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ABSTRACT

An extreme rainstorm hit southern China during 13—-17 De@#r@b13, with a record-breaking daily rainfall rate, large
spatial extent, and unusually long persistence. We examiri®t induced this heavy rainfall process, based on obderve
rainfall data and NCEP-NCAR reanalysis data through coiteoasd diagnostic methods. The results showed that a Rossby
waveguide within the subtropical westerly jet caused thenevThe Rossby wave originated from strong cold air intmisi
into the subtropical westerly jet over the eastern Meditggan. With the enhancement and northward shift of the Middl
East westerly jet, the Rossby wave propagated slowly eadtarad deepened the India—Burma trough, which transported a
large amount of moisture from the Bay of Bengal and South &&iea to southern China. Strong divergence in the upper
troposphere, caused by the enhancement of the East Asiserlygst, also favored the heavy rainfall process over Beast
China. In addition, the Rossby wave was associated with ativegto-positive phase shift and enhancement of the North
Atlantic Oscillation, but convergence in the eastern Mad#nean played the key role in the eastward propagatioheof t
Rossby wave within the subtropical westerly jet.
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1. Introduction (NAO) on Asian climate in winter (e.g. Syed et al., 2006;

. .Feldstein and Dayan, 2008; Wen et al., 2009; Ni et al.,
During 13-17 December 2013 an unusually heavy "a19510: Chen et al. y2013' Li et al., 2013), spring (e.g. Zhou

fall eve_nt affec'Fed Southeast Asia. It began over the nmth%[?lm) and summer (e.g. Yang et al., 2004). These previ-
Indochina Peninsular on 13 December, then separated north- . : .
ous studies focused mainly on the interannual and decadal

eastward to southern China, and ended on 18 December qver . . . :
: : imescales, with few paying attention to the synoptic scale
the East China Sea and south of Japan (Fig. 1a). The heay .
) . the decadal timescale, Chen et al. (2013) found that the
rainfall process was a disastrous weather event that had Se- NN \ )
. . strength of the NAA jet is highly consistent with the fre-
vere impacts on society. For example, related to the event,

. . . . ency of cold air temperature extremes in China. Mean-
Thailand issued 23 extreme weather warnings during 11-16: .

. . > . while, Li et al. (2013) demonstrated that the NAO can be

December 2013, and the China Meteorological Administra- ; . :

used as a predictor of northern hemispheric mean tempera-

tlpr) ((.:MA) also issued many rainstorm alerts. Daily Pr&ure multidecadal variability with a lead time of 15-20 yzar
cipitation of above 100 mm was observed at many weatt’@r

stations during this extreme rainfall process, and 160 kexat n the interannual timescale, the NAG can affect winter-rain

stations recorded 6-h precipitation as exceeding 20 mm fall over central southwestern Asia (Syed et al., 2006xdbkr

o} . . .
total of 257 separate occasions (Fig. 1a). r(]F"jleldsteln and Dayan, 2008), and the tropical Indian Ocean

Many studies demonstrated the impacts of the Norkﬁ;ong et al., 2013) via the Rossby wave activity within the

o . . I AA jet (i.e. the NAA jet Rossby waveguide). In addition,
African—Asian (NAA) jet and the North Atlantic Osmllaﬂonthe Rossby wave within the NAA jet, coupled with a strength-

ening of the NAA jet, can also influence cold air temperature
* Corresponding author: LI Chun extremes in China (Chen et al., 2013). Wen et al. (2009) re-
Email: lichun7603@ouc.edu.cn ported that the frequent and persistent ice and snowstorms
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Fig. 1. (a) Total precipitation (mm) and mean SAT [contour inter\@l) = 4°C,

black lines) during 13—17 December 2013. (b) Averaged sixdly precipita-

tion rate (mm) within 20-28N. The red dots in (a) are weather stations where

the six-hourly precipitation rate exceeded 20 mm.

