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Abstract

This study examines the formation of circulation patterns favorable to wintertime extreme precipitation events over South
China between 1979 and 2013. During these extreme precipitation events, a barotropic wave train having seven centers of
action was observed to extend from the Arabian Sea to the west coast of the North American continent with a maximum
amplitude at 300 hPa. A center of action located over South China, comprised of cyclonic anomalies, favored powerful
updrafts and large-scale moisture convergence over South China. About 77% of wintertime extreme precipitation events in
South China were preceded by European blocking events. The formation mechanism for the 141 precipitation events with
pre-existing European blocking highs is presented. Rossby wave energy propagation associated with the positive phase
of circumglobal teleconnection enabled the European blocking event with a lead time of ~10 days to generate cyclonic
anomalies over South China. Moreover, significant warm anomalies were present over South China before the onset of
these blocking-related extreme precipitation events. Increases in atmospheric moisture holding capacity associated with
these warm anomalies enabled a buildup of precipitable water via moisture fluxes into South China through the western
and southern boundaries. Onset of the extreme precipitation events was then triggered by the intrusion of cold temperature
anomalies from the north, which lifted warm moist air upward from the surface and lowered the moisture holding capacity,
producing large amounts of precipitation.
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1 Introduction Takaya and Nakamura 2005; Jeong and Ho 2005; Wang

et al. 2010; Park et al. 2014; Leung et al. 2015). This inten-

Wintertime extreme precipitation events over South China,
although not as frequent as those in the other seasons (Li
et al. 2005), tend to intensify the cold surges associated
with the East Asian winter monsoon (Zhang et al. 1997,
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sification occurs through one or more of the following path-
ways: first, the heat in the lower troposphere is transferred
to the middle troposphere through latent heat release due
to condensation (Tao et al. 2001); second, the evaporation
of rainwater from the land surface removes heat from the
atmosphere (Trenberth et al. 2003; Trenberth 2011); third,
if the lower troposphere is cold enough, precipitation will
be in the form of snow, the accumulation of which increases
the albedo of the land surface and inhibits the absorption of
incoming short wave radiation (Shine 1984; Zhang 2005);
fourth, the latent heat adsorbed by the melting of the snow
from the land surface removes a large amount of heat from
the lower atmosphere (Lin and Stewart 1986; Szeto et al.
1988). Since the Spring Festival and the winter vacation in
China both occur in winter, the occurrence of extreme pre-
cipitation events in South China, especially those associated
with heavy snowfalls, may harm the living conditions and
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adversely affect the transportation activities of hundreds of
millions of people (Su et al. 2011; Zhou et al. 2011; Hu et al.
2014; Xie et al. 2014). Therefore, a deeper understanding of
the mechanisms behind both the occurrence and variability
of extreme precipitation events could have significant soci-
etal benefit.

Many previous studies have investigated the variability
of wintertime precipitation over South China from a range
of perspectives. The decadal variability of the wintertime
precipitation over South China was studied by Li et al.
(2015), Choi et al. (2016), Jia and Ge (2017), and Huang
et al. (2017). These authors recognized that the East Asia
Winter Monsoon (Wang and Chen 2010; Huang et al. 2016)
and sea surface temperature anomalies over the western
Pacific Ocean and tropical Indian Ocean play essential
roles in the decadal variations of wintertime precipitation
over South China. The interannual variability of winter-
time precipitation over South China has been linked to the
El Nifio Southern Oscillation (ENSO) (Zhou et al. 2010;
Zhou and Wu 2010; Yuan et al. 2014) through the central
Pacific-East Asian teleconnection pattern in the lower tropo-
sphere (Zhang et al. 1999; Wang et al. 2000; Zhang and
Sumi 2002). This linkage was further found to be dependent
on the spatial patterns of ENSO (Ashok et al. 2007; Weng
et al. 2009; Feng et al. 2010). In addition, Nan and Zhao
(2012) reported that pre-existing thermal conditions over
the Asian continent play a role just as important as ENSO
in the interannual variability of extreme precipitation events
over South China.

The characteristic time scale of a wintertime precipita-
tion event falls within the synoptic timescale ranging from
several hours to several days. Consequently, to gain a deeper
understanding of the dynamics of the wintertime precipita-
tion over South China, it is necessary and natural to study it
from a synoptic perspective. However, few of these previous
studies examined the wintertime precipitation over South
China from the synoptic perspective. For those studies that
did adopt a synoptic perspective, most focused on a single
precipitation event (Zhou et al. 2009; Hong and Li 2009;
Wen et al. 2009; Bueh et al. 2011), particularly the severe
snow storm event during January 2008, or several precipi-
tation events during the winter of a single year (Yao and
Huang 2016). The few studies (Zong et al. 2014; Lou et al.
2017; Ding and Li 2017) that identified the synoptic circu-
lation patterns responsible for the occurrence of persistent
heavy precipitation events considered only events with dura-
tions exceeding two days. However, during most winters, the
number of heavy precipitation events with lifetimes exceed-
ing two days is small. For example, Zong et al. (2014), Lou
et al. (2017), and Ding and Li (2017), using different crite-
ria defining a heavy precipitation event, identified only 21,
27 and 30 persistent heavy precipitation events in 32, 57,
and 65 winters, respectively. For the persistent events that
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were identified, all of these studies pointed out that a Rossby
wave train originating from the North Atlantic Ocean and
surrounding continental areas and propagating across the
Mediterranean and Arabian Seas and into East Asia, plays an
essential role in generating circulation patterns conducive to
persistent heavy precipitation events. Therefore, the occur-
rence frequency of persistent heavy precipitation events dur-
ing winter ranges from 0.46 to 0.66 per year depending on
the definition of a heavy precipitation event. This suggests
that only a small fraction of extreme precipitation events
can be directly explained by the proposed Rossby wave
train mechanism. One question that arises is whether the
proposed Rossby wave mechanism for persistent heavy pre-
cipitation events applies to the extreme precipitation events
with shorter lifetimes that are more common in South China.
Further, in addition to the mechanisms initializing the circu-
lation patterns associated with extreme precipitation events
over South China, are there any local pre-conditions over
South China necessary for the development of extreme pre-
cipitation events? These questions have not been addressed
from the synoptic perspective by any of these previous
studies.

