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ABSTRACT

The mountains of Taiwan a 叮eet both the airflow and mes 個cale weather
systems impinging on the island significantly since two-thirds of the land-
mass of the country is covered by rugged terrain. The orographic featu 間
which has the most significant impact on atmospheric systems is the Cen-
tral Mountain Range (CMR) which runs through Taiwan in aNNE-SSW
direction with a width of about 120 km, a length of about 300 km and an
average height of 2 km. The dominant peak of the CMR has a height of
3997m above the mean 揖a level. Sin 自 Taiwan is surrounded by oceans, it
provides a unique environment for studying the orographic effec 臼 on pre-
vailing airflow and impinging mesoscale weather systems. In th 函 paper, we
review several prominent weather problems related 個曲 e orographic em 凹的
of the topography of Taiwan, which includes: (a) local rainfall enhancement
by the CMR on prevailing winds and mes 個cale convective systems, (b) the
formation of mesolows and me 曲叮clones, (c) the effects on Mei-Yu fronts, (d)
the e叮'ects on mesoscale convective systems, and (e) the influence on typhoon
circulations and trac 岫 . Understanding the first four problems is es 揖ntial in
improving the weather forecasting of flash ft ω ds in Taiwan during the Mei-
Yu 扭扭恤 , and is one of the major object 甜甜。if the Taiwan Area M 甜甜cale
Experiment (TAMEX) which was a joint field experiment conducted by Tai-
wanese and American scientists during the period of 1 May to 29 June 1987.
When a typhoon imping 晶。n Taiwan, its circulation and track is significantly
a 叮ected by the CMR. The typh ∞n 甘ack may be continuous or 刮目ontinu-
ous depending upon the impinging angle, intensity, and preexisting synoptic
配ale p 甜甜ure system. This prop 耐es a serious forecasting problem in Taiwan.
Similar problems have also been found in other parts of the world, such as
Caribbean islands and Phillipin 回 .
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1. INTRODUCTION

四Ie mountains of Taiw 組 affect bo 曲曲c 祉而ow and mesoscale weather sys 但ms 恤-
pinging on the island significantly since two-thirds of the landmass of the count 可 is covered
by rugged te 叮刮n. The orographic feature which has the most signi 且 cant impact on atmo�
spheric systems is the Central Mountain Range (CMR) which runs through Taiwan in a
NNE�SSW direction with a width of about 120 lan, a length of about 300 Ian and an average
height of 2 kIn (Figure 1). The dominant 伊拉 of the CMR has a height of 3997m above the
mean 揖a level. Since Taiwan is surrounded by ∞ear 芯 , it provides a unique environment for
studying the orographic effects on p 副icul 訂 mesoscale weather systems. Understanding the
orographic effects on local rainfall enhancement, the Mei- Yu front, and mesoscale convective

可 stems over Taiwan is essential in improving the weather forecasting of flash floods during
曲e Mei-Yu 扭扭曲 ,ar 吋 is 0 間。f 血e major objectives of the Taiwan Area Mesoscale Exper-
iment (TAMEX) which was a joint 且eld experiment conducted by Taiwanese and Americ 胡
也ientists during the period of 1 May to 29 J凶e 1987. An overview of sped 且 c TAMEX
objectives can be found 祖 Kuo 血d Chen (1990). 百Ie mesoscale weather features ob 時間 ed
in the Mei- Yu 臨晶onh 晶 al 曲 been documented in Chen (1992). AnoLher important influence
of 血.e Taiwan topography on mesoscale weather systems is its influence on typhoon tracks
and circulations, which also proposes a serious forecasting problem.

h 血 is paper, we will review 臨veral prominent weather problems related to 出e oro-
graphic effects of 血e topography of Taiwan, which includes but not limited to: (a) local
rainfall enh�cement by 血e CMR on prevailing winds and mesoscale convective systems,
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Fig. 1. Taiwan topography. Contoured 曲“吋 regions indicate elevations of every
1000 m.