in southern China in the January of 2008 were closely link&pecifically, the data were obtained from the data server at
with an anomalous enhancement of the NAA jet in the Middtae Department of Marine Meteorology, Ocean University of
East. Zhou et al. (2009) also reported synoptic-scale otsntrChina. MICAPS is a high-speed technologically-advanced
of persistent low temperature and icy weather over southgnmocessing, display, and telecommunication network used f
China in January 2008. The NAA jet exists with two strongationwide weather services in China. The MICAPS surface
centers—one in the Middle East called the Middle East jdata are satellite-broadcasted to all meteorologicalduge
(MEJ), and the other in East Asia called the East Asian jetery three hours by the CMA. The rainfall data have a
(EAJ). The NAO may directly influence the MEJ in winter vigemporal resolution of six hours. We chose the rainfall and
western disturbances originating mostly from the MediteBAT data that covered the region (Hd0°N, 90°—135E).
ranean (Syed et al., 2006). In general, such western disfline other atmospheric data were from the National Centers
bances propagate eastward to the Middle East and cease tf@réenvironmental Prediction—National Center for Atmo-
in December because of the weak waveguide over the Agpheric Research (NCEP-NCAR) reanalysis dataset (Kalnay
bian Sea and the lack of a low wavenumber boundary (Wataat-al., 1996), including daily geopotential height, winéyv
abe, 2004; Suo et al., 2008). The waveguide is strongertical velocity, specific humidity etc. The daily NAO index
January and February when upstream disturbances propadata were taken from the NOAA Climate Prediction Center
easily in the eastward direction toward eastern Asia (Wata(http://www.cpc.ncep.noaa.gov/products/precip/C\W/ima/
abe, 2004; Suo et al., 2008). These upstream western diste.shtml). World time was used to match with the NCEP-
bances share a quasi-barotropic vertical structure ansi-qudlCAR reanalysis data.

stationary Rossby waves (Watanabe, 2004; Suo et al., 2008;The synoptic conditions of this heavy rainfall process
Suo and Ding, 2009). The role of convergence in the Mediterere demonstrated by using composite weather maps during
ranean is very important for the downstream extension of thé—17 December 2013. To confirm the wave-like pattern, ve-
NAO in stimulating quasi-stationary Rossby waves along thecity potential was calculated by solving the Poisson equa
NAA jet waveguide (Watanabe, 2004). tion,

Our aim in the present study was to identify the mech- Ax =D, (1)
anism that caused the unusually heavy rainfall process oy - - : P -
southern China in December 2013. A brief description éﬂvﬁfi%ri);r:sb\ée\l\cl)rﬂttgnpgtentlal and is divergence. Divergent
the data and methods is provided in section 2. In section y
3, the major results are presented, including an analysis of Vy=0x, 2)
the synoptic conditions, anomalous Rossby wave source, and
teleconnection with the NAO, as well as an explanation @hd then the vertical structure of the subtropical wavegird
the proposed mechanism involved. Further discussion anth& NAA jet could be examined. Horizontal stationary wave

summary of our findings are provided in section 4. activity flux was calculated to demonstrate the propagation
wave energy, based on the method of Plum (1985):

2. Dataand methods 1 (aw/)z_w/ o2y

The rainfall and surface air temperature (SAT) data useq- _ 2a2cog @ |\ 9A 0A2
. . : . = pcosy 3
in the study were provided by the Meteorological Informatio ! 3 2,