This study is designed to explore the mechanism respon-
sible for the occurrence of extreme precipitation events
regardless of their durations and identify any critical local
pre-conditions necessary for their development. This paper
is organized as follows: Sect. 2 describes the precipitation
and reanalysis datasets and the methodology used in this
study. Section 3 briefly introduces the basic characteristics
of the identified extreme precipitation events over South
China. Section 4 classifies the extreme precipitation events
into two types depending upon the presence or absence of
the European blocking high precursor. Approximately 77%
of extreme precipitation events over South China are pre-
ceded by European blocking events. Section 5 examines the
time evolution of circulation and temperature anomalies
associated with precipitation events with pre-existing Euro-
pean blocking highs. Section 6 examines the moisture budget
for precipitation events with pre-existing European blocking
highs. A summary and concluding remarks are provided in
Sect. 7.

2 Data and methods
2.1 Data

This study focuses on the extreme precipitation events over
South China (105-123°E, 20-32°N) that occurred during
the winter months from 1979 to 2013. In this study, the
winter of a specific year refers to December of that year,
and January and February (DJF) of the following year. In
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total, the analysis period includes 3159 winter days between
December 1979 and February 2014.

The observational precipitation data used herein is from
China Meteorological Administration (http://data.cma.cn/
data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY _
V3.0.html), which is constructed from observations taken
at the 2474 surface meteorological stations in China. To
avoid missing data bias in the analysis, stations having any
missing value during DJF 1979-2013 are excluded. In total,
there are 2252 surface stations over continental China with-
out any missing values (Fig. 1a). Specifically, the number
of surface stations without any missing values over South
China is 770, which is much denser than that in the west-
ern and northeastern parts of China. The relatively dense
station coverage in South China suggests that station-based
data in this area may have a high utility for recognizing and
characterizing precipitation events. The observed long-term
average precipitation during the DJF 1979-2013 time period
had its maximum in South China, with the average precipi-
tation at most stations exceeding 2 mm day~!. The overall
station-based average precipitation over South China during
DIJF 1979-2013 was 1.70 mm day ™.

In addition to the precipitation data, atmospheric state
data is taken from the National Centers for Environmen-
tal Prediction and the National Center for Atmospheric

Research reanalysis (NCEP-NCAR; Kalnay et al. 1996).
This data includes the daily geopotential height, winds, air
temperature, and specific humidity on 17 pressure levels
extending from 1000 to 10 hPa, sea level pressure, surface
pressure, near-surface air temperature and specific humidity
at 2 m height, precipitable water content, and surface down-
ward long wave radiation, latent and sensible heat fluxes.

If not explicitly noted, the daily anomalies for a variable
throughout this study are estimated with respect to the com-
posite average of that variable for each calendar day during
DIJF 1979-2013.

2.2 Identification of wintertime extreme
precipitation events over South China

The extreme precipitation events over South China are iden-
tified using the following procedure. First, for each winter
day, the station-based average precipitation for South China
is estimated as the average precipitation over all 770 stations.
Second, an extreme precipitation day is identified when the
station-based average precipitation exceeds the 90th per-
centile (4.86 mm day™") of all daily station-based average
precipitation. Using this criterion, there are a total of 316
days identified as having extreme precipitation. Third, any
time period with consecutive extreme precipitation days is
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recognized as an extreme precipitation event. In addition,
the definition also allows for an extreme precipitation event
to have one non-extreme precipitation day between two
extreme precipitation days. Based on this algorithm, there
were 183 extreme precipitation events detected during the
DIJF 1979-2013 time period.

2.3 Wave activity flux

The wave activity flux is a useful diagnostic tool for exam-
ining the energy dispersion characteristics associated with
a Rossby wave train (Plumb 1985; Takaya and Nakamura
2001; Wu et al. 2003; Tam and Li 2006). We use the hori-
zontal formulation of the wave activity flux W,, from Plumb
(1985), which is computed as:

1 0 !’ 62 !
() LY

p 242 cos? ¢ 022
WZd:_COS¢ ’ ’ 2. 1 ’ (1)
Po L A
2a2cosd - 94 0 010¢

where (4, ¢) are the longitude and latitude, p is the pressure,
D, is the reference pressure (p, = 1000 hPa), a is the radius
of Earth, and (y, w’) are the geostrophic streamfunction and
its deviation with respect to the zonal mean.

3 Basic characteristics of extreme
precipitation events

Figure 1b shows the distribution of the composite precipita-
tion for the 2252 surface stations without missing values for
the 316 extreme precipitation days identified by the algo-
rithm given in Sect. 2.2. The average precipitation for the
majority of the 770 surface stations in South China exceeded
10 mm day~!, while the overall average station-based pre-
cipitation in South China was 8.16 mm day™'. Further, dur-
ing these extreme precipitation days, there were 27 stations
in South China with average precipitation exceeding 15 mm
day~".

We have estimated the lifetimes for the 183 extreme pre-
cipitation events, which were comprised primarily of the
316 extreme precipitation days plus the few non-extreme
precipitation days that fall within a sequence of extreme pre-
cipitation days and get included by the selection algorithm.
The lifetimes of extreme precipitation events ranged from
one to nine days (Fig. 1c). The distribution being 102 events
with lifetimes of one day (55.7% of the total), 43 events with
lifetimes of two days (23.5%), 28 events with lifetimes that
ranged from three to four days (15.3%), and 10 events with
lifetimes that ranged from 5 to 9 days (5.5%). The station-
based average precipitation of these events ranged from
3.58 to 16.71 mm day~! (Fig. 1d), with 14 events having
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precipitation of less than 5 mm day ™', 148 events with pre-
cipitation that ranged from 5 to 10 mm day ™', and 21 events
with precipitation that exceeded 10 mm day ™.

Noticeable interannual variability can be observed in
the annual number of extreme precipitation events and the
associated annually-accumulated durations for each winter
during the study period (Fig. 1e). The annual number of
extreme precipitation events ranged from 2 to 11, while the
associated annually-accumulated duration ranged from 3
days to 21 days. The overall average of the annual number
of the extreme precipitation events was 5.23 with a standard
deviation of 2.31, while the overall average of the annually-
accumulated duration of these events was 9.74 days with a
standard deviation of 4.43 days.

