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ABSTRACT

Heavy rain (HR) or even exceptional heavy rain (EHR) usually takes place during the first flood sea-
son in South China in every April—June. In spring, cold air coming from north often brings about a normal
HR over a large area in South China, However, EHR is mainly caused by tropical weather systems, the
warm moist SW current from the Bay of Bengal-southern/central parts of the South China Sca,as well as
the warm moist SE current from the NW Pacific Ocean, Investigations show that the fields of flow and mois-
ture in the lower troposphere play a more important role in HR rather than the potential height-temperature
field. The ageostrophy and pulsation of SW jet stream in lower level have a distinct effect on the occurrence
of HR and its non-uniform distribution in time-space. The sea/land breeze effect is obvious in South China,
This'is one of the important causes for very heavy rain to easily eccur in South China and the different
time of rain peak between coastal and intertor regions.

1. INTRODUCTION

Heavy rain (HR) is one of the most significant weather patterns with damage or disas-
ters to gertain areas of China. South China is the region of the richest rainfaill with max-
imal mean annual precipitation, the highest frequency and largest duration from April to
September/October as compared with the others of the countryl'l,

For South China the period from July to September is a typhoon flood season with
high water caused by typhoons, ITCZ and other tropical systems while the time-span of
April—June is also characterised by plentiful precipitation, generally called the first flood
season (FFS) in contrast to the season immediately after it. For the latter rainy season,
precipitation comes primarily from the westerly belt to the north of the subtropical
high, usually with intensity of HR to exceptional HR (EHR). Fig. 1 shows long-term
mean April—lune rainfall distribution with 6 HR centers having maxima of over 900 mm,
accounting for a half or more of the annual total of these regions.

During the past 10 years an extensive study has been done of the FFS HR over the
area under consideration. In particular, a combined experiment was conducted in 1976—79
designed to make a detailed investigation of the FFS HR over such regions as central
Guangdong, northern Guangxi and southwestern ‘Fujian shown as enclosed regions in
Fig.1.This allows us to make a substantial advance in understanding the HR's mechanism.
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1. LOW-LEVEL FLOW FIELD AND MOISTURE FIELD

As depicled on the upper-level charts for April—June, generally 1 or 2 smooth contours
alone pass across South China at lower latitudes with few closed pressure patterns. The low—
level flow field and mositure field (#,.), however, experience significarmt changes, correspond—
ing to weather evolution.

For large-scale flow fields in middie/high latitudes divergence is generally one order less
than vorticity, but both have the same order for l[ow-latitude meso-scale cases. The calcu-
lated values of £ and D for a local HR in the region of Guangzhou -are shown in Table |,
indicating that the values of divergence reflect the regime of the flow field more distinctly than
those of positive vorticity in the lower levels in addition to the same order!®). Obviously,
in the vorticity equation

%NV~ D~ B, (1)

the divergence term made the greatest contrtbution te the 850 hPa vorticily variation of all and
during the very heavy rain (VHR) process from 2000 LST, 27—0800 LST,28 May, 1978
with rainfall of 148 mm at Fushan the divergence term was ever. one order higher than the
vorticity advection term. Thus, we employ the divergence equation in full form

B a0 vl =it b, (2)
where {—A=—~V°VD—D3—2JD!;U],
—fir=—(v9—fL),

where f £ is ageostrophic vorticity of 107%™ the highest-order in large-scale flow fields

(3)
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Fig. 1. Distribution of long-term mean April—June rainfall, 1959—79 in
South China. Regions enclosed by heavy lines denote the major
HR experimental ones.
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Table 1 Values of ¢ and D (x107571) in the Region of Guangzhou for 27—28 May, 1979

Time

[__ _ t 7 7 " D
|
1

0800* 2000* 0800 2000

100 hPa " —5.8 —4.8 —~2.8 —4.5 3.0 —0.4 3.3 4.4

300 hPa [ —3.3 —2.8 2.6 —1.6 f‘ 1.9 1.2 1.2 1.3
500 hPFa ' —2.6 0.0 ~1.8 —2.1 ‘ —0.7 1 =61 —2.9
700 hPa —3.1 0.7 ~0.5 1.1 —3.0 —2.1 —1.7 1.9
850 hPa ' 2.2 2.8 0.0 0.4 =T —1.9 —2.0 1.5
1000 hPa l 0.8 1.0 a.1 —0.4 I —z.1 —1.4 —1.3 —1.7

* They denole the time of the 2Tih of May, 1979, the others for the 28th.