_ ; L (oyoy 0%

Comprehensive Analysis and Process System (MICAPS). 282020 \ 91 3¢ EYYT
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Here, p is a pressure coefficient (pressure/1000 higd)is while the southern branch stretched southeastward, con-
the perturbation stream function, aad Earth’s radius. strained within 18-35°N, accompanied by clear ascending
In addition, daily time—longitude cross sections werand descending motion (Fig. 2b). In addition, two subtropi-
plotted to demonstrate the propagation of the subtropiaal highs existed over the Arabian Sea and the northwestern
Rossby wave within the NAA. Correlation and regression éfacific, respectively, and the two branches seemed to con-
geopotential height against the NAO index were used to ererge over eastern Asia (Fig. 2b). The ascending (descend-
amine whether wave activity was related to the NAO activityng) motion in the middle troposphere was coupled with di-
Lastly, another similar rainfall event that took place dgri vergence (convergence) in the upper troposphere (Fig. 2a
1-3 December 1994 was analyzed to confirm the subtrof: 2b). In the lower troposphere, the north branch of the
ical waveguide mechanism in winter rainfall over southemmesterly synoptic system was also obvious, similar to that
China. in the middle troposphere. However, the south branch be-
came weaker with weak cyclonic (anticyclonic) wind along
the NAA jet, but the subtropical high over the northwest-
3. Reaults ern Pacific was also pronounced (Fig. 2c¢). Another feature
was cold advection with northerly wind over northeastern
Africa (eastern Asia), coupled with upper tropospheric-con
During 13-17 December 2013 an unusually heavy raisergences and mid-troposphere southwest—northeast{west
fall event affected Southeast Asia, with maximum daily preast) troughs (Figs. 2a and c), which induced the propagatio
cipitation above 100 mm (Fig. 1a). It is not common in winef Rossby energy southeastward from the midlatitudes to the
ter to see a rainfall process in this region with such remarkAA jet (Li, 1988). A strong convergence region over South-
able spatial extent and persistence. Six-hourly predipita east Asia was caused by East Asian northerly wind and the
of greater than 20 mm was observed at many weather statiarmsthwestern Pacific subtropical high (Fig. 2c). The conver
with extremes even exceeding 100 mm. From the six-houdgnce in the lower troposphere, coupled with the divergence
precipitation averaged within 2028 N, the heavy rainfall south of the EAJ entrance in the upper troposphere, induced
began over the Indochina Peninsula, then spread northeagtng atmospheric convection that caused the heavy Hainfa
ward to southern China, and ended over southeast Japan (Bigr Southeast Asia.
1b). As the heavy rainfall mainly occurred during 14-17 De- The velocity potential and divergent wind anomalies, as
cember 2013, we composited weather maps of this perioghtrasted with the climatological state during the period
to examine the synoptic conditions. The NCEP-NCAR rd981-2010, were calculated to further demonstrate the-wave
analysis data also captured the heavy rainfall in termssof ltke convergence (divergence) in the upper (200 hPa) and
spatial distribution and long-lasting temporal evolutiaft lower (850 hPa) troposphere (Fig. 3). In the upper tropo-
though with a rainfall rate that was stronger than observeghere, distinct tow branches of wave-like convergence (di
(not shown). Therefore, the NCEP-NCAR reanalysis datargence) existed in the high and the subtropical latitudes
were used to understand this unusually heavy rainfall maceThe south branch was more distinct, which was consistent
To examine the synoptic conditions of the heavy rainfallpravith the composite weather maps (Fig. 3a vs. Figs. 2a and b).
cess, we present the composite maps of divergence and zdmigrestingly, the anomalous convergence (divergence) co
wind at 200 hPa (Fig. 2a), geopotential height and verticadsponded to the anomalous north (south) wind. Therefore,
velocity at 500 hPa, total moisture transportation (Fig), 2bmeridional wind anomalies could represent this wave-like a
geopotential height, wind and divergence at 850 hPa (Fiiyity. In the lower troposphere, wave-like convergenci (d
2c). vergence) in the high latitudes was also evident. However,
In the upper troposphere, a very long and strong NAA jgte wave-like convergence (divergence) was weaker in the
meandered from the subtropical eastern Atlantic and northesubtropical latitudes (Fig. 3a vs. Fig. 3b). The divergence
Africa, stretching eastward to eastern Asia and the norshwe(convergence) anomaly that was centered over the eastern
ern Pacific (Fig. 2a). A wave-like divergence/convergendéediterranean (southeastern Asia) was still obvious,ezorr
was constrained within the NAA jet. The major divergencesponding to the convergence (divergence) (Fig. 2a) andgtro
existed in northwestern Africa, Uzbekistan and southeasgescending (ascending) vertical motion there (Fig. 2b).
ern China. The major convergences located in the subtropi- To reveal the vertical structure of the wave train within
cal northeastern Atlantic, northeastern Africa, soutfiéet, the NAA jet, we composited the vertical-longitude sectibén o
and North China—Japan. The strongest divergence (conwdaHy geopotential height anomalies (based on the climatol
gence) could be identified in southeastern Tibet (southeasyy during 1981-2010) along 2635°N during 14-17 De-
ern Asia), located in the southeastern export region (soutember 2013 (Fig. 4a). The wave train within the NAA jet
western import region) of the EMJ (EAJ) (Fig. 2a). In thdad a quasi-barotropic vertical structure and becameggron
middle troposphere, a strong westerly synoptic system b-the upper layer than in the lower layer of the troposphere.
tween the Icelandic low and the Azores high was sep@he wave-like geopotential height anomalies were stranges
rated into two branches. The northern branch meandesd300-200 hPa. The wave train was similar to the Rossby
eastward with large meridional amplitude and establishedveguide pattern (Branstator, 2002). Therefore, we com-
a northeast—southwest blocking system over Lake Baikpbsited daily geopotential height anomalies at 250 hPa dur-