4 A two-type classification of extreme
precipitation events

4.1 Synoptic circulation patterns during extreme
precipitation events

To identify the circulation patterns favorable to the 183
extreme precipitation events over South China, the compos-
ite geopotential height anomalies at four different pressure
levels (100, 300, 500, and 850 hPa) during the days belong-
ing to these events are presented in Fig. 2a—d. On nearly all
the four levels, significant anticyclonic and cyclonic anom-
alies can be observed over the region extending from the
Arabian Sea eastward to the west coast of North America.
The anomaly amplitudes were the largest on the 300 hPa
surface (Fig. 2b) and there were seven centers of action on
this surface; three anticyclonic anomalies centered at (70°E,
22.5°N), (132.5°E, 37.5°N), and (165°W, 50°N), and four
cyclonic anomalies centered at (77.5°E, 42.5°N), (105°E,
30°N), (165°E, 35°N), and (125°W, 47.5°N). Significant
anticyclonic and cyclonic anomalies of smaller magnitude
can also be observed near these seven centers on the other
three pressure surfaces, indicating that the associated circu-
lation pattern tends to be a barotropic response.

To depict the vertical structure of the associated circula-
tion patterns, we composite the geopotential height anoma-
lies on a vertical cross section that moves along with the
seven centers of action on the 300 hPa level for all extreme
precipitation events. Note that 17 isobaric surfaces (1000,
925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70,
50, 30, 20, and 10 hPa) are used to estimate the vertical
distribution. As shown in Fig. 2e, the extreme values of
the geopotential height anomalies were all located near the
300 hPa surface. Specifically, all seven anomaly centers
extended over nearly the entire troposphere (ranging from
100 to 1000 hPa; although they were not significant on some
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Fig. 2 Distributions of the
composite geopotential height
anomalies (contour and shading;
units: gpm) during all the 183
extreme precipitation events.
a—d The composite geopotential
height anomalies on the 100,
300, 500, and 850 hPa surfaces,
respectively. The green line
with seven points denotes six
great circle arcs between the
seven centers of action in the
geopotential height anoma-

lies on the 300 hPa surface. e
The vertical cross section of
composite mean of geopotential
height anomalies (units: gpm)
along the green line. Shading
indicates that the composite
value meets the 95% confidence
level based on two-tailed Stu-
dent’s ¢ tests
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surfaces), further confirming the barotropic characteristic of
the circulation pattern. Further, significant cyclonic anoma-
lies spanned from the Caspian Sea to South China. Note
that, the cyclonic anomalies in the lower troposphere (850
hPa) covered more area of South China than those in the
middle and upper troposphere. On one hand, these cyclonic
anomalies were conducive to updrafts that would lead to
precipitation over South China. On the other hand, these
cyclonic anomalies also corresponded to weakened northerly
winds along the coastal areas of East Asia and surrounding
oceans, which was conducive to the transport of water vapor
from the surrounding oceans into South China. The role of
these cyclonic anomalies on the updraft and water vapor
transport will be analyzed in Sects. 5.1 and 6.

4.2 Time evolution of the circulation patterns
for extreme precipitation events

To understand the triggering mechanism for wintertime
extreme precipitation events over South China, it is nec-
essary to understand the formation mechanisms for the
circulation patterns favorable to extreme precipitation
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132.5°E

35°N
165°E

50°N
165°W
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events. This subsection uses composite analysis on the
300 hPa surface to identify precursor signals favorable to
the development of circulation patterns leading to extreme
precipitation events. The composite analysis is conducted
as follows: First, the time evolution of physical variables
for each extreme precipitation event are formulated as
X = X(i,j,n), where (i, j) are the grid point indices along
the zonal and meridional directions, respectively, and # is
the index for the day relative to the onset of the extreme
precipitation event. Second, we compute a temporal com-
posite of the 183 extreme precipitation events, so that the
composite distribution of X on day # is the average of X
for all extreme precipitation events on day n.

Figure 3 illustrates the time evolution of the horizontal
distribution of the composite geopotential height anoma-
lies on the 300 hPa surface from day — 12 to day +4 at
an interval of 2 days. At the onset of precipitation events
(day 0; Fig. 3g), the circulation pattern was similar to that
during the periods of all the events (Fig. 2b). Specifically,
on day 0, there were cyclonic anomalies that spanned from
the area east of the Caspian Sea to South China (Fig. 3g)
with a center located over South China.
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Fig.3 Time evolution of the
composite geopotential height
anomalies (contour and shad-
ing; units: gpm) on the 300 hPa
surface from day — 12 to day + 4
(with an interval of 2 days) for
all the 183 extreme precipitation
events. Shading indicates that
the composite value meets the
95% confidence level based on
two-tailed Student’s ¢ tests

(a)pay-12,

About 10 days prior to the onset of extreme precipi-
tation, an anticyclonic anomaly formed over Western
Europe (Fig. 3b; day — 10). This anticyclonic anomaly
lasted from day — 10 to around day — 2 (Fig. 3b—f), giving
it an estimated lifetime of ~ 9 days. Since no significant
movement in the center of the anticyclonic anomaly was
observed over its lifetime, this anomaly can be viewed as
a quasi-stationary blocking high over Europe (Barriope-
dro et al. 2006; Diao et al. 2006; Woollings et al. 2008;
Cheung et al. 2012; Davini et al. 2012, 2014). On day — 8,
two cyclonic anomalies formed downstream of the Euro-
pean anticyclonic anomaly (Fig. 3c). Six days after the
formation of the European anticyclonic blocking anomaly,
a Rossby wave-like train had formed consisting of the
persistent European anticyclonic anomaly, two cyclonic
anomalies downstream of the European anticyclonic
anomaly, an anticyclonic anomaly over the Arabian Sea,
and a cyclonic anomaly over East Asia (Fig. 3e—f; day —4
and — 2 ). As the onset of the extreme precipitation events
approached, the cyclonic anomaly over East Asia slowly
moved towards South China (Fig. 3e—g), significantly
intensifying the cyclonic anomaly over South China.
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4.3 Atwo-type classification based
on the pre-existing European blocking

Since persistent, quasi-stationary, anticyclonic anomalies
were present over Western Europe prior to the onset of
extreme precipitation events, the European blocking events
may play a dominant role in the formation of favorable
circulation patterns necessary for the development of
extreme precipitation events over South China during
winter. Therefore, it is important to determine whether
every extreme precipitation event over South China was
preceded by a European blocking event.

