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Abstract Tropical SST anomalies are among the largest
drivers of circulation regime changes on interannual time
scales due to its characteristic heat capacity decay time
scales. The circulation anomalies associated with extreme
precipitation and the corresponding atmospheric response
to SST anomalies are derived from ECMWF ERA-Interim
reanalysis data by employing composite analysis and
lagged maximum covariance analysis. Our results show
that interannual variability of extreme winter precipitation
in Southeast China is in close accordance with the interan-
nual variability of total winter precipitation. Both are asso-
ciated with similar abnormal circulation regimes, but for
extreme precipitation events the circulation anomalies and
moisture transport channels are significantly intensified.
Two main moisture transport channels are captured: one
extends from the North Indian Ocean through India and
the Bay of Bengal to South China, and the other from the
West Pacific Ocean through Maritime Continent and South
China Sea towards South China, which are related to the
preceding autumn SST patterns, El Nifio and the Indian

L. Zhang (><)) - K. Fraedrich - X. Zhi

Collaborative Innovation Center on Forecast and Evaluation
of Meteorological Disasters, KLME, Nanjing University

of Information Science and Technology, Nanjing, China
e-mail: ling.zhang @zmaw.de; lingzhang @nuist.edu.cn

L. Zhang - K. Fraedrich
Max Planck Institute for Meteorology, Hamburg, Germany

F. Sielmann

Meteorological Institute, Hamburg University, Hamburg,
Germany

e-mail: frank.sielmann @uni-hamburg.de

X. Zhu
KlimaCampus, Hamburg University, Hamburg, Germany

Published online: 03 February 2015

Ocean dipole (IOD), respectively. El Nifio (La Nifia) SST
anomalies induce anomalous anticyclonic (cyclonic) cir-
culation over Philippine Sea, which is favorable (unfavora-
ble) to warm and humid air transport to South China from
the tropical West Pacific by southwesterly (northeasterly)
anomalies. Under these circulations, northeasterlies of East
Asian Winter Monsoon are weakened (strengthened) result-
ing in extreme precipitation to be more (less) frequent in
Southeast China. During the positive (negative) IOD phase,
abundant (reduced) moisture transport to South China
from tropical regions through India and Bay of Bengal is
observed due to weakened (strengthened) Walker circula-
tions and abnormal anticyclonic (cyclonic) circulation over
India, leading to a higher (lower) likelihood for extreme
precipitation events in Southeast China. The underlying
physical mechanisms can be explained by a simplified one-
dimensional vorticity equation (Sverdrup balance).

Keywords Extreme winter precipitation - Interannual
variability - El Nifio - IOD

1 Introduction

Southeast China has frequently suffered from extreme
weather and flood events with large impacts on human
society. In 2005, 2008, extreme freezing rain and snow in
Southern China resulted in a considerable loss of life and
property (Dong 2007; http://en.wikipedia.org/wiki/2008_
Chinese_winter_storms). Considering an old saying that a
person standing with one foot on a hot stove and the other
on a block of ice is comfortable on average, we could
clearly understand, that monthly or seasonal averages
smooth information details that characterize exactly those
extremes which are usually responsible for phenomena
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affecting many human and natural systems. With global
warming there seems to be an enhanced likelihood for the
occurrence of extreme events and, therefore, an increasing
number of analyses have been dealing with extreme events
in various relevant fields in the last decade (Sun and Yang
2012; Wang et al. 2000, 2008, 2013; Zhang et al. 2014a).
Many efforts have been made to relate large-scale circula-
tion anomalies to changes of climate on a regional scale.
These severe impacts on one of the most densely popu-
lated regions of the world draws our attention to improv-
ing our knowledge about influential large-scale circulation
anomalies, thus finding predictors with the potential for
forecasting the probability for extreme precipitation well
in advance. The first studies about ENSO influence on pre-
cipitation events worldwide are dating back to the early
1920s (Walker 1923, 1924). More recent works are from
the 1980s (e.g. Rasmusson and Wallace 1983; Shukla and
Paolino 1983; McBride and Nicholls 1983). However, most
of the studies are dealing with general precipitation rather
than with precipitation extremes. Moreover, since in the lit-
erature we found a one-sided focus on ENSO, we also want
to draw the readers’ attention to the Indian Ocean basin,
that also reveals very pronounced SST anomaly patterns.

To quantify and to localize the involved mechanisms
will be the main focus of this study, thereby providing long-
range forecasters with some helpful guidelines for making
seasonal or even multi-seasonal predictions of extreme pre-
cipitation. The underlying circulation patterns generating
extreme precipitation are nearly identical to those associ-
ated with Southeast China precipitation in general. This
detailed information can be represented by commonly used
indices like (Zhang et al. 2011), for example, the number of
heavy precipitation days (monthly count when precipitation
exceeds 10 mm/day), number of very heavy precipitation
days (monthly count when precipitation lies above 20 mm)
and very wet days (monthly total precipitation from days
beyond the 95th percentile), to mention merely three com-
monly used ones. The very wet days index is employed in
our study.