Table 2 Calculated Values of the Various Terms in the Vorticity and Divetgence Equations for 27—28
May 1979 (unit: 107%° 1)

Time
0800* 2000 0800} 2000
—Vey: ‘ ~ .70 —0.07 0.03 —0.30
-fb 0.60 1.0 9,76 9.24
— 8o i —0.15 —5.98 —0.07 —0.08
A 0.0 0.8 0.5 —0.2
5’ ( —0.80 —0.74 —0.10 —0.93

* Same as in Table 1,

at mid- and higher latitudes, [—2 orders greater than the other terms and JD/dr
is of 1075, Yet for the South China HR (SCHR) the terms other than term
fE&r are greater. From scale analysis

0 (%7 )=o), (4)
it is apparent that term A includes the divergence advection and divergence terms.  As indi-
cated in Table 2, 4 was maximal at 830 hPa for 2000 LST, 27—0800 LST, 28 May,1979,
causing the greatest convergence growih, during which time precipitation reached its peak
intensity.

Another result from the SCHR study is the discovery of dependence of the rain in the
flow field of the planetary boundary layer (PBL)Y*—*1. Fig. 2 depicts altitudinal distribution
of various-level moisture flux divergence (the longitudinal component is dominant) during
HR. It can be seen that convergence attained its maximum between 950—900 hPa in the
PBL. Fig. 3 shows the 950 hPa divergence distribution at 0800, 27 May,1978.The north-
ern Guangxi and western Guangdong HR bands were each just in correspondence to the
%50 hPa strong convergence regions.
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Fig. 2.

Fig. 4. Distribution of the total rainfall

out of 3 SCHR events. Heavy
line—Shear line at 850 hPa.

From top to bottom: {a) The
5-day total of 1461 mm, 27 May
—1 June, 1977; (b) The 3I-day
total of 677 mm, 5—8 June,
1978; (¢} The i-day total of
736 mm, 26—27 May, 1978.
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The increase of temperature and humidity in the boundasy layer below 830 hPa (The
maximum can be 2.0—2,5°C every |2 hr) may create the maximal gradient zone of §,, in
the surface layer,commonly called an energy frontal zone, where intense rainfall takes place
more often.

Hl. WARM SECTOR HEAVY RAIN

It is long believed that HR in China is mainly due to cold air and fronts. About
92,59 of the SCHRs was associaled with southward-moving cold air activity. according to
data of April—lJune,1971—78. Generally, such events have larger dimensions, sometimes
extending as long as 1000 km, but smaller rainfall intensity with the daily total under 100
mm and a sum of 200 mm or less out of a single event. Only weaker and moderate fronts,
however, favour the occurrence of HR. whereas sirong cold air or a swiftly-moving cold
front produces no HR and, instead, makes the HR process that is going on will soon
come to an end. A more interesting fact is that for most of the SCHR events hard rain of
smafler extent can take place concurrently in the warm sector 200—300 km ahead of the
front. Some EHRs of =2200 mm daily rainfall or=300 mm sum from a single HR  pro-
cess tend to happen in a warm seclor ahead or free of a front™ 1. The distribution of the
tota] amounts from 3 EHR events is shown in Fig. 4. Analysis of posi-dense data from the
1977—79 HR Experiment indicates that 10 in 12 occurrences were partly or mainly precip~
itation from a warm sector HR ahead of the front, whose features can be summarized as
follows:

1) The warm-sector HR (WSHR) has higher intensity, 3—4 times sironger thap the
frontal HR in general. And 8 EHR events for 1977--78 are all of this type.

2) The WSHR is strongly convective in nature with intense thunderstorm aciivities.
The top of the radar echoes is the order of 14—16 km and most of the HRs are stow-moving
or stationary.

3) The WSHR has a smaller scale, making up less than 1/3 to 1/4 of the area occu-
pied by the entire HR event. Some EHRs have a dislance scale of 20—3C km only.

4) The WSHR precipitation is relatively concentrative. Measurements show the 5-
day total of 1461 mm for May 27—June I, the diurnal total of 884 mm during 1400, 30—
1400, 31 June and the 6-hr total of 634 mm for 0800—1400, June 31, 1977 and the 45-min
maximum of 174.0 mm, as recorded at the Beishimen Reservoir, Lufeng, Guangdong.