In this subsection, the 183 identified extreme precipita-
tion events are classified into two different types depend-
ing on whether or not a European blocking circulation
pattern existed any time from day — 10 to the onset of the
extreme precipitation event. The atmospheric blocking
event tracking algorithm developed by Barriopedro et al.
(2006) is used to judge whether the circulation pattern for
a specific day is associated with European blocking. This
algorithm includes the following three steps: First, identify
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all blocked longitudes within 5°W-45°E by calculating the
following three indices:

Z(A9)=Z(Abs)
HGS = 0 s
GHGS ra—y

_ Z(A9Nn)—Z(Adg)
GHGN = 2] )

Zono = Z(4, ) — Z(4, ¢y)

where Z(4, ¢) is the daily geopotential height at 300 hPa for
the grid cell centered at longitude A and latitude ¢p, GHGS
and GHGN represent the meridional gradients of the geo-
potential height over the southern and northern latitudes,
respectively and Z,, is the daily geopotential height anom-
aly with respect to the average over all the days with the
same calendar date. Note that when applying the algorithm,
the geopotential height must be on a uniform longitude-lat-
itude grid with a resolution of 2.5°. Also note that although
the original algorithm was applied to the geopotential height
at 500 hPa, a change to 300 hPa was done for this study to
be consistent with the pressure level used in the composite
analysis in Sects. 4.1 and 4.2. The ¢y, ¢, and ¢ have the
following values:

5 = 40.0°N + A
¢o = 60.0°N + A X
by =T15°N+A : 3)

A=-50°-25°0,25°75.0°

where the five different values of A correspond to five differ-
ent sets of the three indices in Eq. (2). A longitude is defined
as ‘blocked’ when the three indices in Eq. (2) meet the fol-
lowing conditions for at least one of the five A:

GHGS >0
GHGN < —10 gpm(°lat)~" . )
ZHHO > O

Second, a day is considered ‘associated with European
blocking’ when at least five consecutive longitudes (12.5°)
within the region (5°W—-45°E) are determined to be blocked.
Third, an extreme precipitation event is regarded as ‘associ-
ated with European blocking” when there is at least one day
identified as possessing European blocking during the period
between day — 10 to day —1. We do not take into account the
persistence of the blocking event, due primarily to the pos-
sibility that atmospheric blocking may originate from the
upstream of the region under analysis (5°W-45°E) and/or
initialize before day — 10.

After applying this algorithm, the number of the extreme
precipitation events determined to be associated with and
without European blocking are 141 and 42, accounting for
77.0% and 23.0% of the precipitation events, respectively.
Hereafter, the two types of precipitation events are referred
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Fig.4 Longitudinal distribution of blocking frequency at 300 hPa
during DJF 1979-2013 and different phases of the two types of
extreme precipitation events

to as blocking precipitation events and non-blocking pre-
cipitation events. The above algorithm has been applied to
calculate the blocking frequency for the entire Northern
Hemisphere. Figure 4 displays the longitudinal distribution
of the blocking frequency at 300 hPa for wintertime clima-
tology and different phases prior to the onset of both types of
extreme precipitation event. The average of the wintertime
blocking frequency over Western Europe (5°W-45°E) dur-
ing DJF 1979-2013 was 17.2%. For non-blocking precipi-
tation events, the average blocking frequency over Western
Europe dropped to 0.1% during both the — 10 to — 3 day time
period and the — 2 to — 1 day time period. For the blocking
precipitation events, the average blocking frequency over
Western Europe increased to 25.8% during the — 10 to — 3
day time period and 23.6% during the — 2 to — 1 day time
period. These results are consistent with the longitudinal
distribution of blocking frequency at 500 hPa (Fig. S1 in
Supplementary Material). The horizontal distributions of the
precipitation for the two types of precipitation events are
shown in Fig. S2. The average precipitation for the blocking
type events (7.78 mm day ') was slightly larger than that for
the non-blocking type events (7.63 mm day™!), but the dif-
ference was not statistically significant.

As most (77%) of the wintertime extreme precipitation
events over South China were preceded by European block-
ing events, we focus mainly on the formation mechanism for
the blocking precipitation events.

5 Circulation and temperature anomalies
associated with blocking precipitation
events

5.1 Time evolution of circulation patterns

Figure 5 displays the time evolution of the composite geo-
potential height anomalies and horizontal wave activity
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Fig.5 Time evolution of the (a)Day -12

(b) Day -10

composite geopotential height
anomalies (contour and shad-
ing; units: gpm) and horizontal
wave activity fluxes (vector;
units: m? s~2) on the 300 hPa 0°

90°N
60°N +

30°N A

surface from day — 12 to day (
+ 4 (with an interval of 2 days)

90°N
for the 141 extreme precipita-
tion events with pre-existing
European blocking highs. Shad-
ing indicates that the composite o
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meets the 95% confidence level 00°N

based on two-tailed Student’s ¢
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fluxes on the 300 hPa pressure surface for the 141 block-
ing precipitation events. Similar to the time evolution of the
composite geopotential height anomalies for all extreme
precipitation events (Fig. 3), the European blocking-related
anticyclonic anomalies for the blocking type events also
lasted from day — 10 to day — 2 (Fig. 5Sb—f). Compared to the
composite for all precipitation events (Fig. 3b—f), the anti-
cyclonic anomalies for the blocking type events were more
intense and of larger horizontal scale. The presence of the
European blocking provided continuous wave activity fluxes,
which effectively triggered and strengthened the downstream
cyclonic anomalies from day — 8 to day — 2 (Fig. 5c—f). One
of these cyclonic anomalies, which evolved from a cyclonic
anomaly over the Mediterranean Sea on day — 10 (Fig. 5b),
was located over the Caspian Sea (near 45°E) on day — 8
(Fig. 5¢), while the other cyclonic anomaly formed directly
over Central Siberia (70°-90°E) on day — 8 (Fig. 5¢).

On day — 2, when the European blocking had significantly
weakened, the above two cyclonic anomalies propagated
slightly eastward and merged with the cyclonic anomaly
over East Asia (Fig. 5f) that appeared on day — 4 (Fig. 5e).
In particular, the decay of the European blocking was con-
ducive to the recovery of the powerful westerly winds (Tyrlis
and Hoskins 2008), which were favorable to the eastward
propagation of cyclonic anomalies. As a consequence, the
spatial extent of cyclonic anomalies over East Asia expanded
remarkably. On day — 2, together with anticyclonic anoma-
lies located over the Arabian Sea and Western Europe, these
cyclonic anomalies constituted a Rossby-like wave train
similar to the circumglobal teleconnection pattern over the
Eurasian sector during winter (cf. Fig. 3a of Hu et al. 2017).
The possible relationship to the circumglobal teleconnection
pattern is analyzed further in Sect. 5.2. However, it should
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be noted that the anticyclonic anomaly over the Arabian Sea
was relatively weak and only observed on day — 2 (Fig. 5f),
suggesting its transport of wave activity to the cyclonic
anomaly over South China was weak. Therefore, the east-
ward propagation of the cyclonic anomalies downstream of
the European anticyclonic anomaly played an essential role
in the formation of the cyclonic anomaly over South China.