3.1. Synoptic analysis
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Fig. 2. Composite weather maps during 14-17 December 2013: (apéivee (shaded, 18

s 1) and zonal wind (CE 20,30,...,60 m s'1) at 200 hPa; (b) geopotential height (contours,
Cl = 40 gpm) and vertical velocity (shaded, Pd}at 500 hPa and total moisture transport
(vectors, g mkg! s1); (c) geopotential height (contours, €40 gpm), divergence (shaded,
1.0x 107° s71) and wind (vectors, ms) at 850 hPa. The red line in (c) denotes the topo-
graphic height of 3000 m.

ing 14-17 December 2013 and calculated its wave activityocked by a blocking high over Lake Baikal, the develop-
flux (Fig. 4b), based on the method of Plum (1985). Two olmment and persistence of which was favored by the energy
vious wave-like geopotential anomalies existed to themortonvergence there (Luo, 2005). The blocking high was able
and south of 4€N, and the north branch was stronger thato enhance the genesis of an air temperature front and cause
the south branch. The wavelength of the north branch wasstrong meridional temperature gradient over southaaster
also longer than that of the south branch. The centers of #hsia (Fig. 1a). The centers of the south branch of the Rossby
north branch of the Rossby wave were located over the Novtilave were located over the subtropical North Atlantic, Al-
Atlantic and northern Kazakhstan with negative geopotegeria, north Arabian Sea, and Korean Peninsula with posi-
tial height anomalies, but with positive geopotential Ineig tive geo-potential height anomalies, but with negativepgeo
anomalies they were located over Europe and northeastemtial height anomalies they were located over northwest-
Asia. The north branch of the Rossby wave propagated fram Africa, the Arabian Peninsula, the northern Indochina
the North Atlantic to western Lake Baikal and was seemingBeninsula, and northwestern Pacific. The south branch of the
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Fig. 3. Composite anomalous meridional wind (shaded; ) svelocity potential (contours,
Cl=2x10° m? s71) and divergent wind (vectors, nT8) during 14-17 December 2013 at
(a) 200 hPa and (b) 850 hPa.

Rossby wave propagated from the subtropical northern Athere the overbars are the climate state during 1981-2010
lantic and northern Africa to southeastern Asia and thehnrortand the primes denote anomalies subtracted from the climate
western Pacific, constrained within the climatological egv state.

uide of the NAA jet. In addition, the anomalous geopoten- The Rossby wave source is shown in Fig. 5. The total

tial height over the North Atlantic showed a strong negatiwgave source also demonstrated the wave train within the
anomaly in the high latitudes and a positive anomaly in thi¢AA jet (Fig. 5a). The wave source propagated eastward

subtropical latitudes, which resembled the positive pldisefrom the North Atlantic and eastern Mediterranean from the

the NAO (discussed later). daily anomalous wave source (not shown). This means that
the south branch of the Rossby wave originated from the east-
3.2.  Anomalous Rossby wave source ern Mediterranean and the wave sources caused by the prop-