The precipitation related large-scale atmospheric cir-
culation patterns affecting Southeast China are influenced
by continental and oceanic processes. For the interannual
variability of precipitation in Southeast China several pat-
terns have been demonstrated as influential, such as ENSO,
Siberian High, East Asian Winter Monsoon, sea surface
temperature (SST) of South China Sea and the strength and
position of the East Asian trough (Zhou et al. 2009; Zhou
and Wu 2010; Zhang et al. 2014b). Wang et al. (2000) and
Huang et al. (2003) show that tropical SST anomalies are
among the largest drivers of circulation regime changes on
interannual time scales due to its characteristic heat capac-
ity decay time scales. ENSO as the main pattern in the
Pacific estimated and its impact on the East Asian climate
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anomalies have undergone extensive and in-depth discus-
sions (Wang et al. 2000; Wang and Zhang 2002; Wu et al.
2003; Zhou et al. 2009; Zhou and Wu 2010; Chou et al.
2009; Kim et al. 2013). Kumar et al. (2013) determined the
fraction of monthly mean SST variability linearly related
to the ENSO (Nifio3.4) SST index to be around 15-20 %,
in some regions exceeding 25 % (north of equator in west-
ern Pacific). And the relationship between the SST anom-
alies over tropical Pacific and the climate of South China
has changed after the late 1970s (Ding et al. 2010; Li et al.
2010; Wang et al. 2012), which is partially associated with
the tropical SST patterns shifting from ‘“conventional”
ENSO SST to ENSO Modoki-like conditions in recent
three decades (Feng and Li 2011; Zhang et al. 2011).

The Indian Ocean Dipole (IOD) is another important
contributor among the tropical SST patterns, accounting
for 12 % of the tropical Indian Ocean (TIO) SST variabil-
ity (Saji et al. 1999), usually developing in summer, matur-
ing in autumn, and decaying in winter. IOD describes an
aperiodic oscillation of sea-surface temperatures among
the three phases “positive”, “neutral” and “negative”. The
positive phase is characterized by greater-than-average sea-
surface temperatures and greater precipitation in the west-
ern Indian Ocean region, whereas the negative phase cor-
responds with the opposite conditions, thus warmer water
and greater precipitation in the eastern Indian Ocean, and
cooler and drier conditions in the west (Ashok et al. 2001).
A strong positive phase tends to cause severe droughts in
the surrounding land areas of Indonesia and Australia (Saji
et al. 1999). A study by Ummenhofer et al. (2009) demon-
strated a significant correlation between, for example, the
Federation Drought (1895-1902) and World War II drought
(1937-1945) and Indian Ocean variability in terms of the
10D, and none with the Pacific Ocean conditions as tra-
ditionally assumed. In this paper we want to add one fur-
ther region possibly being affected by the 10D, namely
South East China. Previous work has shown, that positive
IOD events induce a stronger South Asian High, with an
eastward-extending position and a strengthened Western
Pacific subtropical high, and with a westward-extending
position (Li and Mu 2001; Li et al. 2006; Yuan et al. 2008;
Xie et al. 2009), which leads to precipitation anomalies in
East China and causes extremely hot and dry summers in
South China by generating a Rossby wave train (Guan and
Yamagata 2003).

Based on the close relationship between tropical SST and
East Asian climate anomalies, the atmospheric response to
the SST anomalies, which is associated with the interannual
variability of extreme precipitation in Southeast China, is
investigated in our study. The paper is structured as follows:
data and methods as well as a short description of the gen-
eral circulation model (GCM) used to support the dynami-
cal mechanisms are described in Sect. 2; the interannual
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variability of Southeast China winter extreme precipitation
and the associated SST-atmospheric circulation feedbacks
are analyzed in Sect. 3; the responses of the associated cir-
culations with Southeast China winter extreme precipitation
anomalies to the tropical SST anomalies are presented in
Sect. 4; the conclusion follows in Sect. 5.

2 Data and methods
2.1 Observations

Daily precipitation station observations in China are
obtained from the National Meteorology Information
Center, China Meteorological Administration, CMA. In
this study we focus on Southeast China covering the region
20°N-35°N and 102.5°E-122.5°E, where high quality data
from 229 stations are available from 1979 to 2013. The
winter average value in this paper is taken from December
of the previous year to February of the current year, such as
the average value taken from the winter of 1979/1980 (the
winter of 1980 for short in this paper)refers to that from
December 1979 to February 1980. The extreme precipita-
tion of each station was defined by the 95th percentile with
respect to daily precipitation (above 0.1 mm) from winter
1980 to 2013. Extreme precipitation days are defined by a
binary index representative for Southeast China, which is
set to 1 for a day with at least 10 % of stations with extreme
precipitation exceeding the 95th percentile threshold and
otherwise it is set to 0, then calculating how many days of
each winter season. All circulation related meteorologi-
cal fields and the global SST are taken from the ECMWF
ERA-Interim reanalysis (2006 version of the ECMWF Inte-
grated Forecast Model IFS Cy31r2; Dee et al. 2011).

Large-scale atmospheric response to SST anomalies
has been studied by methods that determine the key SST
patterns, such as the lagged maximum covariance analy-
sis (MCA), generalized equilibrium feedback assess-
ment (GEFA) and maximum response estimation (MRE)
(Czaja and Frankignoul 1999; Czaja and Frankignoul
2002; Frankignoul and Kestenare 2005; Frankignoul et al.
2011). Frankignoul et al. (2011) compared these multivari-
ate statistical methods, showing that GEFA is less robust
and sensitive to the truncation. MRE and MCA are gen-
erally robust and essentially unbiased, but MRE is more
sensitive to sampling errors. MCA is chosen in this study
with regard to the other methods’ sampling limitations and
truncation issues, and finally the MCA also provides the
most robust estimates of the largest atmospheric responses
(Frankignoul et al. 2011). The statistical significance of
MCA modes are estimated using the bootstrap approach
with 100 random samples (von Storch and Zwiers 1999;
Czaja and Frankignoul 2002).