By day 0, the cyclonic anomalies to the west of 45°E had
disappeared (Fig. 5g), while the majority of South China was
covered by the cyclonic anomalies. Meanwhile, to the north-
east of East Asia there were significant anticyclonic anoma-
lies, which were triggered by the downstream wave activity
flux from the cyclonic anomalies. This East Asian circula-
tion pattern led to southerly wind anomalies over the coastal
areas of East Asia, which were conducive to the transporta-
tion of water vapor from the coastal ocean to South China.
By days + 2 and + 4 (Fig. 5h, i), both the cyclonic anomaly
over South China and the downstream anticyclonic anomaly
had weakened remarkably relative to day 0, indicating that
the extreme precipitation event was approaching its end.

In addition to the horizontal circulation, the vertical motion
is also analyzed to further investigate the role of the favorable
circulation pattern on extreme precipitation events over South
China. Figure 6 shows the time evolution of the vertical cross
section of the meridionally-averaged relative vorticity anom-
alies and wind anomalies within 20-32°N for the blocking
type events. By day — 8, there were significant positive relative
vorticity anomalies and anomalous ascending motions around
100-110°E, but they were relatively weak and confined to the
lower troposphere (1000-850 hPa; Fig. 6¢). As the East Asian
cyclonic anomaly initialized on day — 4 (Fig. 5e), significant
positive relative vorticity anomalies appeared in the middle
and upper troposphere (500-300 hPa) around 90°E. Due to the
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Fig.6 Time evolution of the vertical cross section of the meridion-
ally-averaged composite relative vorticity anomalies (contour and
shading; units: 107 s~!) and wind anomalies (zonal and vertical
components; vector; units: zonal in m s~!, vertical in Pa s™') over the
South China region within 20-32°N from day — 12 to day +4 (with
an interval of 2 days) for the 141 extreme precipitation events with

eastward propagation of these cyclonic anomalies (Fig. 5f), the
positive relative vorticity anomalies over East Asia were sig-
nificantly enhanced and occupied nearly the entire troposphere
(Fig. 6f) and enhanced anomalous ascending motions can be
observed. At the onset of the extreme precipitation event, the
positive relative vorticity anomaly and the anomalous ascend-
ing motion reached their maximum intensity (Fig. 6g). These
anomalous ascending motions were conducive to the lift-
ing and condensation of water vapor and feed the enhanced
precipitation over South China. As the extreme precipitation
event approached its end, both the positive relative vorticity
and ascending motion anomalies weakened dramatically rela-
tive to their levels on day O (Fig. 6g—1).

5.2 Possible relationship to the circumglobal
teleconnection pattern

As mentioned in Sect. 5.1, the circumglobal teleconnection
pattern may play a role in the formation of blocking-type

0.2

04 06 08 1

pre-existing European blocking highs. The sign of vertical velocity
(@) is reversed to make the ascending motions in the upward direc-
tion. Shading and vector indicate that the composite values meet the
95% confidence level based on two-tailed Student’s ¢ tests. Vector
is plotted if wind anomalies are significant in at least one direction
(zonal or vertical)

precipitation events. Following Branstator (2002), based on
the empirical orthogonal function (EOF) analysis technique,
the circumglobal teleconnection pattern over the Eurasian
sector is obtained as the leading mode of monthly-mean
nondivergent meridional wind anomalies at 300 hPa in the
region 0-120°E, 0-45°N during DJF 1979-2013. As dis-
cussed by Branstator (2002), the nondivergent meridional
wind is chosen in lieu of geopotential height or stream-
function because this variable has no zonal mean and thus
emphasizes circulation anomalies with shorter zonal scales
trapped in the jet stream. The leading mode can explain
28.2% of the total variance. Figure 7a shows the spatial dis-
tribution of nondivergent meridional wind anomalies dur-
ing the winter months of 1979-2013 regressed against the
normalized PC1, which can be viewed as the spatial expres-
sion of the circumglobal teleconnection. The circumglobal
teleconnection pattern is a zonally-oriented wave train char-
acterized by alternating centers of northerlies and souther-
lies extending from Western Europe to East Asia. This wave
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Fig.7 Spatial distributions of monthly a nondivergent meridi-
onal wind anomalies (contour and shading; units: m s™') and ¢ geo-
potential height anomalies (contour and shading; units: gpm) on
the 300 hPa surface regressed onto the normalized PC1 of monthly
nondivergent meridional wind anomalies at 300 hPa in the 0-120°E,
0-45°N domain during DJF 1979-2013. The explained variance is
shown in the top right corner of panel a. Shading indicates that the
regression is significant at the 95% confidence level based on a two-
tailed Student’s ¢ test. b Composite evolution of the normalized PC1

train is essentially an eastward-propagating Rossby wave
packet traveling within the local time-mean jet core (Feld-
stein and Dayan 2008). The trapping effect of the jet stream
on anomalies in the wave train inhibits meridional dispersion
and enables the circumglobal teleconnection pattern to span
nearly all longitudes in the Northern Hemisphere. A daily
index for the circumglobal teleconnection pattern is obtained
by projecting daily nondivergent meridional wind anomalies
onto the spatial pattern of the leading mode. This daily index
is normalized to have a mean of zero and a standard devia-
tion of one over DJF 1979-2013.

Figure 7b shows the composite time evolution of the
circumglobal teleconnection pattern index for the Eura-
sian sector before and during blocking-type precipitation
events. The period from day — 6 to day — 2 before blocking-
type precipitation events was characterized by significant
positive indices, with a peak value on day — 2 (Fig. 7b),
coincident with the formation of a Rossby-like wave train
over the Eurasian continent (Fig. 5f). Southerly wind
anomalies prevailed at 300 hPa over South China under the
positive phase of the circumglobal teleconnection pattern
(Fig. 7a). Southerly wind anomalies were also evident in
the lower troposphere over South China at this time (Fig.
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(bar) for the 141 extreme precipitation events preceded by European
blocking highs. The P-value of the composite index for each day is
estimated using a two-tailed Student’s ¢ test. P-values smaller than
0.05 are denoted by blue stars; those larger than 0.05 are denoted by
red circles. d Time evolution of area-weighted pattern correlations
(AWPCs) between the composite geopotential height anomalies over
the region of 0-120°E, 0-45°N for the blocking precipitation events
and the regression maps of the geopotential height against the nor-
malized PC1 from day — 12 to day + 4 (with an interval of 2 days)