Since the subtropical wave train was similar to th gation of the Rossby wave served as a relay source. From

“waveguide pattern” (Branstator, 2002) and it had a O|ua§ 1 de_zcorgpqsr]ed Yvaye source terms, the first tl‘(NO _tel;ms—
barotropic vertical structure, a barotropic vorticity etion 2Ssociated with relative vorticity—were very weak (Figb. 5

could be used to understand it. For this purpose, we also ¢#id €); while the third term—associated with geostrophic

culated the Rossby wave source following Watanabe (2004 tiCity—was dominant and very similar to the total wave

The wave source was computed following Sardeshmukh a rce (Fig. 5a vs. Fig. 5d). The fourth nonlinear _term rep-
Hoskins (1998), resented a smaller-scale and higher-order term (Fig. &e); i

value was also smaller than the third term. Therefore, the

S=-0-(Vxd), ) fourth nonlinear term could be neglected.

w_hereE =+ f isthe absolute \_/ort|C|ty a_rMX_ the divergent 33. Teleconnection with NAO activity
wind calculated from the velocity potential field.

The anomalous wave source could be decomposed into Since the geopotential height anomaly demonstrated the
four terms, NAO pattern in the North Atlantic, the question arose as to

_ whether the two Rossby waves propagating slowly eastward
S=-0-(Vy{)-0- (V;(Z) -0 (fvg() —0- (v;((') , (5) were related to daily NAO activity. To address this, geopete
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Fig. 4. (a) Composite vertical structure of anomalous geopotemight (10 gpm) averaged
in 20°—35’N during 14-17 December 2013. (b) Composite maps of zonal Ygantours,
m s~1), anomalous geopotential height (shaded, 10 gpm) andait®sary wave activity
flux (vectors, M s~2). (c) Regression of geopotential height (shaded, 10 gpmijadly
NAQ indices during 1-21 December 2013 and its stationaryeveaivity flux (vectors, rf
s~2). The black contours in (c) represent statistical signifizsat the 0.05 confidence level.

tial height was regressed against daily NAO index during Jlied that this unusually heavy rainfall event over Soughea
20 December 2013 and its wave activity flux was calculatédsia was related to the remote influence of NAO activity. As
based on the regression pattern (Fig. 4c). The regressten pa

tern showed spatial similarity with the composited Weathgﬁble 1. Spatial correlation between the cqmposited ge.opotential
map during 14—17 December 2013, with a spatial correlatiffignt anomaly (CGPHA) and the regression of the daily geopo
coefficient of 0.72 (Figs. 4b and c). The wave activity ﬂu%‘?nt'al height anomaly against the NAO, Iceland low (IL),ohes

also showed spatial similarity. In addition, we also repdat gh (AH) and AH-IL indices.

a single-point regression of the geopotential height alpma NAO IL AH AH-IL
on the Icelandic low (6TN, 30°W) and Azores high (3NN,
35°W) (not shown). The single-point regressions also sharéd>PHA 0.72 —0.76 0.73 0.76
the same spatial similarity with the composited weather.mapA‘H'lL 0.87 ~099 0.99

- - . . . . AH 0.86 —0.96
Their spatial cross-correlation coefficients are listedable 086

1. These regressions and their wave activity flux analyses im
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Fig. 5. Rossby wave source anomalies (shaded14@-2) and the climatological zonal westerly
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to what caused the phase shifts and amplitude enhanceni€rit+30°E band, and time—longitude sections of anomalous
of the NAO, however, is beyond the scope of the current paeridional wind at 200 hPa (Fig. 6d), velocity potential at
per. 200 hPa (Fig. 6e) and 850 hPa (Fig. 6f), and geopotential
] . height anomalies and wave activity flux averaged withit+20
3.4.  Propagation of the subtropical Rossby wave 35°N (Fig. 7a).In terms of the origin of the south branch,
To further examine the propagation of the south branchafnortherly wind anomaly over continental Europe was en-
the Rossby wave, we plotted time—latitude sections of arontenced and extended from the high latitudes to the Mediter-
lous meridional wind at 200 hPa (Fig. 6a) and velocity potenanean on 11 December, achieving its maximum strength on
tial at 200 hPa (Fig. 6b) and 850 hPa (Fig. 6¢) averaged withiB December and persisting until 15 December before weak-
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tionary wave activity flux (vectors, fis—2) averaged over 20-35°N