Moreover, it is also worth noting that for April to early May when cold air remains
stronger, precipitation is typically frontal and less intense for the most part. And in the
second decade of May when trans-equatorial airflow will reach the ecastern Indo-China
Peninsula and the South-China coastal regions, a steady SW monsoon appears at 850 hPa
over-ithe Xisha Islands. At this time, the FFS precipitation comes to its prime with fre-
quent HR and abrupt increase in the amount, As shown on satellite cloud pictures, the
monsoon clusters or tropical ones {or arrays of clouds) from the Bay of Bengal——the
Indo-China Peninsula and the southern/middle South China Sea develop in its northward
movement of come into conjunction with frontal cloud belis, which is found to be the
main cause of South-China VHR/EHR. For instance, 2 700 hPa monsoon trough from
Bengal moved castward with a series of monscon clusters ahead on June 25, 1977 and on
the following day they merged with the cloud system of a low moving southeastward from
Guizhou, producing an EHR event over northeastern Guangxi with maximal daily rain-

*re
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fall of 385 mm at Luzhai.
As a consequence, although cold air can give rise to large-scale normal HR in South

China, VHR/EHR take place generally in the warm seclor, where tropical warm moist air
plays a particularly important role.

IV. LOW-LEVEL SOUTHWEST JET

Apart from [ronts, shear lines and lows, the low-level southwest jet (SWJ} is thc most
significant system responsible for the FFS HR m South China. According to data of
May—June, 1970—730"1, there were 19 strong SWI occasions (3= 16 m s7'). 16 of which
produced VHR of »100 mm per day in Guangdong within 1—5 days, the other three
occurring north of the Nanling mountains due (o the northward march of the SWJ.

The SWJ exhibits fwo different processes in its development. One such process is
that when the subtropical high is intensified or the westerly low—value syslem grows toward
the south, thus approaching each other, the low-altitude SWJ is likely to be induced.
Such SWJ, when coming (o South China, tends to give risc to usual HR over a large area.
A tropical SWJ will come into being along South-China coastal regions when SW mon-
soon Or warm moist air is strengthened from the equator or tropics at very low latitudes.
Typically it will produce VHR/EHR. Both jets can possibly exist simultanecusly 300—
400 km apart, with two rainbands. They can also join or merge into each other, thus
intensifying the SWJI with greater duration to result in a persistent situation for YHR.

Take as an example the EHR occurring toward the end of May 1977¢2. For 28—30
May the Indian depression grew intensely with the 850 hPa closed contour below 1400 gpm.
The 850 hPa height difference between Madras and New Delhi started to increase to -+ 30,
+40 and 460 on 28, 29 and 30 of the menth, respectively from 0—-+20 gpm on the
preceding days. The 850 hPa wind speed increased gradually [rom<4—6 m s~' on 26
to 8—12 m s~ on 2830 May and large-scale monsoon cluster genesis and development
ook place over the Bay of Bengal—the Indo-China Peninsula. Next, from May 25 an
equatotial buffer zone near Indonesia around 5°8 was reinforced, shifting northward across
the equator with anticyclonegenesis within it. This belt reached 5°N at 2000, 27 and
about 10°N at 0800 of the next day, Moved with it were the outer-brim cloud belt and
the SW wind band north of the equatorial anticyclone, causing the 850 hPa S§W wind to
increase to 8—10 m s! from Saigon via Xisha to Manila. Finally, a surface hot low
developed vigorously in West China to create surface pressure difference of 10.0—12.5 hPa
between ihe Gulf of Beibu and the Philippines, leading to an onset of 2 monsoon surge. On
30 May, the 830 hPa wind was 8—12 ms™, 10—14 and 12—16 or more in India, the
northern Indo-China Peninsula and South China—rthe northern South China Sea, respec—
tively (see Fig. 5).It is in the period of 28 May to 1 June that an extremely steady and
strong tropical SWJ came into being in the northernmost South China Sea and along the
jet axis there was a maximal wind center (>18—20m s77) moving eastward iwice to 115°E,
once from 2000, 29 to 0800, 30 May and again between 0800 and 2000, May 31. This is
in good coincidence with two strongest HR occurring at Lufeng.