S3 in supplementary material), favoring enhanced mois-
ture transport from the south. Figure 7c¢ shows 300-hPa
geopotential height anomalies regressed onto the normal-
ized PC1 during the winter months of 1979-2013. The
positive phase of the circumglobal teleconnection pattern
was characterized by anticyclonic anomalies over Western
Europe and the Arabian Sea and cyclonic anomalies over
the Mediterranean Sea and western parts of East Asia.
This structure evoked the composite circulation pattern on
day — 2 (Fig. 5f). Figure 7d shows the evolution of area-
weighted pattern correlations (AWPC) between composite
geopotential height anomalies within 0-120°E, 0-45°N
and geopotential height anomalies regressed onto the
normalized PC1 before and during blocking-type extreme
precipitation events. The AWPCs ranged from 0.59 to 0.73
for the days with significant positive composite PC1 indi-
ces (days — 6 through — 2; Fig. 7b), further confirming the
similarity between the circumglobal teleconnection pattern
and circulation pattern that favored blocking-type extreme
precipitation events over South China. We therefore argue
that blocking-type precipitation events over South China
were closely related to the positive phase of the circum-
global teleconnection pattern in the Eurasian sector.



A possible mechanism for the occurrence of wintertime extreme precipitation events over South...

5.3 Time evolution of temperature anomalies

The time evolution of surface temperature and sea level pres-
sure anomalies during blocking-type extreme precipitation
events is shown in Fig. 8. In the blocking type precipita-
tion events, from day — 10 to day — 4, significant surface
anticyclonic anomalies were present over Western Europe,
suggesting the barotropic characteristic of the Western Euro-
pean blocking (Fig. 8b—e). Upstream of these surface anticy-
clonic anomalies, there were southerly winds associated with
warm advection. As a consequence, there were significant
warm surface temperature anomalies over the Scandinavian
Peninsula from day — 10 to day — 4. Downstream of these
surface anticyclonic anomalies, there were northerly winds
associated with cold advection. Therefore, there were sig-
nificant cold surface temperature anomalies to the west of
Caspian Sea from day — 8 to day O (Fig. 8c—g).

In the blocking type precipitation events, there were weak,
but significant negative sea level pressure anomalies down-
stream of the anticyclonic anomalies over Western Europe
from day —8 to day — 6 (Fig. 8c, d), indicating an inhibition
of the Siberian High during this period (black line in Fig. 9).
Note that herein the intensity of Siberian High is defined
as the area-averaged sea level pressure anomaly within the
domain 80-120°E, 40-60°N (Wu and Wang 2002). As a
consequence, significant and well-organized warm tempera-
ture anomalies existed over South China during the period
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Fig.9 Time evolution of area-averaged composite surface tempera-
ture anomalies (units: K; red line) and specific humidity anomalies
at 2 m height (units: g kg™'; blue line) over the land areas of South
China (105-123°E, 20-32°N), and composite Siberian High index
anomalies (units: hPa; black line) from day — 12 to day +4 (with an
interval of 2 days) for the 141 extreme precipitation events with pre-
existing European blocking highs

from day — 6 to day — 2 (Fig. 8d-f). According to the Clau-
sius-Clapeyron relationship (Trenberth et al. 2003; Held and
Soden 2006; O’Gorman and Muller 2010), the pre-existence
of warm anomalies led to the formation of positive specific
humidity anomalies in the lower troposphere over South
China (blue line in Fig. 9). However, these negative sea level
pressure anomalies disappeared by day — 4 (Fig. 8e). On
day — 2, significant surface cyclonic anomalies were present
to the southwest of Lake Baikal (Fig. 8f), which was the
surface signature of the eastward movement of the upper
tropospheric cyclonic anomaly (Fig. 5f).
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Fig.8 Time evolution of the composite surface temperature anoma-
lies (shading; units: K) and sea level pressure anomalies (contour
with an interval of 2 hPa; units: hPa) from day — 12 to day + 4 (with
an interval of 2 days) for the 141 extreme precipitation events with
pre-existing European blocking highs. Only the surface temperature
anomalies that meet the 95% confidence level based on two-tailed

Student’s ¢ tests are plotted. Negative (positive and zero) contours
are shown by red (black) lines. Red (black) dotted areas indicate that
the negative (positive and zero) composite sea level pressure anom-
alies meet the 95% confidence level based on two-tailed Student’s ¢
tests. Regions bounded by blue lines have surface altitudes exceeding
2500 m
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At the onset of the blocking type precipitation events,
significant surface cyclonic anomalies moved into South
China and overlapped with the pre-existing warm tempera-
ture anomalies (Fig. 8g). Moreover, the sea level pressure
anomalies to the north of South China were significantly
enhanced, which was associated with a southward move-
ment of cold temperature anomalies (not significant; Fig.
S4) and rapid intensification of the Siberian High (black line
in Fig. 9). On day 0, the scattered cold temperature anoma-
lies over North China and the pre-existing warm tempera-
ture anomalies formed a frontal structure. On day +2, the
cold temperature anomalies replaced the pre-existing warm
temperature anomalies, so that warm temperature anoma-
lies were only present over the adjacent ocean (Fig. 8h).
Although the cold anomalies to the north of the pre-existing
warm temperature anomalies were relatively weak before
the onset of the extreme precipitation event, their collision
with the pre-existing warm temperature anomalies played
an indispensable role in the formation of the blocking type
of precipitation events.

When the blocking type precipitation events appeared
over South China, the Siberian High was remarkably
enhanced, and a cold surge arrived. Figure S5 in the Supple-
mentary Material displays the composite geopotential height
and horizontal wind anomalies on the 850 hPa surface for
the blocking extreme precipitation events on days — 2, 0,
and + 1. At day — 2, there were no northerly wind anoma-
lies over South China (Fig. S5a). However, the blocking
precipitation events possessed easterly wind anomalies that
formed around 35°N on day 0, concurrently with significant
northerly wind anomalies that formed in the northwestern
part of South China (Fig. S5b). By day + 1, the northerly
component of the wind anomalies over South China was
significantly intensified (Fig. S5c). According to Wu and
Chan (1995, 1997), the concurrence of increased sea level
pressure, reduced surface temperature, and strengthened
northerly winds indicated the arrival of the northerly type
of monsoon surge, which is usually associated with the pas-
sage or formation of a cold front.