N) at 250 hPa. (c) Daily NAO index.

wind speed (shaded
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ening (Fig. 6a). Accompanied by changing anomalotmnced (Fig. 7c). During this period, the Middle East west-
northerly wind, convergence over the Mediterranean begarly jet strengthened and shifted northward (Fig. 7b), Whic
on 12 December, achieving its maximum on 14 Decembiavored cold air intrusion from the eastern Mediterranean
before weakening after 15 December at 200 hPa (Fig. 6(Figs. 6a and d) and convergence there (Figs. 6b and e€). The
Anomalous divergence at 850 hPa followed the convergengave propagated eastward to the northern Indochina Penin-
at 200 hPa via Ekman pumping and low-level friction (Figsular and enhanced the India—Burma trough on 13 December,
6¢c). Convergence in the upper layers and divergencevien rainfall began in the region with persistent stronglcol
the lower layers caused strong downward descending motain intrusion from the eastern Mediterranean (Figs. 6a and
over the Mediterranean (Fig. 2b). This implied that conved) and distinct convergence (divergence) in the upper ({pwe
gence over the Mediterranean was induced by strong coldtaaposphere (Figs. 6b and c, Figs.6e and f). It then moved to
intrusion, caused by anomalous enhanced northerly wind. southeastern China and caused the heavy rainfall over South
The NAO had a similar negative—positive phase shift areast Asia (Fig. 1b), accompanied by local-scale strong con-
was enhanced before and after 10 December (Fig. 7c), but#leetion induced by strong divergence (convergence) in the
Rossby wave had not propagated eastward and ceased apeer (lower) troposphere (Figs. 6ef) and moisture conver-
northwestern Africa before 10 December due to the wegknce over Southeast Asia (Fig. 2b). Propagation of the
NAA jet and positive NAO amplitude without cold air intru-Rossby wave ceased on 18 December and led to a termination
sion and significant convergence over the eastern Meditefthe heaviest part of the rainfall process, with a soutlowar
ranean. After 10 December, however, the Rossby wave tsddft of the EMJ (Fig. 7b) and a halt to the cold air intrusion
propagated eastward to eastern Asia and the northwesternd®ar the eastern Mediterranean (Fig. 6d).
cific with strong cold air intrusion and convergence over the ]
eastern Mediterranean. This tells us that some of the NA- Proposed mechanism
activity could have extended downstream and affected the Based on the above analyses, a schematic illustration
weather in Southeast Asia, but only because it was accomphthe subtropical westerly jet waveguide that affected thi
nied by strong convergence over the Mediterranean (Watdreavy rainfall process in southern China is shown in Fig.
abe, 2004). Therefore, strong convergence over the Mediter An anomalous high ridge over west Europe enhanced
ranean, induced by strong cold air intrusion, played a kky rahe northerly winds extending southward. The anomalous
for the extreme heavy rainfall process in southeasterna&Chimortherly winds induced descending cold air and convergenc
during 14-17 December 2013. over the eastern Mediterranean, named “western distuefianc
Propagation of the south branch may trace back to 11 O&yed et al., 2006). Accompanying the enhancement and
cember 2013 (Fig. 7a). The Rossby wave within the NAA jetorthward shift of the MEJ, the western disturbance propa-
propagated eastward to southern Tibet and was enhanced dated eastward to Southeast Asia along the NAA jet and en-
ing 11-12 December (Fig. 7a), when the NAO phase shiftednced the India—Burma trough. The India—Burma trough
from negative to positive and the amplitude of the NAO erthen strengthened the transportation of moisture from the
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Fig. 8. Schematic illustration of the subtropical westerly jet eguide affecting heavy rainfall in
southern China.
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Fig. 9. (a—c) Daily precipitation (mm) for 1-3 December 1994, resipely. (d) Total precipitation
(mm) during 1-3 December 1994.