Being at lower latitudes and facing the Sea,South China is abundant in unsiable moister
air. Since SWIJ transports large amounts of warm moist air inland to this area, geo-
potential unsiable energy grows intensely, a favourable condition for HR genesis, Tvwo
maximal centers of — Af,, (500850 hPa) recorded at Station Yangjiang upstream of HR
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Fig. 5. The 850 hPa flow field at 080D, May 30, 1977

band at the end of May 1977 each corresponded to the eastward-mvoing It Centers in
time. That is, the unstable energy produced by the increase of temperature and humidity
at lower levels was carried downstream by the tropical SWJ, thus causing EHR over Lufeng.

A striking feature of the low-level SWJ is its nongeostrophy!'? (sec Fig. 6). In the HR
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Fig. 6. Evolution of wind {¥) and geostrophic wind () at Shantou,
5—& June, 1978, (a) the wind profile for 0800, 7 June; (b} the
3000 m altitude wind evolution and 6 hr rainfall Ry 3—8 June.

area the air layer between 900—-500 hPa is strongly supergeostrophic and at times the real
wind more than twice as much as geostrophic wind. The time-dependent development of
the SWJ speed indicates that the time interval of HR successive occurrence is that of super-
geostrophic wind showing the highest intensity.

Another important characteristic of the SWI consists in its ﬂuctuatlon Wind records
at low — altitude mountain sites show a larger amplitude of fluctuation of more than 10—I12
m s in 1—2 hr, and a shorter period generally of 4—12 hr. It is found that the fluc-
tuation peak value is closely related to intense rainfall downstream.

The low—level SWJ iransports warm moist air and is under its control as well. For
suturated air observed vertical wind shear can be approximately expressed asf'!!

_;BVW’: R
Vom- Do £ Tk, (5)
RT .
Lor=k VX Vsr=— fPET VBses (6)

where Vs, is geostrophic wind in moist air, V5, is pseud equivalenit potential temperaturc
(PEPT) wind, £ its vorticity and @,, mean PEPT in saturated air. It can be secn that
whether the flow field is initially of even SW airfiow or of still air, low-level SWJ is easy
to be created to the right (to the southjsoutheast) of the warm moist center (where 7, attains
a maximum) once the layer becomes saturated while the high-level SWJ is likely to be
formed to the lef(. Therefore, the low-level SWJ and the warm mois¢ center are dependent
upon each other in development, which facilitates the HR genesis and prediction.

South China is frequented by a convergence belt of low-level meso-medium scale SE-
SW current, which was first discovered on 12—13 May, 1970, causing an EHR process in the
coastal region of western Guangdong with 12 hr rainfall of 671 mm recorded in Shuangji,
Yangjiang County™. This belt was reported more often for 1977—79 ( Figs. 7—8Lleny,
It can appear both in the leading edge of low-level SWJ and in the SW jet stream as well
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but with smaller dimension an frequeni occurrence in the PBL. Nor js this all. It is often
associated with a surface meso-scale energy frontal zone (where isopleths of g, are denser).
This type of SE~SW current convergence is the important system fesponsible for VHR/EHR
in the FFS over Seuth China.

1005 100F P Ion7 1608
4. 19

(e}

Fig. 7. Low-level flow fields for three HR events, May, 1977—79. (a) at 850
hPa, 0800, May 27, 1977 (b} at 1000 m altitude, 0800, May 27, 1978,
{¢) at the ground syrface, 1100, May 12, 1979,
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Fig. 8. The fime-section of wind measurement, 26—31 May, 1977.

It must be noted that over the S-SW jet in the PBL gravity waves'®] ¢an resuit whose
phase velocity €, is more or less equal to the disptacement of the HR isochrones,

Com—Ty 4 2”f(k=+fsz), (7)

where % is the wavenumber, A friction effect with the depth of the Ekman's layer D=

w24 34jf .However, the PBL jet-type gravity wave has only the order of 10 cm s~ for its
vertical velocity, which acts as a trigger rather than as a direct producer for SCHR.

It also merits noting!**! that if the wind directions are evenly-distributed ai- 300, 600 and
900 m elevation and is parallel to the terrain slope {with a 6%; angle) at the speed of 8—
10 m s, then the terrain—caused events account for 605 of the record of precipitation,
and when wind directions in the layer between 300—900 m above the surface differ, the rain—
fall reaches simply moderate intensity. This shows the significance of the PBL flow field
for the HR geneses.