A heat budget analysis is conducted to further examine
the variations in temperature over land areas of South China.
Following Yao et al. (2017), the tendency of surface air tem-
perature includes four components: horizontal temperature
advection (7 ,4yection)» @diabatic warming or cooling by verti-
cal motion (7 ,4;,paic)» the surface downward infrared radia-
tion (IR) flux, and the sensible and latent heat (SLH) fluxes.
The first two components (7 ,4yection @A Tygiabatic) are esti-
mated on the 850 hPa surface (Yanai et al. 1973; Yanai and
Tomita 1998), while the other two components are calcu-
lated at the surface. As demonstrated in Sect. 5.1, blocking-
type extreme precipitation events were typically triggered by
the eastward propagation of cyclonic anomalies into South
China prior to day 0. The area downstream of such cyclonic
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anomalies was dominated by southerly wind anomalies asso-
ciated with warm advection. The warmer air introduced by
southerly wind anomalies can warm the underlying land sur-
face of South China through downward sensible heat flux.
Meanwhile, updrafts associated with the cyclonic anomalies
not only led to adiabatic cooling but also favored the forma-
tion of deep convective clouds that increased the downward
IR flux to the surface. As a consequence, T4 ecrions IR, and
SLH all contributed to the near-surface temperature increase
over South China leading up to the onset of blocking-type
extreme precipitation events (day — 6 ~day — 2; Fig. 10a, c,
d). The contribution from T, ;... tended to reduce air tem-
perature (Fig. 10b). The net effect of the four components
was to warm the atmosphere above South China prior to
the occurrence of the extreme precipitation. The onset of
the extreme precipitation event (day 0) was characterized
by a sharp increase in the amplitude of the cooling induced
by vertical motion (7 ,gi,paic; Fig. 10b), associated with the
amplification of the cyclonic anomaly over South China. By
contrast, the warming tendency due to horizontal advection
(T yavection) 18 slightly reduced during and after onset relative
to its peak value on day —2 (Fig. 10a), further confirming
the existence of cold advection southward into the northern
parts of South China.

6 Moisture budget analysis for the blocking
precipitation events

Moisture supply plays an essential role in the formation of
precipitation events (Li and Zhou 2016; Li et al. 2016). This
section is devoted to understanding the moisture budget for
the blocking precipitation events. According to Trenberth
and Guillemot (1995), the moisture budget equation can be
written as:

P
P=—0—W—V-l/ qvdp + E, 5)
ot 8 Jp,
where P is the precipitation, g is the acceleration of gravity,
q is the specific humidity, p is the pressure, p, is the pressure
at surface, p, is the pressure at 300 hPa, v is the horizontal
wind vector, w is the precipitable water (defined as the mass-
weighted vertical integral of the specific humidity:
w= i fp ’j " qdp), and E is the moisture evaporation from the

surface. The second term on the right-hand side of Eq. (5)
represents the contribution to the precipitation by moisture
convergence, which is calculated as the sum of the moisture
fluxes across the boundaries of South China. These bounda-
ries include the western boundary (red line in Fig. S6), the
northern boundary (yellow line in Fig. S6), and the curved
southeastern coastal boundary between South China and the
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adjacent ocean. The moisture flux across the southeastern
coastal boundary is divided into zonal and meridional com-
ponents. The zonal/meridional component of the moisture
flux is calculated as the sum of moisture fluxes across the
eastern/southern boundaries (blue/green lines in Fig. S6) of
all the grid cells along the southeastern coastal boundary.
Therefore, the zonal and meridional components of the
moisture flux across the southeast coastline can be viewed
as the moisture flux across an eastern boundary and a south-
ern boundary of South China.

Figure 11 displays the time evolution of the contribu-
tions of the three terms on the right hand of Eq. (5) for
the blocking precipitation events. Both of the water vapor
transport terms (the second term; the sum of the vertically-
integrated moisture fluxes across the four boundaries of
South China; black line in Fig. 11a) and local evaporation
(the third term; orange line in Fig. 11a) made positive
contributions to moisture over South China throughout the
period from day — 6 to day +4. On day — 2, the water vapor
transport reached its peak, which was nearly double the
contribution from local evaporation. However, the extreme
precipitation events did not appear on day — 2, mainly
because the moisture increase due to water vapor trans-
port transformed into the precipitable water (the first term;
green line in Fig. 11a, b). On day 0, in spite of the reduc-
tion in the water vapor transport, the extreme precipitation
events were initiated, primarily due to the condensation

T

advection | adiabatic

of precipitable water. The reduction of precipitable water
on day 0 was closely related to the approach of the cold
anomalies (Fig. 8g), which weakened the moisture holding
capacity of the atmosphere. Apart from a slight enhance-
ment due to the wetter land surface after the onset of the
precipitation events, the local evaporation was relatively
constant throughout the period from day — 6 to day +4
(orange line in Fig. 11a, b).

Figure 11c, e illustrates the time evolution of the water
vapor transport across the four boundaries. Throughout
the period from day — 6 to day + 4, in blocking precipita-
tion events, the water vapor transport across the southern
and western boundaries made positive contributions to the
moisture increase over South China, while the contribu-
tions across the northern and eastern boundaries were nega-
tive. On nearly all the days from day — 6 to day +4 with
the exception of day 0, the water vapor transport across the
western boundary exceeded that across the southern bound-
ary. At day 0, the water vapor transport across the southern
boundary increased rapidly, due to the eastward movement
of the cyclonic anomalies (with southwesterly wind anoma-
lies on their eastern edge) prior to the onset of the precipi-
tation events (Fig. S5b). Correspondingly, the water vapor
transport across the eastern boundary also intensified dra-
matically on day 0. Because the increase in the water vapor
transport across the southern boundary was nearly offset by
that across the eastern boundary, the peak in the net water
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Fig. 11 Time evolution of a contributions to the precipitation by
three physical processes, i.e., the local rate of precipitable water
(—‘;—Vtv; units: 10® kg s71), convergence of the vertically-integrated
water vapor transports (WVT; units: 10® kg s™') and evaporation (E;
units: 10% kg s71), ¢ the vertically-integrated water vapor transports
(units: 10% kg s™1) across the western and southern boundaries, and
e the vertically-integrated water vapor transports (units: 103 kg s~")

vapor transport across the regional boundaries appeared on
day — 2 rather than on day O (black line in Fig. 11a).

