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Abstract: Based on the NCEP/NCAR reanalysis dataset and in situ meteorological observations of daily precipitation in
boreal summer from 1979 to 2008, the features of circulation anomalies have been investigated using the composite
analysis for the extreme events and non-extreme events of regional mean daily rainfall (RMDR) occurring over the mid-
and lower- Yangtze valley (MLYV). The extreme RMDR (ERMDR) events are the events at and above the percentile
99 in the rearranged time-series of the RMDR with ascending order of rainfall amount. The non-extreme RMDR events
are those at the percentiles 90-85 and 80-75 separately. Our results suggest that the threshold value is 25 mm/day for
the ERMDR at percentile 99. Precipitation at all the percentiles is found to occur more frequently in the Meiyu rainfall
season in MLYV, and the ERMDR events have occurred with higher frequency since the 1990s. For the percentiles-as-
sociated events, the MLYV is under the control of an anomalous cyclonic circulation in the mid- and lower- tropo-
sphere with vastly different anomalous circulation at higher levels. However, at both low and high levels, the ERMDR
events-related anomalous circulation is stronger compared to that linked to the non-ERMDR events. The dominant
sources of water vapor differ between the ERMDR and non-ERMDR events. During the ERMDR events plentiful water
vapor is transported from the Bay of Bengal into the MLYV directly by divergence while there is distinctly increased
water vapor from the South China Sea (SCS) in non-RMERMDR episodes. The diabatic heating rates < (>, < ()> and
< Q> - < (> have their anomalous patterns and are consistent with each other for these percentiles but their strength
decreases markedly with the drop of rainfall intensity. For the precipitation at percentiles 99 and 90-85, the sea surface
temperature anomalies (SSTA) in the Pacific distribute positively (negatively) in the south (north), and are stronger
when the ERMDR emerges, with little or no SSTA as the events at percentile 80-75 occur. Besides, these results sug-
gest that the genesis of the ERMDR event is directly related to intense local circulation anomalies and the circulation
anomalies over the Pacific and SCS in tropical to mid-latitudes, and probably linked with the Pacific SSTA closely
while the non-ERMDR events are mainly associated with the anomalous circulation on a local basis. The findings here
help understand and predict the happening of ERMDR events over the MLY'V.

Key words: extreme regional mean daily rainfall; non-extreme daily rainfall; circulation features; mid- and lower-
Yangtze valley; sea surface temperature anomaly

CLC number: P426.6 Document code: A

extremely possible. In July-August the region is under

1 INTRODUCTION the control of a subtropical high, leading to hot weather,

The mid- and lower- Yangtze valley (MLYV) is a
region developed industrially and populated densely,
where floods/droughts occur frequently. It is in a sub-
tropical monsoon climate, with 50% of total yearly rain-
fall falling in summer. Early in summer when the
Meiyu/Baiu precipitating period is long, disasters are
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which, if long enough, would cause heavy drought (Ma
et al.™"). Therefore, summer rainfall anomalies, particu-
larly extreme regional mean daily rainfall (ERMDR)
episodes and droughts, have drawn widespread concern
from the general public and meteorologists.