Bay of Bengal and the South China Sea toward southeastienmer troposphere. Therefore, the Rossby wave resembled a
China. Meanwhile, strong divergence induced by the EAJmaveguide pattern within the NAA jet. Although the Rossby
the upper troposphere and convergence induced by the wave was associated with daily NAO activity, strong conver-
hanced India—Burma trough induced strong convention ovggnce in the eastern Mediterranean induced by cold air-intru
southeastern China, which ultimately resulted in the ex¢re sion played the key role in the eastward propagation of the
(in both spatial and temporal terms) heavy rainfall proceRossby wave.
during 14-17 December 2013. But is it robust that the Rossby wave train caused the
large spatial extent and extraordinary persistence of#is
4. Summary and discussion fa_lll pr_ocess? To answer th_is, we also examined the mecha-
nism involved in another rainfall process during 1-3 Decem-
An extreme heavy rainfall process was investigated badeer 1994. The rainfall began in northwestern Yunnan and
on station-observed rainfall, SAT data and NCEP-NCAR reeuthwestern Guizhou on 1 December and then spread east-
analysis data. This event, which was unusual both in termvard to southeastern China on 2 December (Figs. 9a and
of its large spatial extent and remarkable persistence, wgs On 3 December the rainfall process weakened and ended
caused by strong convection induced by strong diverger(@dg. 9c). The large spatial extent of the rainfall process i
(convergence) in the upper (lower) troposphere in the soudecember 1994 was similar to that of the heavy rainfall pro-
of the westerly EAJ entrance. An enhanced India—Burneass during 14—-17 December 2013, but the total precipitatio
trough, induced by the Rossby wave propagating from thenount was less (Figs. 1a and 9d). The weather conditions
Mediterranean, favored abundant water vapor transpontatdf the rainfall process during 1-3 December 1994 were also
from the Bay of Bengal and the South China Sea. similar to those during 13-17 December 2013 (Figs. 10a and
This extreme heavy rainfall process was primarily caus@). In the mid—high latitudes, two large ridges existedrove
by a Rossbhy wave propagating slowly and eastwardly frovdlestern Europe and Lake Baikal, and three major troughs
North Africa to southeastern Asia within the subtropicaxisted over the eastern North Atlantic, Ural mountainsgl an
westerly jet. The Rossby wave originated from strong conertheastern Asia (Fig. 10a). In the subtropical regiola-re
vergence in the eastern Mediterranean—induced intrudiontigely short troughs (ridges) were accompanied by wave-lik
midlatitude cold air, characterized by a quasi-barotrepic ascending (descending) motion, and two subtropical highs
tical structure that was more distinct in the upper than tleisted over the Arabian Sea and Northwestern Pacific (Fig.



MAY 2015 LI AND SUN 611

a) 500hPa HGT and Omega

30N -
20N - 2 p
ON P T — T

6OW  30W 120E  150E

ON T T T T T T U T
60w 30W 0 30E 60E 90E  120E 150E
10
-0.2 -0.15 -0.1 -0.05 O 005 0.1 015 0.2
AT T T T T T T T e

-50 -30 -15 -5 0 5 15 30 50

Fig. 10. (a) Composite geopotential height (contours,=C40 gpm) and vertical velocity
(shaded, Pa &) at 500 hPa during 1-3 December 1994. (b) Composite mapsiaf mond
(contours, m 51), geopotential height anomalies (shaded, 10 gpm) andaittesary wave
activity flux (vectors, M s~2) at 250 hPa during 1-3 December 1994.

10a). In the upper troposphere, the wave-like geopotenti@rant No. U1406401), and the Fund for Open Research Pragram
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cember 2013 (Figs. 10b and 4b). The difference was tHELME1301).
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