Due to ENSO and IOD mutual interaction and co-con-
tributions to precipitation anomalies (Yuan and Yang 2012),
linear regression is applied to remove the ENSO or 10D
signals, respectively, from SST and associated atmospheric
data. For example, in order to highlight the winter atmos-
pheric responses to the relative pure 10D (El Nifio) SST
patterns, SST anomalies in the Indian (Pacific) basin and
associated atmospheric circulation fields have been reduced
by the El Nifio (IOD) contributions by subtracting the orig-
inal SST anomaly linearly regressed with Nifio 3.4 (IOD)
index. Composite analysis and student’s ¢ test are employed
to further examine the mechanisms between associated cir-
culation anomalies of anomalous extreme precipitation in
Southeast China and SST patterns. Nifio 3.4 index is used
to describe El Nifio events, which is defined by the SST
averaged over (5°S-5°N, 170°W-120°W) in winter. IOD
index is defined by the SST differences between the west-
ern (10°S-10°N, 50°E-70°E) and the eastern (10°S-0°,
90°E-110°E) regions of Indian Ocean (Saji et al. 1999) in
autumn.

2.2 Model

In order to confirm the role of SST anomalies in driving
abnormal moisture channels during autumn and winter,
the GCM ‘PlaSim’ (Fraedrich et al. 2005; Fraedrich 2012;
Dahms et al. 2011; Schmittner et al. 2011) is employed
to conduct SST forcing experiments. PlaSim is a spec-
tral GCM, whose dynamical core for the atmosphere is
adopted from Portable University Model of the Atmosphere
(PUMA), which is freely available for download at http://
www.mi.uni-hamburg.de/plasim. The model is based on
the moist primitive equations conserving momentum, mass,
energy and moisture. Besides the atmospheric part, other cli-
mate subsystems are included with highly reduced dynam-
ics: a land surface with biosphere and a mixed layer-ocean
with sea ice. A detailed overview of the PlaSim climatol-
ogy can be found at http://www.mi.uni-hamburg.de/filead-
min/files/forschung/theomet/docs/pdf/PS_Climate_Report.
pdf. The horizontal resolution used in this study is T42
(~2.8° x 2.8°) with ten vertical sigma levels. The statistical
significance of the climatological differences between con-
trol run and sensitivity run is estimated by the small-sample
test (Preisendorfer and Barnett 1983; Zhi 2001).

3 Climatological features of extreme precipitation
in Southeast China
3.1 Climatological setting

The climatological mean, the winter to winter variances
and the EOF analysis of winter precipitation in Southeast
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Fig. 1 Geographical distributions: a 95th percentile threshold of daily winter (De.c—Feb.) precipitation (in mm per day); b climatological mean
of annual sums of winter extreme precipitation (in mm per winter) and ¢ general precipitation (in mm per winter) for 1980-2013

China show abundant precipitation with maximum values
above 210 mm/winter and a uniform monopole pattern
over Southeast China (Zhang et al. 2014a). In our study the
extreme precipitation events are defined by exceedance of
the 95th percentile threshold. The thresholds of extreme
precipitation in Southeast China are shown in Fig. 1a. Note
that, regarding the thresholds, the climatological mean of
annual sums of extreme precipitation in Southeast China
show a similar pattern as the distribution of annual sums of
winter total (general) precipitation, with maximum in the
south of the Yangtze River (Fig. 1b, c¢). On average, winter
extreme precipitation accounts for 20-30 % of total precip-
itation in most parts of Southeast China.

In the following we employ composite analysis to exam-
ine circulation anomalies associated with winter extreme
precipitation in Southeast China. Extreme precipitation
days are defined as those days with at least 10 % of stations
in Southeast China having extreme precipitation in terms of
exceeding the 95th percentile threshold. Thereby we obtain
139 winter extreme precipitation days in Southeast China
during 1980-2013. According to these criteria, the geo-
graphical distribution of extreme precipitation in Southeast
China (not shown) shows a similar pattern as the Fig. 1b
(the extreme precipitation events are defined by exceeding
the 95th percentile threshold), but with higher maximum
values. This indicates that the criterion for extreme precipi-
tation days is a suitable index for further analyses of the
extreme precipitation events in Southeast China. Based on
this index (EPD: extreme precipitation days index; black
solid line in Fig. 4), the associated larger-scale circulation
regimes are analyzed by composite analysis.