Many studies have been published concerning the
MLYYV rainfall intensity and causes. The MLYV yearly
total rainfall exhibits a mildly increasing trend, owing
mainly to the increasing trends of summer and winter
precipitation (Zhao et al.”; Bai and Liu®). In summer,
the Meiyu rainfall strength/duration, total amount, the
speed of eastward propagating Somali jet with the dif-
ference in the longitude wherefrom it turns northward
around the South China Sea (SCS) (Guan and Lint),
and the variation in the position and intensity of a sub-
tropical high in the western Pacific (Wand et al.”)) are
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all responsible for the precipitation features in summer
over the MLYV. The floods often emerge in the devel-
oping and decaying stages of an El Nifio episode. Dur-
ing its development the subtropical high is more west-
ward than normal and the monsoon systems over the
North-Western Pacific (NWP), Eastern Asia and Indone-
sia display a strengthening trend, with the rainbelt stay-
ing unchanged over the Yangtze-Huaihe Rivers basin,
Korean Peninsula and Japan, where strong rainfall hap-
pens (Li et al.’¥; Tao et al.”; Zhang et al.’¥); Wang et al.
Pl. Guan and Li""). The Indian Ocean Dipole (IOD) is
well correlated to the June-August precipitation over
China (Saji and Yamagata™). In a La Nifia (El Nifio)
year with a negative (positive) IOD occurring, the pre-
cipitation increases (decreases) over the MLYV (Yang
et al.["™). A composite analysis was conducted of in-
traseasonal oscillation (ISO) period, intensity and phase
in typical years of floods and droughts, which indicated
that the precipitating ISO period is longer in the wet
than in the dry year over the MLYV (dominantly 30-60
as against 10-30 day periods) (Wang and Ding!™). Be-
sides, the severe floods in the MLYV bear a close link-
age to an Asian extratropical blocking situation (Tao et
al.!), the tropical winter monsoon over East Asia (Zhi
et al. ™), the thermal forcing of the Tibetan Plateau
(Zhang and Tao !9) and the preceding spring annular
mode appearing in the Southern Hemisphere (Wu et al.
7). These scientists, however, did not make intensive
study on extreme MLYV rainfall events.

In the analysis of precipitation, more attention was
directed towards recent strong rainfall events occurring
in 1991, 1998 and 2003. In 1991, for example, the cou-
pling of lower-level high-frequency (15-35 days)
anomalous anticyclone components with a filter-
ing-treated upper-air dipole-type cyclone causes the
Southern-Asian high to extend eastward (Mao and Wu™
), and mid- (low-latitude) positive (negative) sea surface
temperature anomalies (SSTAs) (Xu ™) to be in the
eastern Atlantic, all of which are important factors re-
sponsible for severe floods in the Yangtze-Huaihe
Rivers region. In 1998 with the background of El Nifio
two episodes of atmospheric vigorous low-frequency os-
cillation came from the southern SCS, transporting large
quantities of moist air and unstable energy into the
Yangtze-Huaihe Rivers valleys and the adjustment of a
stationary wavetrain in the southern westerlies provided
a necessary background for catastrophic flooding in the
MLYV M. In their research into upper-level baroclinic
wave activities during the Meiyu rainfall period in 1998
and 2003 over the MLYV, Mei and Guan’s studies
(Mei and Guan ™) have shown the baroclinic wave
packet activity to be probably a necessary condition for
the happening and developing of strong rainfall there. In
2003 anomalies of apparent SCS heat source <()> and
apparent water vapor sink <(Q),> are likely to be one of
the causes for the southward than normal position of the

subtropical high (Wang et al.™), which carries abun-
dance of water vapor into the MLYV, to which rich
amount of it is also transported by means of the Indian
and SCS monsoonal circulations (Zhou et al.”™). These
conditions are in favor of the occurrence and mainte-
nance of heavy rain, producing severe floods over the
Yangtze-Huaihe Rivers basin as a whole.

In recent years multiple studies have been per-
formed of extreme precipitation (Kunkel et al.?; Ya-
mamoto and Sakurai™), which indicated that in regions
with increased total rainfall, it is most likely that the
number of extreme precipitation events is increased at
even higher proportion. As shown in Qian and Lin™,
areas of pronouncedly increasing trends in extreme rain-
fall episodes are in the MLYV. However, the happening
patterns and causes of these episodes, especially those
occurring over a whole-extent valley, need to be ex-
plored. Accordingly, following the related definition,
these extreme episodes covering the MLY'V are divided
into 99 percentiles, with percentile 99 for extreme
events, percentiles 90-85 and 80-75 for non-ERMDR
events taken in study, followed by composite analysis of
circulation features related to the three categories of
rainfall intensity in order to find out these per-
centile-based rainfall-event features and seek for clues
to predicting strength-differing episodes in the MLY'V.

2 DATA AND METHODS

The used data consist of CMA National Meteoro-
logical Information Center - provided summer daily
rainfall from 743 stations of China, and NCEP/NCAR
daily reanalysis (Kalnay et al.”™) that include the global
monthly-mean and day-to-day 17-level geopotential
heights and winds at the resolution of 2.5°x2.5° lati-
tude/longitude with June, July and August (JJA) for the
summer in 1979-2008. The anomalies or departures of a
physical quantity refers to its difference from the mul-
ti-year mean climatology, which means that data of a
variable are subject to the averaging over 92 days in
summer and re-averaged across the 30 years.

