is also
noted that the composite anomalies of stream function in
Fig. 6b presents a meridional out-of-phase pattern of atmos-
pheric circulation over the North Atlantic Ocean associated
with the zonal teleconnection, which is consistent with
Fig. 3b. This seems the pathway of the equatorial Atlantic
SSTA influencing winter precipitation in SC. The similarity

1996 2001 2006 2011 2016

of the composite tropical precipitation, S200, and associated
WAF in the anomalous ATL3 winters to the regressions onto
PC2 supports the effect of ATL3 warming by the wave train.
It is implied that anomalous warming in the tropical Atlantic
Ocean can generate anomalous circulation in the midlatitude
region and induces precipitation anomaly over SC.

4.2 The NinoW SST influence

Figure 7 presents the composite fields of 8 abnormal
yeares with an opposite-sign NiloW-PC2 relationship (the
mean of negative abnormal NifioW years minus the mean
of positive abnormal NifioW years). A CP El Nifio-like
pattern is shown in the composite fields (Fig. 7a). Sig-
nificant negative SSTAs are observed in the warm pool,
and significant positive SSTAs are observed in the equa-
torial central-eastern Pacific, accompanied by abnormal
westerly anomaly over the equatorial central Pacific and
anomalous WNP anticyclone (Fig. 7a). This is similar to
the SST and low-level wind anomaly field associated with
PC1 (Fig. 2a), but the SSTA center and the corresponding
westerly anomaly, as well as the position of the Philip-
pine anticyclone, are further westward than the latter ones.
Moreover, the low-level stream function and precipitation
also show the response of the CP-El Nifio-like warming.
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(a) Composite SSTA & UV850 of abnormal ATL3 winter
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Fig.6 Composite anomalies for the ATL3 cases of (a) SST (shading,
°C) and 850 hPa wind (vector, m-s~!; thick vectors exceed 95% confi-
dence level for either u or/and v components); (b) precipitation (shad-
ing, mm), 200 hPa eddy stream function (contour, interval: 2 X 10°

An east—west dipole structure of precipitation anomalies
in the tropical Pacific, and the antisymmetric anomalous
stream function pattern about the equator feature a Rossby
wave response to anomalous heating over the equatorial
central Pacific (Gill 1980; Alexander et al. 2002). Due to
the westward shift of the warm pool cooling, it is favora-
ble to the enhancement of the anomalous anticyclone over
SCS, the northward extension of the WNP anticyclone,

@ Springer

40

80 120 160 200 20

m?s~!) and wave activity flux (vectors, m?s~2). The hatched regions
in indicate that the composite of SSTAs in (a) and precipitation in (b)
are statistically significant at 99% confidence level

and further northward water vapor transport with conver-
gence over the LRYR.

Overall, the equatorial Atlantic warming causes strong
southerly anomaly over SC through a zonal wave pattern
in the upper troposphere, and the western Pacific warm
pool cooling induces the westward shift of SCS-Philippine
anticyclone through the lower-tropospheric central Pacific-
East Asian teleconnection. Both the ATL3 warming and
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(a) Composite SSTA & UVB50 of abnormal NinoW winter
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Fig.7 Composite anomalies for the NifloW cases of (a) SST (shad-
ing, C) and 850 hPa wind (vector, m-s~; thick vectors exceed 95%
confidence level for either u or/and v components); (b) precipitation
(shading, mm) and 850 hPa eddy stream function (contour, interval: 2

NifioW cooling coherently lead to the northwestward shift
of the WNP anticyclone, resulting in a dipole-like vari-
ation pattern of winter precipitation over SC with posi-
tive anomalies in the north and negative anomalies in the