A lag correlation between the area-averaged sea level
pressure anomalies over South China (the sign has been
reversed) and the vertically-integrated water vapor fluxes
and their divergence during DJF 1979-2013 is conducted
to understand the impact of the cyclonic anomaly on the
water vapor transport (Fig. 12). About two days before the
cyclonic anomaly reached its peak over South China, there
were weak, but significant moisture convergences (with neg-
ative correlations of —0.2 ~ —0.1) over the northern part
of South China and the adjacent ocean (Fig. 12c). Mean-
while, there were also significant southwesterly water vapor
transports (the magnitude of the correlation coefficient is ~
0.3) emanating from southeastern Asia and the South China
Sea into South China. As the cyclonic anomaly over South
China reached its peak, these southwesterly water vapor
transports reached their maximum (Fig. 12d) and the cor-
relation between the cyclonic anomaly and the moisture con-
vergence over South China and adjacent ocean also reached
their peaks (—0.4 ~ —0.3), indicating they were highly
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across the eastern and northern boundaries from day — 6 to day +4
(with an interval of 2 days) for the 141 extreme precipitation events
with pre-existing European blocking highs. The anomalies for the
quantities in a, ¢, and e relative to the average during DJF 1979-2013
are given in b, d, and f. In panels b, d, and f, the composite value
with a P value not exceeding 0.05 based on the two-tailed Student’s ¢
tests is denoted by a dot

synchronized. After the cyclonic anomaly peaked, the inten-
sity of the southwesterly water vapor transport significantly
weakened, and the area of moisture convergence retreated
to the adjacent ocean (Fig. 12e, f).

The correlations between the area-averaged sea level
pressure anomalies over South China (the sign has been
reversed) and the water vapor transports across the four
boundaries of South China and their sum were calculated
for blocking precipitation events on day 0. The correlation
coefficients for the 141 blocking type precipitation events
were 0.20 (western), 0.44 (southern), — 0.28 (eastern), — 0.37
(northern), and 0.18 (the sum of the four boundaries), all of
which were significant at 95% confidence level. Therefore,
the presence of the cyclonic anomalies was conducive to
the moisture increase over South China by the water vapor
transport across the western and southern boundaries and
was favorable to the moisture decrease by the water vapor
transport across the eastern and northern boundaries. The
net effect of the cyclonic anomalies over South China was
conducive to the moisture convergence and thus the extreme
precipitation over South China.
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7 Summary and concluding remarks

Based on the precipitation data from 770 surface stations
within South China, 183 extreme precipitation events were
identified during the study period. It was determined that
cyclonic anomalies over South China play an essential role
in the formation of extreme precipitation events through
the strengthening of updrafts and horizontal moisture
convergence.

Composite analysis of circulation anomalies in the
upper troposphere (300 hPa) reveals that a European block-
ing event often preceded the formation of such a cyclonic
anomaly over South China, with a lead time of about 10
days. Using an atmospheric blocking tracking algorithm, it
is found that 141 extreme precipitation events (about 77% of
the total) were preceded by European blocking events. The
formation mechanism for these 141 extreme precipitation
events has been explored. The generation and downstream
propagation of wave activity fluxes organized a Rossby
wave train consisting anticyclonic anomalies over Western
Europe and the Arabian Sea, along with cyclonic anomalies
downstream of the blocking high over Western Europe and

cyclonic anomalies over East Asia. The spatial pattern of the
circulation anomalies in this Rossby wave train evoked the
positive phase of the circumglobal teleconnection.

In addition to the role played by remote circulation anom-
alies, local surface temperature anomalies also contributed
to the develpoment of blocking-type precipitation events.
In the lead-up to blocking-type events, warm anomalies
emerged over South China with a lead time of 6 days. A heat
budget analysis reveals that these warm surface air tempera-
ture anomalies originated mainly because of warm advec-
tion downstream of the cyclonic anomalies and enhanced
downward long-wave fluxes due to the formation of clouds.
The presence of near-surface warm anomalies supported a
build-up of water vapor in the lower atmosphere. As a con-
sequence, moisture increases due to large-scale convergence
and local evaporation drove an increase in precipitable water
rather than immediate precipitation. A moisture budget anal-
ysis suggests that the moisture for these extreme precipita-
tion events entered South China mainly across the western
and southern boundaries. Further, cold anomalies arrived in
South China from the north around the onset of the extreme
precipitation events. These cold anomalies displaced warm,
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moist air upward and reduced the overall moisture holding
capacity of the atmosphere, leading to the occurrence of
extreme precipitation.

Our study is distinguished from previous synoptic per-
spective studies (Zong et al. 2014; Lou et al. 2017; Ding
and Li 2017) that focused on the extreme precipitation
events over South China in the following aspects: First, our
study considers not only the 38 persistent extreme precipita-
tion events with lifetimes > 3 days, but also the 145 short-
lived extreme precipitation events with lifetimes < 3 days.
Therefore, the conclusions drawn from this study apply to
extreme precipitation events of any duration. Second, in the
previous studies, extreme precipitation events were found
to be primarily triggered by a Rossby wave train associ-
ated with anticyclonic anomalies over the Arabian Sea, and
the role of European blocking was not emphasized. In our
study, the Rossby wave train was found to only associated
with scatted anticyclonic anomalies over the Arabian Sea.
By contrast, our study reveals that the European blocking
plays the dominant role in the formation of the majority of
extreme precipitation events over South China. Third, in our
study, pre-existing warm anomalies and rapid near-surface
temperature drops are found to play important roles in the
formation of extreme precipitation events. These features
were not identified or examined by the previous studies.

It is important to note that most of the severe cold surges
over East Asia (including South China) are usually trig-
gered by the Ural blocking events (Cheung et al. 2013, 2015;
Luo et al. 2016a, b; Yang et al. 2017). Therefore, while the
European and Ural blocking events occur over different
upstream regions, we can conclude that the blocking activi-
ties upstream of South China favored both extreme precipita-
tion events and severe cold surges over South China.

We have classified precipitation events into two types in
this paper based on the existence or absence of a block-
ing high over Western Europe, and examined the mecha-
nisms behind the 77% of these events that were preceded by
blocking highs over Western Europe. This does not preclude
the other perspectives for exploring the possible formation
mechanisms. We could also classify the precipitation events
under consideration into different types according to: (1) the
existence of pre-existing warm surface temperature anoma-
lies over South China; (2) the existence of a sharp tempera-
ture front during the precipitation event; (3) the intensity of
the pre-existing Siberian High; (4) the moisture sources for
the precipitation, or the other perspectives. Exploring the
formation of the precipitation events from these perspec-
tives may further promote our understanding and improve
the predictability of the wintertime extreme precipitation
events over South China.
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