Yuh-Lang Lin 383

(b) 出e formation of mesolows 血d mes ιyclones, (c) 也e effects on Mei-Yu fronts, (d) 也e
effec 尬。n mesoscale convective 可 stems, and (e) 也e influence on typhoon circulations and
缸缸ks. The I目al rainfall enhancement is mainly produced by bo 曲。rographic and 血ermal
forcings associated with the mountain range. The low-level sensible heating often produces a
n 個個mal downslope flow which may intercept the prevailing southwesterly flow and 甘'igger
conv 目tion. The m 目h血 cal forcing as 田ciated with the mountain range tends to block and
deflect 血e incoming prevailing flow. This, in turn, may alter the flow circulations around 血c
island significantly. Mountain waves may be produced under a large or moderate Froude-
n 回nber flow, while mesovonices may form to 血e 曲U血e削 or northwest of the island under a
low Froude-number flow. The southeast mesovortex may further develop into a mesocyclone.
When the east-west or 田u 血west-northe 制 orien� 吋 Mei 品J front impinges on 血e CMR, it
tends to split into two branches wi 曲曲e eastern branch moving southward much faster 曲扭
曲e western branch. Under a 田咄wes 脆 rly (n 自由e 值 terly) flow, a mesolow 記nds to form to
曲e 曲utheast (west or northwest) of Taiwan.

When a me 曲 scale convective system impinges on 血e CMR during the Mei - Yu 時必
由此 the local circulation associared wi 曲曲eme 叩 scale convective system may interact with
the mountain wind, which may trigger or enhance convections. Thus, understanding 血e
orographic effi 闊的 on 血e landfall 姐g mesoscale convective systems will help to forecast the
location and strength of flash 且∞ds more accurately. 百1e orographic effects on local rainfall
e 曲 ancement, Mei- Yu fron 的 , 祖d mesoscale convective systems are not isolated incidents.
For example, me 阻scale convective systems embedded 扭曲e Mei- Yu front may interact wi 血
local circulations, such 品 land- 曲a breezes and mountain-valley winds, mesoscale circulations
often induced in or near a region of irregular terrain. Therefore, the local rainfall enhance-
ment associated wi 血 Mei - Yu fron 包 or mesoscale convective systems in Taiwan needs to be
investigated.

Another major concern of weather for, 自晶血19 in Taiwan is the prediction of typh ∞n
tracks and circulations. When a typh ∞n impinges on Taiwan, its circulation and track is
significantly affected by the Cr-. 血.前1e orogr 叩hic 旭 fluence on typhoon tracks is extremely
complicated. For example, the typh ∞n track may be continuous or discontinuous depending
upon 血e impinging angle, intensi 旬"

and preexisting synoptic scale pressure syst

2. RAINFALL ENHANCEMENT BY CMR ON PREVAILING' 司fINDS AND MESO-
SCALE CONVECTIVE SYSTEMS

2.1 Rainfall Distributions in Taiwan

An observational analysis Of 曲e rainfall dis 肘bution over Taiwan d 叮個g Mei-Yu sea 叩n
(May 15 - JI田間 1 日 averaged over 血e peril 吋 from 1972-77 (Chen, 1978) indicated 血 at 血c
maximum rainfall is locatl 吋 on the windward slopes of the CMR (Figure 2a). 百1e frequency
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distribution of heavy rain showers, wi 血 hourly accumulated rainfall greater 血阻 15 em,
during May and June averag 吋 over 血e period from 19 ω-84 (Wang et 叫 , 1985) also
indicates 曲at the maximum frequency is located over the windward (southwestern) slope of
血e CMR (Figure 2b). Notice 血 at the exact locations of the rainfall m 缸1m 山n in Figure 2 may
be affected by the lack of observation stations over the mountain 缸ea. However, 由 ey tend
to be I田ated 0 且也e upslope of 血e CMR. In addition, the prevailing wind during the Mei 品』
甜甜 on is the southwesterly mor 叫抽n current. Thus, the rainfall maximum is located on 出e
windward slope and the dry, rain-shadow region is located on the lee slope. 百lis type of
rainfall distribution has 叫田 been ob 時 rved over 0 由er major mesoscale mountain ranges 扭曲e
world. For example, the rainfall rate over the Andes in South America increases with height
個 a certain location on the windward slope and 血en decreases wi 也 height (Smith, 1979).
The 扭曲臨rvational analyses 刮曲 indicate 血at 血e overall rainfall distribution is controlled
by the CMR. In addition, during the Mei- Yu 臨a品n, 也e r 剖 nfall is often associated wi 曲
曲 owers or convective systems embedded in Mei 吊J fronts (Wu 曲d Wang, 1985).