100 150 200 250 300

x 10°> m%s~1). The hatched regions indicate that the composite anoma-
lies of SST in (a) and precipitation in (b) are statistically significant
at 99% confidence level

south. Besides, the composite of the extreme ATL3-PC2
cases (1991/92, 1996/97, 1997/1998, 2018/2019) and
extreme NifioW-PC2 cases (1990/91, 1992/93, 2018/19)
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with the criteria of one standard deviation have consistent 5 CFSv2 predictions

results (Figure not shown).
The predictability and possible connection of SSTAs with

the SC winter precipitation variability is further examined

DJF Precipitation CFSv2 Skill (28 Members; Jan1982~Dec2018; 95%)
(a) Lead=1 Month (c) Lead=3 Month

105 e 20 T10E 5 00
(b) Lead=2 Month (d) Lead=4 Month

105€ WE 16 E 10 10E 105 e

-03 =02 =00 0 01 02 03 04 05 06 07 08

Fig.8 Correlations of the observed and CFSv2 predicted DJF pre- represent the correlations significant above 95% confidence level
cipitation anomalies with lead time of (a) 1-month, (b) 2-month, (c) according to Student’s r-test
3-month, and (d) 4-month during 1982-2018. The hatched regions
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by model predictions. The NCEP CFSv2 model is selected
which shows a good prediction skill for the SC winter pre-
cipitation in 1-4 month leads during DJF 1982/83-2017/18
(Fig. 8). It is noted that the highest prediction skill of winter
precipitation variability within the displayed region is in the
south of the middle and low reaches of the Yangtze River.
The skillful predictions in the 1-4 month leads are beyond
the predictability of the atmospheric internal dynamical
process, thus, it implies that boundary forcing, such as SST
forcing, must play a role in the winter precipitation varia-
tion in SC. That is consistent with the statistical connections
of SSTAs in the tropical Pacific and Atlantic Oceans with
winter climate variability discussed in previous subsections.

For the impact of SSTAs in the tropical Pacific on winter
precipitation in SC, there have been well-documented mech-
anisms (Wu et al. 2003; Feng et al. 2010; Hu et al. 2012; Su
et al. 2013). Thus, here, we focus on the connection between
the equatorial Atlantic warming and the north—south dipole
mode of SC winter precipitation. The two regional mean
precipitation anomaly difference between LRYR (28°-31°N,
114°-122°E) and southeast coast of China (22°-25°N,
110°-117°E) is used to represent the north—south dipole-like
variation, and the model’s performance for the north—south
dipole-like variation corresponding to different lead times
are shown in Fig. 9. A comparison of the predictions at dif-
ferent leading times shows that the characteristics of the
dipole mode are captured to some extent in the short lead
predictions. The correlation coefficients of the observed
dipole index with the CFSv2 predicted ones in 0-, 1-, and
2-month leads are 0.32, 0.36, 0.38, respectively. On the other
hand, Liu et al. (2020) indicated that the observed SSTAs in
the tropical oceans are well captured in the short lead predic-
tions (Fig. 12 in Liu et al. 2020), and the prediction ability
of SST in the CFSv2 model is crucial for the predictability
of precipitation in East Asia.

Figure 10 shows the relationship of the north—south
dipole mode with the ATL3 index corresponding to differ-
ent lead times. It is noted that there are significant correla-
tions between the SC winter precipitation variability and
the ATL3 index during 37 winters of 1982/83-2017/18 in
CFSv2, with the correlation coefficients of 0.52 ~0.31 in
the 1 ~4 month leads. The model skillful forecast results
are a support for the possible connection between boundary
founding (the equatorial Atlantic and western Pacific SSTA)
and the north—south dipole-like variation of SC winter pre-
cipitation in the observations (Fig. 3).

5.1 Conclusions and discussion

In this work, the two leading modes of the winter precipi-
tation over SC are identified first, and the contributions of
tropical oceanic forcing are further investigated to address
the possible impact of equatorial Pacific and Atlantic

SSTAs on the leading modes and the mechanisms. The two
leading modes of the winter precipitation anomaly over SC
are the same-sign mode (EOF1) with the maximum center
located on southeastern China, and the south-north dipole
mode with the opposite variations (EOF2) between LRYR
and the southeastern coast of China, respectively.