V. SEA/LAND BREEZE

The South-China coasiline is long and tortuous with numerous samller peninsulas and
harbours, a place of high frequency of sea/land breeze, significantly affecting the diurnal
range of rainfall and occurrence of EHRY%), Land breeze blows from midnight to morning
with the prime between 03000500 and sea breeze from forenoon to evening with the peak
hours between 1400—1700. Their extent can reach 600—900 m height and the sea wind
can be as far as 100 km from the shore in the plain regions of South China.

The sea/land breeze effect can bring about a local surface divergence field (Fig. 9). For
land breeze a convergence belt comes along over the coastland of South China with 3 cen-
ters being at Qingzhou-Beihai, in the vicinity of Yangjiang and for Shantou-Shanwei. A
T-shaped covergence zone appears {rom the interior to the Leizhou Peninsula and Hainan
Island. The reverse is true for sea breeze.

The seajland breeze effect can also further the genesis of mesoscale disturbancest
According to the statistics of May—June,1977—79, such perturbances took place 44 times
for 0300—0500 when land breeze was the strongest and only 8 were recorded during 0600—0900
when it was weakened. In contrast, for 1200—1700 when sea breeze was strengthened, 75
inland disturbances of meso—scale came to pass with 15 for 1800—2000 in the diminishing
phase of sea breeze.

14]
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da (b

Fig. 9. The surface divergence field for mean time interval of sea/fand brecze
in May, 1978, (a} land brecze at 0300 and (b) sea breeze at 1700,

Therefore, land breeze convergence occurs most strongly, thus causing meso-scale dis~
turbance most readily in the eoastal areas of South China, especially in the harbours from
midnight to morining. Tt stands 1o reason that HR is most likely to be caused and rein-
forced during this time. Table 3 gives a list of 4 EHRs on the South-China coastland
with maximal precipitation from 0500 to 0800,

Table 3 The Peak Amounts of EHR Recorded in the Coastal Arcas for 035000800, May—June, 1577—79

Time Location Peak Period Hourly Total Total Rainfalt

May 31, 1977 DBeishimer, Q800—0R45 174.0 mm 1461 mm/5 days
Lukeng

May 27. 1978 Xinhu, 0600 --0700 175.0 mm 736 mmU2 days
Yangjiang

May 13, 1979  Maadong, 0700—0800 207.0 mm 944.9 mm/4 days
Yangjiang

June 11, 1979 Dongxikou, 0500—0600 245.1 mm 78R mm/2 days
Chenghai

VI. NUMERICAL EXPERIMENT

A numerical cxperiment was made with the SCHR occurring 911, June 1979, using
2 mutti-level g-coordinate initial formula mode! with a 100 km mesh (see Fig. 10)'7), The
maximal total precipitation is 251 mm for the event with 2 rainbands: the frontal belt over
Guangxi —Guangdong and the WSHR belt in the coastland of eastern Guangdong — Fujian.
The wind measurements are taken as initial values with a much better result than are peo-
strophic data,bul with the defects that the WSHR band is found to be too westward, the
center moved over the sea and especially a false rainband appears in Jiangxi Province.
Next, the 950 hPa wind feld for the South China coastland is used in the model as initial
values in place of the surface wind with the results as follows:significant improvement of
the location of the coastal WSHR region, which is closer to the state of affairs, the calculated

-
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position of the Guangxi irental HR in the vicinity of the observed one and the false rainband
still in sight.  Ali these iliustrate that the PBL meso-scalz convergence is intimately related
to the WSHR in realify.
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Fig. 10. The numerical experiment with a HR event lasting from 0B0O, 10—0800,
11 June, 1979,

VII. SUMBMARY

Based on the above, a schematic model is developed of EHR in the FFS over South
Chinal'*]. It is apparent from Fig. 11 that the westerly low-value system and SWJ may
canse large-scale usual HR in South China while the major systems producing small-scale
warm-seclor EHR remain with PBL tropical SWJ, SE-SW flow convergence of meso-
medium scale and the sutface energy fromtal zone,
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Fig. 11 A synoptic model of SCHR during the FF3.
HRA: Heary rain area, EHR: Extremely heavy main.
EFZ; Energy frontal zone.
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