During winter, the northeasterly mons ∞n current prevails, which brings in moisture
from the East China Sea. As a result, the rainfall in Taiwan is focused on the rugged terrain
扭曲e no 叫Ie 品 t (Chi, 1969). In 血is region, the rainfall maxima are often located at about
500 個曲0 m on the upslope, instead of directly over 出 e mountain peaks, since the moist
layer as 歐河 iated with the northeasterly monsoon is ve 可 shallow. The precipitation appe 缸s to
be produced by the forced lifting in a stable a 阻losphere. This mechanism is different from
the rainfall produced during 血e Mei- Yu season, which is often associated with impinging
me 田scale convective systems or cIo 晶 Iy packed convection triggered in an conditionally
unstable a恤osphere. During swnmer and early fall, the majority of rainfall in Taiwan is
linked to the p 晶胡ge of typh ∞ns which release a tremendous amount of rainfall on the
C晶時rn and western sides of 血e CMR (Chi, 1969). However, these mechanisms proposed
by Chi still need to be examined by mesoscale analysis since 血ey are mainly based on
climatological da 個個d 曲。叫dbe ∞nfiooed by me 曲時ale analysis.

h 扭曲時rvational an 叫 ysis of precipitation systems over Taiwan during IDe May-June
1987 TAMEX field experime 剖 , Johnson and Bresch (1991) found 血 at: (a) the majorrainfall
even 個 are linked to the passag
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Fig. 2. ( 吋 The rainfall dis 虹ibution (in αn) over Taiwan dur 祖 .g 15 May-15 1une
averag 叫 over 血e period of 1972-77. The da 曲ed contours denote the
m ∞也叫 terr 血 in meters (after Chen, 1978). (b) Fr, 叫ueney distribution
of heavy rain showers (hourly 缸eumulat 叫 rainfall grea 肺曲曲 15 em) for
142 "widesp 甜甜 precipitation" days during May and June over a period
of 1960-84 (品位 Wang et aL. 1985)
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Fig. 3. R咽訂閱且自 tivity at 3-km height 曲臨W吋 by CAA radar at (吋 13 ∞ .

and (b) 1550 LST of June 7, 1987 in northwestern To位W血 . Stippled 曲d
darkened area denote the 10- 個d 30-dBZ 目:ho ∞n 岫urs,respecti vely.
Solid lines denote terrain heights in m 臨 rs. The I晶晶。fx 個dy ﹒缸es
are in km.The precipitation system developed on 曲e no 吋lwestern slope

in the aftern ∞n 祖d 血en propagated eastward (after Chen et ai., 1991)
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Fig. 4. Roo 紅 reflectivity in an east-west vertical cross 臨ction p 晶S旭g 血rough
T 曲 -Shi at 1550 LST 7 June 1987. con 曲ponding to Fig. 3b. Stippled
and darkened regions denote reflectivity greater 血扭扭曲d 50 dBZ,
respectively. Notice 曲at 血.e convective system is compo 晶d by closely
p 臨k祉 , individual convective cells. (afl 臨r Chen et 祉 . 1991)
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(1985) observed 血at new convective cells were 肘ggered and fonned an arc cloud line
when one of 血e mesoscale convective systems. embedded in a Mei- Yu front moving toward
T 位w個 at 14 ∞ LST on 2 June 1984, moved to 也e mountainous area. These convective cells
produ 臼d a devastatingly heavy rainfall in northem T:剖wan during the early morning of June
3. Figure 5 also shows 組 example (Y.-J. L 恤 , 1993). On 25 June 1987, a line of convection
oriented in a direction from east-northeast to west-southwest parallel to the front developed
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Fig. 5. An example of heavy rainfall enhanced by orographic lifting on a pre-
existing mesoscale convective system. PPI displays 扭扭en from 出e

Kaohsiung radar from 03 to 10 LST 25 June 1987. Contour interval is
10 dBZ beginning with 15 dBZ. The darked 缸'ea signifies regions greater
血曲 45 dBZ. The heavy and dashed lines denote the Mei 剖J front and
the squall-line gust front. (after ),;-J. Lin,1993)
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詛 a br, 。“紅'ea 血.ead of 血e Mei 旬. Yu front. This prefrontal cainband traveled at a ve 可 slow
恥吋卸,ward srn. 且也 -southeast. As 曲e 哪個n entered the. dual. Doppler coverage area of
CP4 血d TOGA (揖e 曲e circle of Figure 5), it produc 吋 extremely heavy rainfall. Y-J.
L 恤 poin 能d out 血at the 呵uall line quickly moved away from the cold front as gust frants
were farmed by c個,vective cells at the leading edge of 曲e system. On 血eo 也ec h 祖d, a
pl1 曲xis 血19 squall iii 時 may be weakened by 血.e CMR due to the blockage of the law-level
maist inflaw (Wang et 祉 , 1990). Oragraphic lifting plays an important role in enh 祖cing
也.e rainfall. Wu and Wang (1985) made an analysis of four such cases 'Of flash flood events
a 晶阻 iatl 吋 wi 曲曲.ep 晶晶,ge 'Of frants during peri 吋 s 'Of 甜甜onal change. They propo 臨:d four
m 自h叫 sms in order ta explain 血e farmation 'Of the heavy rainfall: (a) convergence prl 吋uced
byame 叫 scale wave disturb 臨e farmed fram 血e i臨 raction betw 叫出e 田咄westerly
monsoon and 血e Mei-Yu frant. (b) 'Orographic dis 個rtian of the frant wi 血 the addition 'Of