3.2 Composites

Winter near surface atmospheric circulation over the Eur-
asian continent is dominated by the Siberian High (Gong
and Wang 1999; Gong and Ho 2002). Northeast China is
located under the eastern part of the Siberian High where
northwesterlies prevail, while the southeast coast of China
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is under the influence of the southeastern part of the Sibe-
rian High, where northeasterlies prevail. The horizontal
wind anomalies at 10 m (Fig. 2a) indicate that anomalous
southerlies prevail over the southeast coast of China and
South China Sea and from India to Southwest China that
is controlled by anomalous westerlies during Southeast
China extreme precipitation days. This demonstrates that
East Asian Winter Monsoon (EAWM) is weakened over
mid- to low latitudes and southward intrusion of cold air
from the north is suppressed. Meanwhile, warm and humid
air from Indian Ocean is transported to South China by
abnormal westerlies. The moisture transport anomalies
are further analyzed by a vertical integral of water vapour
flux (Fig. 2b). Two major transport channels are observed:
one extends from the North Indian Ocean through India
and the Bay of Bengal to Southwest China, and the other
from the West Pacific Ocean through the South China Sea
towards South China. These abnormal moisture transports
are directed northward with warm humid air from tropi-
cal oceans contributing to positive moisture anomalies in
the southeast coast of China, where it meets cold air from
the north, thus water vapour convergence (Fig. 3a) leads to
anomalous precipitation.

In order to highlight the atmospheric circulation features
of extreme precipitation events, the circulation composites of
general precipitation events are analyzed as reference. The
precipitation day definition is similar to that of the extreme
precipitation day: when 10 % of stations in Southeast China
have a daily precipitation exceeding 0.1 mm/day, this day is
defined as Southeast China precipitation day. Thereby we
get 2,129 winter precipitation days in Southeast China dur-
ing 1980-2013. Regarding to this criteria, the geographical
distribution of general precipitation in Southeast China (not
shown) shows almost the same pattern as the Fig. 1c¢ (precip-
itation events are defined by exceeding 0.1 mm/day), which
demonstrates that the precipitation day is a useful index for
winter precipitation in Southeast China. Based on this index
(PD: precipitation days index; grey solid line in Fig. 4), the
associated larger-scale circulation regimes are analyzed by
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composite analysis. The circulation composites of all pre-
cipitation events show a similar pattern as that of the extreme
cases with weaker intensity (Figs. 2c¢, d, 3b). That is, extreme
precipitation events have a close relationship with the large
scale background circulation. From Fig. 2a—d we can fur-
ther conclude that extreme winter precipitation in Southeast
China is primarily advective, although the individual precipi-
tation event itself is convectively triggered.

The annual sums of extreme winter precipitation days
and winter precipitation days show the interannual variabil-
ity of extreme and total precipitation in Southeast China
(Fig. 4). The interannual variability of extreme precipita-
tion is in good accordance with that of total precipitation,
especially during mid of 1980s-early of 2000s, indicated by
a correlation of 0.59 between annual sums of EPD and PD.

T T 20N L 1 T
115E 120E 105E 110E 115E 120E
This further supports our hypothesis that extreme precipi-
tation events are favored by the same underlying circula-
tion anomalies as total precipitation events; that is, by the
same dynamical mechanisms associated with the interan-
nual timescale. Its intensities, however, are determined by
both local thermodynamics as well as moisture supply on

the interannual timescale.

4 Atmospheric response to SST anomalies

As mentioned before, a majority of studies have ana-
lyzed the role of the SST to modulate large-scale atmos-

pheric flow patterns and secondly as one driver for mois-
ture release on a variety of time scales, and thus indirectly

@ Springer
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Fig.4 Annual sums of extreme winter precipitation days (black
solid line) and winter precipitation days (grey solid line) according to
extreme precipitation days index (EPD) and precipitation days index
(PD); all values are normalized. R = 0.59 is the correlation coeffi-
cient between EPD and PD

its impact on precipitation. In order to get a first hint of
involved SST anomaly patterns, we carried out a grid point-
wise correlation between the SST of the Indian/Pacific
Ocean and the EPD time series. Two centers of action
are identified, indicated by high correlations (not shown):
These are the ENSO pattern in the early (autumn) stage and
an IOD pattern in the Indian Ocean with a weak negative
pole.

The high correlation of 0.62 between IOD and Nifio 3.4
index in autumn reflects the fact that there is a 30 % co-
occurrence of IOD and El Nino events, which does not nec-
essarily mean that these two phenomena are causally con-
nected in the physical space (Vinayachandran et al. 1999;
Rao et al. 2002; Guan and Yamagata 2003; Yamagata et al.
2013; Ashok et al. 2003). This partial coupling of IOD and
ENSO was also addressed by Clarke and Liu (1993) and
Meyers (1996), explaining the ENSO influence through an
intruding of a coastal oceanic wave-guide around the Aus-
tralian continent into the eastern Indian Ocean, originating
in the western Pacific. The anomalous (weakened) Walker
cell, the driving factor for the anomalous equatorial easterly
moisture transport, could be shown as exclusively exist-
ing during pure IOD events (Fig. 8 and Fig. 4 in Yamagata
et al. 2003). However, the local effect of ENSO through the
Clarke-Meyers-effect (Clarke and Liu 1993; Meyers 1996)
effect contributes to the overall IOD-ENSO correlation

Fig. 5 Covariance maps of the

during boreal fall. Therefore, in our study, in order to high-
light the winter atmospheric responses to the relative pure
IOD (El Nifio) SST patterns, SST anomalies in the Indian
(Pacific) basin and associated atmospheric circulation fields
have been reduced by the El Nifio (IOD) contributions by
subtracting the original SST anomaly regressed with Nifio
3.4 (IOD) index.