The MLYV covers an extensive region north of the
Nanling Mountains (25°N), south of the Qinling Moun-
tains and Huaihe River (34°N) and east of the Wushang
Mountains (110°E). The rainfall data were taken from
84 stations within Hunan, Hubei, Zhejiang, Jiangxi,
Jiangsu and Shanghai, where the stations are distributed
more evenly and densely (Fig.2a) compared to stations
in other parts of the country. Arithmetic mean was uti-
lized for the regional mean instead of the area averaging
furnished by Jones et al.®™ and the interpolation errors
are minimized as much as possible.

To explore the relationship of rainfall to heating
fields, <> (apparent heat source) and <(),> (apparent
water vapor sink) are investigated using the expressions
below (Luo and Yanai™), i.c.,

Qe T+y V(Yo I, (1)
Po P



No.2 HAN Jie (

), GUAN Zhao-yong (

), et al. 133

Qf—L(%(tLH/ \ q+a)%;)L). ©)

Both the above equations include three terms for
local change, horizontal advection and vertical transport,
respectively and vertical integration is made of each of
the expressions, leading to
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<Q>—<Q>=<Q>+(QstLEy). (5)
where L denotes condensation latent heat, P, the rainfall,
(., the transport of surface sensible heat, E the
evaporation rate of air-column cloud droplets, C the rate
of condensation per unit mass of air, Es the transport of
surface latent heat, <(Qz> the vertical integration of
radiative heating (cooling), Ps the surface pressure and
PT the pressure at top level (300 hPa here).

To better understand the features of each of the
three categories of daily heavy rainfall, the
characteristics of the extreme rainfall event are studied
and compared with those of the other two types to
obtain their differences and linkage.

3 DEFINITION OF ERMDR OVER MLYV
AND ITS VARIATIONS

Heavy rain, if occurring only at a single or a
limited number of stations, exerts less strong impacts,
and when it happens in many places of a whole valley,
large-scale floods are possible. Therefore, the daily
precipitating amounts will be averaged on a regional
basis to determine the number of days for these
percentiles throughout the valley.

The total number of days is 2 760 for June to
August in 1979-2008, whose daily rainfall values from
84 stations selected (dots given in Fig.2a) and daily
rainfall data are regionally averaged, followed by
removal of the days at daily rainfall <I mm, and data of
the remaining days are arranged in an increasing order,
with the values at percentile 99 taken as a threshold
(25.0 mm/day). The days in excess of the thresholds are

defined as those of ERMDR. Following the ERMDR
definition, 19 episodes at percentile 99 are designated as
the whole-valley ERMDR events (not referring to some
stations), with the rainfall put into category A, and
rainfall of 108/111 events are denoted at percentiles
90-85 and 80-75, with precipitation put in categories
C/E, respectively (Table 1).

Table 1. MLYV rainfall thresholds, percentile and category.

Rainfall thresholds

Category (mm/d) Percentiles (P.)
A P,>25.0 100z P.>99
B 25.0=2 Py 15.0 992 P.= 90
C 15.0>P.>12.8 90>P.>85
D 12.82 Pp= 10.9 852 P.= 80
E 10.9>P;>9.3 80>P.>75
F 9.32 P:>0.0 752 P.>0.0

Figure la depicts the number of events during each
ten-day period of JJA at the three percentiles including
A, C, and E, indicating that the maxima of extreme
daily rainfall (ERMDR) occur over the MLYV
predominantly in June and early July, in certain relation
to the Meiyu precipitating stage. Besides, such events
reduce greatly in number after mid-July, during which
time the valley is under the effect of prime hot summer.
In addition, category C rainfall episodes are nearly
equal to those of ERMDR, differing largely in the
decreased number in mid-August. However, the number
of category E events is different to some extent, just
with a peak from mid-June to early July and another
one during the middle to last ten-day of August.
Accordingly, the valley-extent ERMDR episodes bear a
close association with the Meiyu rainy-season rainfall.
Categories C and E events are possible on a ten-day
basis, particularly in the Meiyu/Baiu season.