The key system that bridges both the tropical Pacific
and Atlantic Oceanic forcing and the winter precipitation
anomalies over SC is an anomalous anticyclone located
in the WNP at the lower troposphere. For the same-sign
mode (EOF1), it is mainly associated with canonical El
Nifio which influences the anticyclone through the Pacific-
East Asian teleconnection. In the positive phase of the
north—south dipole mode (EOF2) with above-normal pre-
cipitation in the north and blow-normal in the south, in
addition to the impact from the Pacific warm pool asso-
ciated with CP El Nifio, the impact of tropical Atlantic
warming is through altering the winter Atlantic-Eurasian
atmospheric circulation via a zonal wave pattern in the
mid-latitudes originating from the tropical Atlantic and
propagating northeastward to East Asia. Both the tropical
Pacific and Atlantic Oceanic forcing affect the northward
extension of the WNP anticyclone, with a further north-
ward extension of water vapor transport to the Yangtze
River. LRYR is the water vapor convergence region which
is located at the northwestern edge of the anomalous anti-
cyclone while the southeastern coast of China is the mois-
ture divergence region, resulting in a north—south dipole
mode of winter precipitation anomaly over SC. Further-
more, the relationship between the dipole-like variation of
the winter precipitation in SC and the equatorial Atlantic
SSTA in the CFSv2 is consistent with that in the observa-
tions, which is a support for the observed statistical rela-
tionship between them.

The novel part of this work is that it is the first time indi-
cating the impact of the equatorial Atlantic Ocean on the
dipole-like variation of winter precipitation in South China.
However, the SSTA amplitude in the equatorial Atlantic is
statistically smaller than that in the equatorial Pacific, which
may potentially result in a smaller variability of the atmos-
pheric circulation anomalies. Also, the analyses using raw
data (without removing the linear trend) or adopting 9-year
high pass filter for all the variables (figures not shown) lead
to consistent results, indicating that interannual variation of
SSTA in the tropical Pacific and Atlantic Oceans is poten-
tially a major source of the winter precipitation variability
and predictability in SC. However, the influence of the tropi-
cal Atlantic Ocean on winter climate in South China may
experience interdecadal variation (Park et al. 2019). That
deserves further investigation with long observational data
and model simulation, and the diagnosis results in this work
need to be verified by designed sensitivity experiments and
theoretical studies.
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DJF Precp Dipole index: [(28—31N, 114—122E)—(22—25N, 110—-117E)]
CFSv2: Jan1982~Dec2018; 28 Members; Obs: CMAP)
a) Obs (Black) & CFSv2 (Red: Lead=0 Mon, R=0.32
Green: Lead=1 Mon, R=0.36; Blue: Lead=2 Mon, R=0.38)
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Fig.9 a The dipole index of precipitation in DJF in the observation dipole index with the CFSv2 predicted ones in 0-, 1-, and 2-month
(black square); in the ensemble mean of CFSv2 predictions with the leads are 0.32, 0.36, 0.38, respectively. Here the dipole index is
lead times of 0 (closed red circle), 1 (closed green square), and 2 referred to as the differences of the averaged precipitation between
(open blue diamond) months; Correlations of the dipole index with the north (28°-31°N, 114°-122°E) and south (22°-25°N, 110°-
precipitation in DJF in (b) observations; CFSv2 predictions of O (c), 117°E) (see the blue rectangles in (b—e)

1 (d), 2 (e) month lead. The correlation coefficients of the observed
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DJF CFSv2 Prediction (28 Members; Jan1982~Dec2018)

(a) Lead=1 Month (R=0.52)

(c) Lead=3 Month (R=0.35)
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Fig. 10 Scatter plot of the north—south dipole mode of SC precipi-
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1-month, (b) 2-month, (¢) 3-month, and (d) 4-month leads in CFSv2
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