canvection farced by low:-Ievel sensible heati 嗯 , 的 canvergence formed by the interactian
of a cold front and 血e 阻u 血C品個Iy 誼ade wind, 個d (d) upslope orographic rain produced by
血e no 吋1e 晶terly winter mons ∞n. AI 血augh the 臨 mechanisms proposed by Wu and Wang
may provide explanations for different types of fla 曲 floods, more rigorous investigations
remain to be done 個 determine the exact or most dominative mechanisms.

Therefo 峙 , 臨 rainfall dis 甘ibution in Taiwan is highly dependent upon 曲 e prevailing
wind directi'On, imp 姐回ng weather systems, and 'Orography. Bas 巳d on the above 'Observations,
血e rainfall in T, 剖wan may be classified into 血,e follawing 血ree types: (a) orographic lifting of
血e southwesterly mon 曲。ill currents during the Mei- Yu 甜甜an or the northeasterly monsoon
current during winter, (b) enh 個問ment on me 回scale convective systems 阻d Mei-Yu frontal
rain during the Mei- Yu 甜甜間 , and (c) e 吋1ancement of rainfall on the passage of typhoons
during summer and fall.

2.2 Formation Mechanisms of Orographic Rain

四le strong influence of me 晶晶 ale mountains on 1∞ al rainfall is striking for bo 由 large
mauntains and small hills. On large mountain ranges, the places wi 血 highest rainfall are
located on the windward slopes, while far small hills 血iey 缸e located on the hill tops. The
m 四h 誼通圓的 'Of 'Orographic rain for small hUls and for large mountains are quite different.
Ba 晶don 伽 formation m 也hanisms 'Of 凹agraphic rain propo 血d by Smith (1979) and Lin
(1986, 1992) 剖吋 ob 時間 ations 區 Taiw 血 (italici 自由 , 出.e 'Ora graphic rain may be classified
晶晶llows:

(a) Upslape 'Orographic rain in a stable a恤10 叩lhere (summarized in Smith, 1979; Johnson
and Bresch, 1991).

(b) 臼ographic rain in a conditianally 凹lStable a回osphere.

1. upslope rain, instability relea 揖d by forced oragraphic 晶cent.

i. ωnv 前世ve systems embedded within fron 個1 clouds (Browning et at., 1974; Chen,
1978; Wang et al., 1985; Johnson 血d Bresch, 1991).

ii. clasely packed convections (Smi 血祖dL 恤 , 1983; Chen et al., 1991).

2. I曲 conv 目 tive rain, instabili 可肘ggel1ed by sl 呵>e heating (Henz, 1972; Chen et al..
1991; Jahnson and Bresch, 1991; Jau 血dO. 妞 , 1993).

(c) Orographic'rain aver small hills by seeder cloud.feeder cloud mechanism 個 ergeron,
1968).



Yuh-L 缸]g Lin 389

(d) Orographic r臨出ggered by convergence of a southwesterly monsoon current or a

m 自oscale convective system 個d thermally-induced downslope wind (Chiou and Liu,
1985; Hong and Hu, 1989; Y.-I. L 恤 , 1993).

加 ) Orographic rain induced by the low-level 餌 , 甜 a conveyor belt of warm and moist air

怕也e upslo 阱 of the moun 扭扭 , 翩。dated wi 血 the passage of a front (Harrold, 1973;
Chen, 1977; Chen and Yu, 1988; Iou and Deng, 1992).