ERMDR events are marked by significant interan-
nual variations (Fig.1b). The ERMDR events happened
three times in 1994 and they are the highest among these
years in sharp contrast to none in 2004-2008. The two
categories of rainfall share the increase in daily
precipitation events subsequent to the 1990s, a
conclusion that is in agreement with that of Su et al.F”.

Figure 1. Ten-day-to-ten-day (a) and year-to-year variability (b) in the number of rainfall events at percentiles 99,
90-85 and 80-75 in the summers of 1979-2008 over the MLYV. The ordinate denotes the number of extreme daily

rainfall episodes in (b).
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4 CHARACTERISTICS OF EXTREME RAIN-
FALL EVENTS

4.1 Distribution of rainfall values of ERMDR episodes
over the MLYV

To determine the ERMDR-related rainfall, we
make a plot to show the mean values over the 19 events
and their differences from the 1979-2008 summer cli-
matology, with the finding that the strongest precipita-
tion events are in the juncture of the provinces of

Jiangxi, Zhejiang and Anhui, with the maximum even in
excess of 60 mm/d, and another higher-value center of
not less than 35 mm/d resides in northwest Hunan (Fig.
2a). The rainfall intensity right on both sides along the
mid- and lower- Yangtze and in the Jiangnan region is
markedly more than in the counterpart north of the
Yangtze. The pattern of differences (Fig.2b) is almost
the same as in Fig.2a, with the highest and secondary
highest values emerging in the 3-province juncture and
the northwestern Hunan, respectively.

Figure 2. Means over the ERMDR episodes (a) and their differences from the 1979-2008 summertime clima-
tology (b) for the MLYV. Units are in mm/d. The dots thereof denote the selected 84 stations for study in (a).

The bold solid line designates the Yangtze River.

4.2 Anomalies of ERMDR-related circulations

The happening of ERMDR events in the MLYV is
closely linked to the anomalies of local circulations
(Tao and Xu BY Chen and Qian ®¥). By deducting the
summer averaged stream field from the equivalent of
each of the 19 ERMDR events, followed by the differ-
ences composing and comparing to the original field,
we derive the anomalies of the non-divergent and diver-
gent winds and vertical circulation (Fig.3). In the mid-
dle and lower troposphere (Fig.3a, b) the studied
MLYYV is under the influence of cyclonic departure cir-
culation, in comparison to an anomalous anticyclonic
circulation at lower latitudes that dominates the South
China Sea and the western North Pacific. At upper lev-
els (Fig.3c) a vigorous cyclonic departure circulation is

at higher latitudes and an anticyclonic counterpart is at
low latitudes, whose location is distinctly more west-
ward of normal location, exposing the MLYV to the
control of anomalously zonal airflows. In mid- and low-
er- troposphere over the MLY'V there exists pronounced
convergence of air from the western Pacific. In higher
troposphere the anomalous cyclonic circulation north of
the Yangtze and the anomalous anticyclonic circulation
to the south benefit air divergence, favoring the mainte-
nance of lower-level convergence. This baroclinic struc-
ture of circulations from lower to high levels is highly
beneficial to the genesis of ERMDR events.

Anomalies of vertical circulation exhibit a structure
favorable for ERMDR episodes. Fig.3d shows a section
of anomalies of meridional circulation along 110°-125°
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Figure 3. Anomalies of ERMDR-related rotational wind flow (streamlines), and superimposed divergent winds
(m/s, arrows) at 850 (a), 500 (b), 200 hPa (c), and a 110° to 125°E cross section of departures of meridional
circulation (d), with @ multiplied by a factor of 100. The shading of Fig.3a, b, ¢ denotes the values significant

at not less than 95% level of confidence using a -test.

E, and a zone of abnormal strong rising air (shaded)
around 30°N, with the departures larger than or equal to
10 Pa/s at the center of wvertical velocity. Such
large-scale vertical motion provides water vapor con-
densation with dynamic condition.