Since the ordinary correlation analysis does not discrim-
inate dominating from non-dominating simultaneous pat-
terns, we perform a lagged MCA separately with the Pacific
SST and tropical Indian SST, and an atmospheric field rep-
resenting the large-scale moisture channels, which is the
vertically integrated water vapour flux. The MCA finds two
(or more) highly correlated patterns ranked according to
their contributions to the total variance (explained variance)
as analyzed next.

4.1 Response to tropical Pacific SST

To investigate how the tropical Pacific SST influences
the associated moisture channels and winter precipita-
tion in Southeast China, MCA was applied to the preced-
ing autumn SST over (30°S-30°N,120°E-60°W) and
the vertically integrated moisture flux over (10°S-30°N,
60°E-140°E) of the subsequent winter. In this section all
fields have been diminished by the IOD contributions
through subtracting the original fields regressed with the
10D index. MCA isolates coupled pairs of spatial patterns
and their associated time series by performing a singular
value decomposition of cross-covariance matrices between
two fields. The statistical significance of each pattern was
tested in terms of squared covariance and the correlation
between the MCA time coefficient series of two fields.
Figure 5a, b shows the maximum covariance patterns of
the first MCA mode between the preceding autumn tropi-
cal Pacific SST and the vertically integrated water vapour
flux. The patterns are significant at 95 % confidence level
and explain 58.68 % of total covariance. The correlation
between the MCA time coefficients of the two fields is
0.77. As the second mode is not significant only the first
mode is presented showing an anomalous anticyclone over
the Philippines in conjunction with anomalous moisture

30N

first MCA mode with a tropical
Pacific SST anomalies over
(30°S-30°N; 120°E-60°W) in
preceding autumn and b the
subsequent winter mean vertical
integral of water vapour flux
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transports to the southeast coast of China by southwester-
lies, associated with abnormal central-eastern Pacific warm
and western Pacific cool (positive phase in our study).

To illustrate the common non-linear characteristics of
the tropospheric moisture transport anomalies during the
positive (negative) phase of SST anomalies, composite
analysis is employed. These are composite maps of sea-
sonal circulation anomalies from preceding autumn to win-
ter, respectively. Anomalous positive (negative) years are
defined, when the standardized MCA time coefficients of
the Pacific SST are greater (less) than 1 (—1). This defines
the preceding autumn tropical Pacific SST abnormal posi-
tive phase years, including 1983, 1987, 1988, 1993, 1994
and abnormal negative phase years comprising 1989, 1999,
2000, 2001, 2008, 2009. During the positive SST anoma-
lies’ years (left column in Fig. 6), warming SST is shown
in the central-eastern Pacific with maximum values in the
central Pacific in the fall (Fig. 6a) and winter (Fig. 6c¢).
And the Walker circulation over western-central Pacific
is strengthened by the abnormal SST forcing (Fig. 61, k),
which is characteristics of anomalous ascending (descend-
ing) motion over central (western) Pacific. The composites
of the vertically integrated water vapour flux in autumn
(Fig. 6e) show water vapour transport from North India
through South Asian to Southeast China and, furthermore,
abnormal divergences of the vertically integrated water
vapour flux (not shown) occur in South Asia while anoma-
lous convergences are noted in Southeast China during SST
abnormal positive phase years. The typical associated anti-
cyclonic circulation over Philippines with El Nifio cannot
be shown clearly in the autumn mean circulations, because
it establishes itself in October and, with increasing ampli-
tude, shifting to the Philippines in November (Wang and
Zhang 2002). In winter (Fig. 6g), the anticyclonic circula-
tion remains over the Philippines with moisture flux diver-
gence over the tropical western Pacific and maritime conti-
nents and convergence over the east coast of China during
the positive phase years of tropical Pacific SST. It coincides
with abundant moisture from tropical western Pacific being
transported to Southeast China through the maritime conti-
nents, South Asia and South China Sea by the anticyclonic
circulation over Philippines.

Wang et al. (2000) studied Pacific-East Asian telecon-
nections by reanalysis data and modelling of the atmos-
pheric general circulation. They found that the abnormal
Philippine anticyclone results from the Rossby-wave
response being reduced by suppressed convective heating,
which, in turn, is induced by a positive El Nifio pattern with
central-eastern Pacific warming and western Pacific cool-
ing. That is, the anomalous Philippine anticyclone origi-
nates from the positive thermodynamic feedback of western
Pacific cooling through local convective heating decrease
(Wang and Zhang 2002). This mechanism explains the

relationship between the positive El Nifio SST pattern and
the anomalous Philippine Sea anticyclone (PSAC) as sup-
ported by our MCA and composite analyses. Positive El
Niflo SST anomalies induce anomalous anticyclonic cir-
culations over Philippine, leading to prevailing southwest-
erlies over Southeast China. These circulation conditions
weaken the northeasterlies of the EAWM and favor warm
and humid air transport to Southeast China, resulting in
more frequent extreme precipitation. We can conclude that
autumn Pacific SST anomalies may be skillfully used as a
major predictor for forecasting winter precipitation anoma-
lies in Southeast China. Here, it should be noted that sev-
eral other mechanisms have been identified contributing
to the establishment and maintenance of the PSAC (Wang
and Zhang 2002; Takaya and Nakamura 2013). Wang and
Zhang (2002) found that the deepening of the upper-level
East Asian Trough in conjunction with cold air intrusions
to the Philippines supports the formation of PSAC via sub-
sidence and further SST cooling. Hence, modulations of
planetary waves on interannual scales may play a role, as
suggested for the variability of the EAWM (Takaya and
Nakamura 2013).

4.2 Response to tropical Indian SST

Since the end of the last century, the so-called IOD mode
has been considered as another important—besides
ENSO—aperiodic oscillation of sea-surface temperatures,
alternating among “positive”, “neutral” and “negative”
phases. The positive phase is characterized by greater-
than-average sea-surface temperatures and greater pre-
cipitation in the western Indian Ocean region, whereas the
negative phase corresponds with the opposite conditions,
thus warmer water and greater precipitation in the eastern
Indian Ocean, and cooler and drier conditions in the west
(Saji et al. 1999).

4.2.1 Observations

In order to highlight the effects of IOD on the associated
circulation anomalies with winter precipitation in South-
east China in this section, all fields have been reduced by
the El Nifio contributions by subtracting the original fields
regressed with the Nifio 3.4 index. This corrected Indian
Ocean SST over (30°S-30°N, 30°E-120°E) is subjected
to MCA analysis with the vertically integrated moisture
flux over (10°S-30°N,60°E~140°E). The first mode, which
explains 37.8 % of the total covariance, shows SST Indian
basin mode, but the corresponding moisture flux patterns
do not appear to be closely related to the winter precipita-
tion variability of Southeast China (not shown). The second
mode (Fig. 7), which explains 21.3 % of the total covari-
ance and reaches statistical significance at 90 % confidence
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Fig. 6 Composites of seasonal
mean anomalies of SST (°K,
a—d), vertical integral of water
vapour flux (kg/(m s), e-h) and
the meridional-height section of
longitude mean of zonal wind
(U, m/s) and vertical veloc-

ity (W, Pa/s) along (—4.5°S

to 4.5°N) (i-1) in fall and
winter during positive (leff) and
negative (right) central-eastern
Pacific abnormal years and
shaded areas are statistically
significant at 95 % confidence
level; vertical velocity is multi-
plied with —100 to get positive
results with adjustment to the

u scale
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Variability of winter extreme precipitation in Southeast China
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level, shows the SST IOD mode; the correlation between
the second mode time coefficients of SST and the horizon-
tal vertically integrated water vapour flux is 0.79. The anti-
cyclonic circulation anomalies show up over South China
Sea, which favor moisture transport to South China from
Maritime Continents and the adjacent sea during the IOD
events. Simultaneously we observe abnormal easterlies pre-
vailing near the equator, which turn northward to the Indian
continent and merge into westerly anomalies over north-
ern India. This abnormal atmospheric circulation conveys
abundant moisture from the Indian Ocean to South China
through the Bay of Bengal. During IOD events these two
moisture channels are favorable to winter precipitation
increase in Southeast China.

Composite analysis is applied to illustrate the common
characteristics of the moisture flux and vertical circula-
tion anomalies’ evolution during the positive (negative)
phase of IOD (Fig. 8). Anomalous positive (negative) years
are defined when the standardized MCA time coefficients
of the second mode of Indian SST are greater (less) than
1 (—1). Thereby we get IOD positive phase years (cooling
in the East Indian Ocean and warming in the West Indian
Ocean) in preceding autumn including 1983, 1989, 1995,
1998, 2008 and IOD negative phase years (warming in the
East Indian Ocean and cooling in the West Indian Ocean)
in preceding autumn comprising 1993, 1999, 2005, 2006.
During positive phase years of IOD (left column in Fig. 8),
SST negative anomalies appear in the East Indian Ocean
and positive anomalies show up in the Central-west Indian
Ocean in the autumn (Fig. 8a). And the negative SST
anomalies disappear in the winter, but the positive SST
anomalies still maintain in the South of TIO (Fig. 8c). In
the atmosphere, easterly anomalies prevail near the equator
of Indian Ocean and southerly anomalies appear over west
India, turning eastward over North India and transporting
moisture to Southeast Asia and South China Sea through
Bay of Bengal in preceding autumn (Fig. 8e). The anticy-
clonic circulation over India is obvious in autumn (Fig. 8e)
and moving east to the Bay of Bengal in winter (Fig. 8g).
The vertically integrated divergence of water vapour flux
shows abnormal divergence over North Indian Ocean and
convergence over Southeast China in winter (not shown). It

1

implies that the Indian moisture channel favors warm and
humid air transport from TIO to Southeast Asia and South-
east China through the Bay of Bengal in winter which, at
the same time, weakens the EAWM. In addition, an anti-
Walker circulation is observed over the TIO with descend-
ing motion over East Indian Ocean, ascending motion over
West Indian Ocean and easterlies over equator of Indian
Ocean in autumn (Fig. 8i) and winter (Fig. 8k). During
the negative IOD phase (right column in Fig. 8), warming
anomalies in the East of Indian Ocean and cooling anoma-
lies in the Central-west Indian Ocean are observed in the
autumn (Fig. 8b). And the atmospheric circulation anoma-
lies are not as relevant for South China precipitation as
those of the positive phase, but there are slightly intensified
northerlies in South China, which still can be observed in
fall (Fig. 8f) and winter (Fig. 8h). It implies that the nega-
tive phase of IOD increases the intensity of EAWM leading
to a colder and drier winter in Southeast China.