In summer, the MLYV is influenced by east-
ern-Asian and southern-Asian summer monsoons, and
the water vapor reaching the valley comes mainly from
the Bay of Bengal, SCS and western Pacific (Murakami
B3 Ding®!). We see that the pattern of stream functions
of anomalies of the water vapor fluxes integrated from
surface to 300 hPa and that of the divergent components
(Fig.4) look roughly similar to those of anomalies of
circulation at 850 hPa, such that the water vapor moves
from the Bay of Bengal and SCS by dint of the air in
the outer-region of the anomalous anticyclonic circula-
tion into the MLYV, where extremely strong conver-

Figure 4. Streamfunctions (106 kg/s) of all ERMDRs compos-
ite departures of the vertical extent integrated water vapor flux
with the divergent components given in unit of kg/ (m s). The
shading denotes values statistically significant at not less than
95% level of confidence using a ¢-test.

gence occurs, with a convergent band directed in
NE-SW, a condition that provides the ERMDR with
large amounts of water vapor.
4.3 Anomalies of ERMDR-related heating

As in the study of Luo and Yanai™, we present the
differences between the composite heating and
1979-2008 mean climatology (Fig.5). Evidently, the pat-
terns of anomalies of apparent heat source (<(Q,>, Fig.
5a) and apparent water vapor sink (<Q,>, Fig.5b) are
roughly consistent, with their maxima emerging in the
MLYV and their magnitudes comparable. As shown in
Ding P!, when intense rainfall takes place, only a small
amount of surface sensible heat and evaporation occurs,
strong apparent water vapor sink causes heavy rainfall
that releases large quantities of condensation heat, there-
by producing diabatic heating in the air, which gives
rise to the reduction of surface pressure, playing a posi-
tive-feedback role in temperature rise. Negative depar-
ture centers of <Q);> and <(Q,> emerge in the SCS and
western North Pacific (Fig.5a, b), in relation to the area
under the impact of a subtropical high and subsidence
within it

To further determine the role of diabatic heating,
the anomalies of <Q,> - <(Q),> are given in Fig.5c. If the
differences are very small, then water vapor condensa-
tion is predominant; if the differences are of positive
(negative) anomalies, then radiation heating (cooling)
and transport of surface sensible/latent will be strength-
ened (weakened) in addition to latent heating. Addition-
ally, Fig.5c shows that the positive anomalies of <Q> -
<(@,> are in a zone that is more northern from the
MLYV, suggesting that radiation and the transport of
surface sensitive/latent are anomalously increased there,
maybe associated with the fact that the principal rainfall
zones have moved to the Jiangnan region. Negative de-
partures of the diabatic heating are found in the south-
eastern part and seaboard of the MLY'V, a situation un-
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favorable for the genesis of air-column heating and ris-
ing motion. Negative anomalies are also found in 120°
-140°E around 15°N, implying that there are decreased
sea surface thermal fluxes and intensified radiation cool-
ing, conditions that benefit the weakening of air rising
and anomalies of latent heat release as well as the di-
vergence at lower levels. Following Gill’s theory of at-
mospheric response to thermal forcing (Gong and Hel™
), such negative diabatic heating favors the genesis of

Figure 5. The 19 ERMDR events-based composite vertically
integrated apparent heat source (<(),>, a), apparent water vapor
sink (<Q»>>, b) and (<Q> - <Q,>, ¢), with their differences
from the summer mean climatology (W/m?). The shading de-
notes the values significant above 95% level of confidence us-
ing a t-test. The contour intervals are 100 W/m? in (a) and (b),
and 50 W/m? in (c), respectively.

an anticyclonic circulation northwest of this zone, fur-
ther exciting a wave train traveling eastward and then
northward, consequently furnishing ERMDR occurrence
with a large-scale disturbance background.

5 COMPARISON OF CIRCULATIONS BE-
TWEEN ERMDR AND NON -ERMDR
EPISODES

To further determine the ERMDR-related anoma-
lous circulation characteristics, the circulations of a
composite ERMDR episode are compared to those of
categories C and E.