The effects of IOD on Southeast China precipitation are
mainly based on Indian Ocean anomalous moisture chan-
nels. The Maritime continent channel, captured clearly by
MCA analysis, does not appear to be statistically significant
in the composite analysis. The Walker circulation over the
Indian Ocean is weakened by a cooling of the East Indian
Ocean and a warming of the West Indian Ocean (positive
phase of I0OD) leading to easterly flow anomalies in equato-
rial regions (double green straight arrows in Fig. 10). And
the anticyclonic circulation anomalies over India are caused
by the cooling of the East Indian Ocean. The anomalous
cooling over East Indian Ocean excites equator-symmetric
Rossby waves (Fig. 9 shading), which enhances the low
level anticyclonic circulations on the western margins of
the cooling zone due to planetary wave propagation. This
phenomenon is confirmed by the anomalous sea level pres-
sure and stream function (Fig. 9 black solid lines and shad-
ings) over India and the South Indian Ocean.

The mechanism of a heat-induced tropical circulation
can be explained by a simplified shallow-water model (Gill
1980; Phlips and Gill 1987) as follows: Friction is set to
zero, leading to a vorticity equation analog to the Sverdrup
equation in oceanography, written as Sv = fow/dz (with
meriodional wind speed v, Coriolis parameter f and vertical
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Fig. 8 Composites of seasonal
mean anomalies of SST (°K,
a—d), vertical integral of water
vapour flux (kg/(m s), e-h) and
the meridional-height section of
longitude mean of zonal wind
(U, m/s) and vertical veloc-

ity (W, Pa/s) along (—4.5°S to
4.5°N) (i-1) in fall and winter
during positive (left) and nega-
tive (right) Indian Ocean Dipole
(IOD) phase years and shaded
areas are statistically significant
at 95 % confidence level; verti-
cal velocity is multiplied with
—100 to get positive results
with adjustment to the u scale
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Variability of winter extreme precipitation in Southeast China

Fig. 9 Composites of seasonal a
mean anomalies of sea level
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Fig. 10 Sketch map of circulation anomalies associated with IOD.
Red/blue shaded areas indicate positive/negative SST anomalies.
Dashed red/blue arrows correspond to ascending/descending motions.
Green arrows indicate the horizontal circulation anomalies. AC repre-
sents the anomalous anticyclone. The heat induced equatorial easterly
anomaly during the positive IOD phase transports abundant moisture
from the equatorial regions westward. Its northward turn, that can be
interpreted as a draw-off branch of the strong zonal-equatorial ‘mois-
ture highway’ (double green arrow) to South China through the Indian
Ocean, North India and the Bay of Bengal, is modulated by abnormal
anticyclonic circulations (AC) over India and Bay of Bengal as a result
of cooling in the East Indian Ocean (blue shading). Consequently the
EAWM weakens, which, in turn, leads to extreme precipitation events

to be more likely to occur in Southeast China

wind speed w). For 0w/dz negative in the lower level, the
air column is squeezed, losing vorticity and particles move
to lower latitudes (v < 0, symbolized by a small green arrow
on the eastern flank of the anticyclone AC in Fig. 10),
where the background vorticity is identical to the column
vorticity (smaller f), satisfying the zero friction assumption.
This indicates that northerlies are induced near the cooling
source, creating the eastern flank of the anticyclone. With
Rossby wave speed ¢ and the meriodional derivation of the
Coriolis parameter § = Z—f, the size of the anticyclone given
by the Rossby radius (¢/28)", is typically about 1,000—
1,500 km diameter. The poleward flow is roughly located at
the western flank of the anticyclone (due to planetary wave
propagation) which, merging into westerly anomalies over

-0.09 -0.06 -0.03 0.03 0.06

the subtropical region (green straight arrow in Fig. 10),
positions the anticyclone over south India (AC in Fig. 10).
In the winter, heat differences between East TIO and Cen-
tral TIO still exist due to the significant warming in the cen-
tral-south of tropical Indian Ocean, which maintains abnor-
mal easterlies over equatorial Indian Ocean. In meridional
direction, the poleward flow over India is maintained by the
heat differences between North and South tropical Indian
Ocean. Under these heating conditions, the abnormal anti-
cyclonic circulation maintains over North Indian Ocean.
Easterly propagating planetary waves during winter due
to high level (>500 hPa) westerly background flow trans-
port abnormal anticyclonic vorticity eastward, moving the
anomalous anticyclonic circulation to the East of India and
Bay of Bengal. Hence, the Indian Ocean anomalous mois-
ture channel (green broad curved arrows in Fig. 10) in win-
ter is the result of the abnormal heating pattern over the
Indian Ocean. For the negative IOD phase, the circulation
anomalies are almost symmetric with IOD positive phase
years, but less intense.

4.2.2 Modeling

A SST forcing experiment with PlaSim (Fraedrich et al.
2005) GCM is employed to investigate the role of TIO SST
anomalies in driving abnormal moisture channels during
autumn and winter. A climatological global Atmospheric
Model Intercomparison Project (AMIP) SST with annual
cycle is applied as SST forcing in the control run. The last
30 years of a 50 years control run were used in our study.
The forcing experiment has run 30 years with the same set
up after a spin-up time of unforced 50 years, with abnor-
mal SST added to the climatological SST forcing. The
abnormal SST is derived from the composites of seasonal
mean anomalies of the ERA-Interim SST (Fig. 8a, ¢), mul-
tiplied with five times the amplitude for better atmospheric
responses (Fig. 11a, b).