5.1 Distribution of precipitation occurring in non—-ER-
MDR events

The rainfall distribution is unique at different per-
centiles. The pattern of averaged rainfall over the events
in category C (Fig.6a) is similar, to great degree, to that
of the ERMDR case, with maxima in the juncture be-
tween Anhui and Jiangxi, where the central precipitation
is not less than 20 mm/d, about 40 mm/d smaller com-
pared to that of the ERMDR event. Besides, category
C-linked precipitating zones are more evenly distributed
on both sides of the E-W directed Yangtze. In compari-
son, the pattern of category E-related means (Fig.6b)
differs from the counterpart of the means across ER-
MDR events, with higher (lower) in the south/east
(north/west) parts, and the center of maxima situated in

Figure 6. Patterns of mean precipitation (mm/d) over category
C (a) and E (b). The thick line thereof denotes the Yangtze
River.
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southern Anhui and northern Jiangxi where the value is
still lower at 15 mm/d in a much smaller zone.
5.2 Anomalous circulation during non—-ERMDR episodes
Both the distribution and intensity of anomalous
circulations are responsible for the changes in rainfall
intensity. Category C rainfall-associated anomalies of
circulation are described by means of the departures of
non-divergent and divergent wind components as well
as the vertical velocities. Differing from the ERMDR
events, a strong departure cyclonic circulation resides in
30°-50°N, 110°-160°E at mid- and lower-levels of the
troposphere, one center being in the Yangtze-Huaihe
Rivers region positioned more northward and eastward
than normal and another core being over the extending
Kuroshio currents to the east of the Sea of Japan, cen-
tered more eastward than normal, a situation unfavor-
able for ERMDR event happening over the MLY'V, par-
ticularly the Jiangnan region. The low latitudes west of
the western Pacific are, on the whole, under the effect
of an anticyclonic departure circulation. At upper levels
(Fig.7c), however, the high to lower latitudes are under
the impacts of anomalous circulations as a wave train of

anticyclone —cyclone —anticyclone —cyclone, and the
MLYYV is at the middle/back of the juncture between
cyclonic and anticyclonic departure circulations, differ-
ing greatly from the ERMDR-related anomaly circula-
tions of cyclone -anticyclone at the front- and
mid-MLYV (Fig.3c). From category C and ERMDR-re-
lated gradients of vorticity and stream functions and
wind vectors (not shown), it is found that ER-
MDR-linked circulation intensity is pronouncedly
strong.

As far as divergent flows are concerned, it is dis-
covered that in the middle and lower troposphere the
converging air from the SCS to the MLYV is stronger
(Fig.7a, b), with the upper-air divergence over the
MLYYV and the oceanic waters to the east (Fig.7¢c). Al-
though opposite air currents distributed at higher and
low levels benefit rainfall occurrences, the diverging air
is distinctly weaker in comparison to the case of ER-
MDR happening. Similarly, a strong rising zone (the
shading of Fig.7d) is around 30°N, and the maximum
exceeds 4 Pa/s, which remains much smaller than 10
Pa/s for the ERMDR episode.

Figure 7. Anomalies of category C-related non-divergent wind (streamlines) and superimposed divergent wind
(m/s) at 850 (a), 500 (b) and 200 hPa (c), as well as the cross section of anomalous zonal circulation along
110°-125°E  (d). The vertical speed w is multiplied by a factor of 100 and the shaded areas in a, b and ¢ are
statistically significant at not less than 95% level of confidence using a ¢-test.
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Figure 8 presents the category E-associated circula-
tion anomalies that are compared, separately, to those in
relation to categories A and C, arriving at the following
features: 1) for category C rainfall, the MLYV is under
the impact of cyclonic departure circulation at middle
and lower levels (Fig.8a, b, in order) and also under a
convergent zone while at higher levels (Fig.8c) the val-
ley is under the control of zonal airflows in a conflu-
ence zone of cyclonic and anticyclonic departure cur-
rents indicative of a divergent zone. The intensity of the
lower-convergence/ high-level divergence is, however,
much weaker in category E than in categories A and C,
with insignificant vertical motion (Fig.8d); 2) on a sta-
tistical basis, composite analysis indicates that by refer-

ring to Fig.3a, b, ¢, Fig.7a, b, ¢ and Fig.8a, b, ¢, we see
that the region of category E rainfall-related circulation,
significant at 95% level of confidence using a i-test, is
very small, limited only to the MLYV. This means that,
outside the valley, the circulation anomalies in other re-
gions during the occurrence of usual rainfall episodes
are not quite similar in pattern, implying that for catego-
ry E rainfall events, the discrepancy in circulation
anomalies is very vast between its single cases. That re-
veals from another perspective that the ERMDR circula-
tion is under the joint effect of anomalous circulations
over the MLYV, tropics, and mid-latitudes as well as
those in the upper troposphere.