The differences between abnormal SST forcing and con-
trol simulation are shown in Fig. 11c, d. The following fea-
tures of the observational diagnostics are captured:
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Fig. 11 The abnormal tropical a
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The anticyclonic circulation over South India occurs
in response to the cooling over tropical Indian Ocean in
fall, which is established poleward upstream of the cool-
ing region (following the Gill model for thermally induced
circulations).The equatorial easterly moisture channel is
prevailing in fall as well as in winter.The poleward branch
of the moisture channel, which is associated with the anti-
cyclonic circulation, brings moisture from TIO via the gulf
of Bengal and the Maritime Continent into Southeast China
and, from fall to winter shifts by about ten degrees to the
east induced by planetary wave propagation.

The SST forcing experiment successfully confirms the
mechanisms explaining the atmospheric responses in terms
of anomalous moisture channel formation.

In summarizing, the heat induced equatorial easterly
wind anomaly during the positive IOD phase transports
abundant moisture from the equatorial regions westward.
Its northward turn, that can be interpreted as a draw-off
branch of the strong zonal-equatorial ‘moisture highway’
(double green straight arrows in Fig. 10) to South China
through the Indian Ocean, North India and the Bay of Ben-
gal, is modulated by an anticyclonic circulation anomaly
over India, induced by cooling in the East Indian Ocean
(Fig. 9). Consequently, the EAWM decreases which, in
turn, leads to extreme precipitation events to be more likely
to occur in Southeast China.

5 Conclusion
Based on daily precipitation station observations, the

extreme winter precipitation in Southeast China is defined
by an exceedance of the 95th percentile for each station.

@ Springer

100 100

The large-scale atmospheric response to SST anomalies is
investigated by lagged MCA. And the features of the asso-
ciated circulation fields are derived from ECMWF ERA-
Interim reanalysis data by employing composite analysis.
The following results are obtained:

1. The geographical distributions of extreme winter pre-
cipitation in Southeast China show a similar pattern as
the distribution of general winter precipitation, with a
maximum in the south of Yangtze River. On average,
extreme winter precipitation contributes 20-30 % to
the general precipitation in most parts of Southeast
China in each winter. And on the interannual timescale
the extreme winter precipitation days are highly corre-
lated with total winter precipitation days in Southeast
China.

2. Two moisture transport channels are related to the
extreme winter precipitation in Southeast China: one
extends from the North Indian Ocean through India
and Bay of Bengal to South China, and the other from
the West Pacific Ocean through Maritime Continent
and South China Sea towards South China. And normal
precipitation events’ circulation anomalies have similar
patterns as the circulation anomalies of the extreme
precipitation events, but show weaker flow intensities.

3. On the interannual timescale, ENSO (dominating the
Pacific Ocean contribution) and IOD (dominating the
Indian Ocean contribution) are captured in the autumn
preceding the subsequent winter circulation anomalies,
thereby being associated with Southeast China extreme
precipitation. Contributions of ENSO and IOD could
be shown separately through eliminating IOD and
ENSO influences by linear regression techniques.
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4. El Nifio (La Nifia) SST anomalies induce anticyclonic
(cyclonic) circulation anomalies over the Philippine
Sea, which is favorable (unfavorable) to warm and
humid air transport to South China by southwesterly
(northeasterly) anomalies. These circulations patterns
weaken (strengthen) the northeasterlies of EAWM,
leading to extreme precipitation to occur more (less)
frequent in Southeast China.

5. During the positive (negative) IOD phase, abundant
(fewer) moisture is transported to South China from
tropical regions through North India, Bay of Bengal
and Southeast Asian due to the weakened (strength-
ened) Walker circulations and the abnormal anticy-
clonic (cyclonic) circulation. They result from the
abnormal SST related heating pattern with anomalous
cooling (warming) in the East Indian Ocean and anom-
alous warming (cooling) in the West Indian Ocean in
autumn, and they are maintained by warming (cooling)
in the south of TIO in winter, which further decrease
(increase) EAWM and results in winter extreme precip-
itation events more (less) likely to occur in Southeast
China. Results of a numerical simulation with a GCM
are in well accordance with the conclusions drawn
from the ERA-Interim reanalysis.

Since at least two decades much research about direct
and indirect impacts of the climate change on local weather
events has been done. Although we have been focusing on
observed interannual variability, there is in fact a physical
link to climate change in terms of climate sensitivity via the
fluctuation-dissipation-theorem applied to e.g. climate pro-
jections in the CMIPS5 framework. This theorem, originally
postulated to connect microscopic particle fluctuations with
the macroscopic behavior of a huge number of them, gives
us a tool at hand to relate internal (microscopic) variability
to the probability and magnitude of (macroscopic) climate
changes (Gritsun and Branstator 2007; Gritsun et al. 2008;
Gershgorin and Majda 2010). That is, regions with high
variability tend to react more sensitively to external exci-
tations, such as, for example, increased net radiation. In a
future study we hope to confirm this, first by testing dec-
adal sensitivity in a control run (e.g. IPCC5 Historical run
based on PI-control) and, in a second step, by a comparison
of a control climate with different scenario runs. We expect
an increase of the number (and perhaps the intensity) of
extreme events in regions with large intra- and inter-annual
variability and vice versa.
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