The primary patterns of water vapor transport for

Figure 8. Same as in Fig.7 but for category E events.

different-intensity rainfall episodes are analogous except
for the following: 1) When the ERMDR episode takes
place, water vapor is transported both directly from the
Bay of Bengal to the MLYV (denoted by streamfunc-
tions) and out of the bay directly diverging into the val-
ley. As categories C and E events occur (Fig.9), howev-
er, the water vapor fluxes directly diverging to the
MLYYV are smaller than the fluxes of water vapor from
the SCS to the valley; 2) The water vapor transport in

categories C and E events is considerably weaker, and
the statistical significance using a ¢-test is also lower as
compared to those in the ERMDR case (category A).
5.3 Anomalies of heating related to non—-ERMDR events
The thermal forcings show some interesting fea-
tures between ERMDR and non-ERMDR episodes.
Firstly, the distributions of heating fields are rather simi-
lar for the rainfall episodes at these percentiles (Figs.5,
10, 11). Northwestwards from the western Pacific there
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Figure 9. The streamfunctions (10° kg/s) of departures of vertically integrated water vapor flux related to
categories C (a) and E (b) events and the corresponding divergent components (vectors, kg/ (m s)). The
shading denotes the values significant at not less than 95% confidence level using a ¢-test.

are three large-valued zones, significant at the 95% lev-
el of confidence. The patterns of <>, <Q,> and their
differences are all analogous to great degree. However,
pronounced discrepancies exist in the order of magni-
tude between the heating fields associated with differ-
ent-intensity rainfall events. In the MLY'V there are pos-
itive-anomaly centers of <Q,> and <(Q,> (Figs.5a, b;
10a, b; 11a, b), maximizing at 400, 150 and 100 W/m2
for the daily precipitation categories A, C and E, re-
spectively. In contrast, oceanic waters to the south are
covered with a negative-anomaly high-valued center,
where there are largest values of -150 and -100 W/m?
for the ERMDR and non-ERMDR episodes, respective-
ly but category C (E) precipitation-shown negative-val-

Figure 10. Vertically-integrated apparent heat source <(Q,>, ap-
parent water vapor sink <(),> and their difference (<Q>-<Q,>)
in (a), (b)and (c), in units of W/m? respectively, from the
composite category C events. Shaded areas are above 95% lev-
el of confidence using a ¢-test. Contours are at interval of 50
W/m? in (a) and (b) while 30 W/m?* in (c).

ued core is over the northwestern Pacific (SCS). In ad-
dition, over the provinces of Shaanxi, Shanxi and
Ningxia north of the MLY'V there resides another nega-
tive-anomaly center, with the maximum of -50 W/m?
much smaller than the counterpart in the western Pacif-
ic. It deserves particular attention that the differences
(<Q>—-<Q,>) display great discrepancies over the NW
Pacific (Figs.5c, 10c, 11c). The net diabatic forcing is 3
times as strong in ERMDR as in non-ERMDR events
over the western Pacific, a condition that benefits the
genesis/maintenance of even more vigorous anomalous
anticyclonic circulation in the NW part of the western
Pacific, thereby favoring the happening of ERMDR
episodes in the MLY'V.

6 COMPARISON OF SSTA BETWEEN ER-
MDR AND NON-ERMDR EVENTS

Many studies have noted that MLYV summer pre-
cipitation is in close dependence on SSTA (Zhang et al.
®; Wang et al.”; Guan and Li™; Xu™; Gong and HeP";



140 Journal of Tropical Meteorology

Vol.21

Figure 11. Same as in Fig.10 but for category E events.

Huang et al.’"). The MLYV ERMDR formation is like-
ly to closely relate to SSTA. Fig.12 shows the SSTA
from the differences between composite JJA SST and
the 1979-2008 climatology. It is clearly seen that Pacific
SSTA are in a pattern of negatives (positives) in the
north (south), the SSTA in the Kuroshio extension area
is lower than -2°C, and strong positive SSTA cover the
equatorial eastern Pacific, maximizing at >1°C, a situa-
tion that is quite similar to the SSTA pattern during a
prime stage of the El Niiio episode.

Compared to the SST pattern of ERMDR events
(category A), the non-ERMDR category C episodes are
marked by positive SSTA in the south and negative SS-
TA in the north, divided by the equator in the Pacific
(Fig.12b), a pattern that is roughly consistent with that

of ERMDR events (Fig.12a) except that the former has
an intensity approximately 1/4 as big as the latter (ER-
MDR events), with diminished area significant at the
95% level of confidence. For the even weaker rainfall
event (category E) no distinct SSTA distributed over the
Pacific is found (Fig.12c), As a result, vast differences
are present between SST patterns in relation to differ-
ing-strength precipitating events. This further explains
that the occurrence of ERMDR episodes over the whole
MLYYV is likely to be closely associated with the SST
pattern.

Despite the work concerning ERMDR happening
remains to be conducted by means of GCMs and
CGCMs, our results are of significance to understanding
and predicting ERMDR episode. Non-ERMDR events,
especially the weak ones thereof, do not seem to have
higher statistical correlation with SSTA, implying that
usual rainfall episodes bear the linkage to the evolution
of atmospheric circulation by itself or other factors that
are unclear hitherto.

Figure 12. The distribution of differences (‘C ) be tween
events-mean SST and 30-year climatology for rainfall catego-
ry A (a), category C (b), and category E (c). The shading is
for values above 95% level of confidence using a ¢-test.

7 CONCLUDING REMARKS

Comparison of the anomalous circulation, thermal
forcings and SSTA patterns between ERMDR (category
A) and non-ERMDR episodes (C, E) arrives at the fol-
lowing conclusions.

The threshold of ERMDR rainfall (at percentile 99)
over the MLYV is 25 mm/d and its occurrences are
characterized by distinct variability between years and
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also between ten-day periods from June to August, with
higher frequency of all categories during the Meiyu pe-
riod and significantly increased ERMDR events after
the 1990s.

The anomalous circulations associated with all the
rainfall episodes are similar in distribution at middle
and lower levels, differing greatly at higher levels. As
an ERMDR event happens, the upper-air anomalous cir-
culation is featured by an anticyclonic departure circula-
tion over southern China that shows a more westward
position than normal, a situation that is even more bene-
ficial to the genesis of divergent air over the MLYV.
Besides, the anomalous circulation is much stronger in
the ERMDR than in non-ERMDR episodes.

The patterns of heating anomalies are rather similar
for precipitation at all the percentiles, differing only in
intensity. Towards the NW direction of the western Pa-
cific there are three large-valued heating zones in rela-
tion to rainfall amount, which are statistically significant
at not less than 95% level of confidence using a ¢-test.
On the other hand, the maximal values of these centers
reduce correspondingly with decreased rainfall intensity.
The diabatic heating in MLYV in ERMDR events is
three times as strong as that in non-ERMDR episodes
and so is the strength of net diabatic heating over the
western Pacific and SCS, which favors the production
of an anomalous anticyclonic circulation over these o-
ceans and on their NW side, benefiting the convergence
of air and the transport of water vapor into the MLY'V.

The formation of MLYV ERMDR events is likely
to be associated closely with the SSTA pattern. During
an ERMDR event the Pacific SSTA is in a pattern of
positive in the south and negative in the northern, quite
analogous to the situation in relation to the prime El
Nifio episode. The SSTA pattern of category C resem-
blances, to some degree, that of ERMDR event, just
with much lower intensity at category C. However, a
still weaker precipitation at category E without distinct
SSTA is found. The impacts of SSTA on the happening
of ERMDR events await further research.

Acknowledgement: The rainfall data used come from Nanjing
Atmospheric Data Service Center in Nanjing University of In-
formation Science & Technology. Other datasets are taken
from NOAA-CIRES Climate Diagnostics Center at http://www.
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