The above mechanisms are sketched in Figure 6. The orographic rain on small hills in T: 剖W祖
may be dominated by 血e 血ird mechanism (Figure 6c). For the first and se ∞nd mechanisms
(FigJ. 帥曲曲d b) to be impo 此ant, 也e effect of condensation must play an active role in

a d

b e

c

Fig. 6. A sketch of the formation mechanisms of orographic rain: (a) stable up ﹒

glide, (b) closely P 缸:ked conv' 自由恥的 orographic rain over small hills
by 臨吋er cloud-feeder cloud mechani 帥 , (d) orographic rain triggered by
C個vergen 曲。fthe 曲u 血west, 叮ly monsoon current (SW) or a mesoscale
∞nv 自位ve 可鵬:ill and 血e 曲�rm 叫 Iy-fofl ∞d downslope wind. 缸1d (e) orc ←

graphic rain if 吋uced by low-level jet (LU) ahe 吋 of Mei- Yu fronts. The
船到由r 臼 figur 闊前'e repr 吋uc 吋 from Smith (1979).



390 TAD, VolA, No.4, December 1993

回臨;ering the convective clouds, since a large amount af .latent heat is relea 血d once 血e
moist air is lifted to its c個densati 個 level. This may c 扭扭曲.e wave 岫 ampli 旬" or damp

and 扭曲曲 convection currents. 明1e last mech 祖ism (Figure 缸) will be discussed in Section
4b. Theoretical 祖d numerical s仙dies on effi 目 ts of moisture on orographic clouds and rain
have been s 個di 叫 by 臨veral 扭曲。閱 (Durr 扭扭d Klemp, 1982; summarized in Lin, 1986).

2.3 Discussion

. The rainfall distribution in T.品wan is exttemely complicat 吋阻d may not be explained
by anyone of single m 也加函 smslis 能d above. It appears 伽t 血,e fonnation mechanisms
r臼:ponsible for 血e orographic rain in Taiwan are dependent upon the prevailing wind
directions, weather systems, 組d 血,e orography.

. 0 恤ervational analysis of cross s目 tions of rainfall distribution in the direction of 曲e
prevailing wind during different 臨asons will be helpfuJ 姐 isolating the fonnation mecha-
nisrn. For example, a northeast-ta-southwest cro 甜甜 ction of rainfall distribution should
be made during 血e winter mons ∞n 扭扭。n which has a prevailing wind from northeast.
臼I the other hand, the same cross section of rainfall distribution should be made during
the Mei- Yu season which has a prevailing wind from southwest.

. It has been suggested 曲 at the rainfall rate is dependent upon the amount and size
dis 虹ibutions of cloud condensation nuclei, the applicability of 血e Bergeron process 個d
血e orographic lifting in many studies (e.g 吋 Kuo 個d Ch 凹 , 1990).. However, there is
a deficiency of 血且e types of studi 個 in TAMEX re 回 arch. The relative imponance of
血e microphysical proces 晶 s to the orograpmc forcing needs to be investigated fur 血er.

. The basic dynamics associat 叫 wi 曲 fonnation mechanism (d) still needs to be examined.
For example, it is still not clear whether the effect of 血e CMR on an imping 恆g
mesoscale convective sys 能m is positive (e.g., Hong and Hu, 1989; Y:-J. Lin, 1993) or
negative (e.g., Wang et al., 1990). If bo 血 positive and negative relationship. are able to
occur, 也en it is essential to find out the control p 缸缸neter. To 曲。roughly understand
也.e orograpmc enhancement on rainfall associated wi 出 impinging mesoscale convective
systems, 曲曲retical studies or idealized numerical simulations of an isolated convective

可 stem p 甜sing an idealized topography wi 血 prescribed low-level surface heating will
be helpful. 四時 nwnerical study of Hong 祖d Hu (1989) may be extended to include a
more realistic moist budget or rain parameterization.

. Fonnation mech 叫 sms c, d and e need ω be examined by analyzing observational d啦 ,
凱且ch 扭曲e TAMEX data.

3. FORMATION OF MESOLOWS AND MESOCYCLONES

3.1 Observations and Overview

Shallow me 曲 lows and mesocyclones often fonn to 曲e sou 血e 阻 t or to the northwest of
Taiwan when the Mei-Yu front p 且ses over the island (Chen, 1978; Chen and Ts 呵, 1978).

Figure 7 shows one ex 缸nple of 血e meso lows fonned to 出e 四u 出e 品 t of Tai wan at 1800

UTC 16 May 1987 during TAMEX (Kuo and 口時也 1990). 自1 血e ups 甘eam side of 血C

CMR, the southwesterly or westerly wind prevails before the frontal passage. 前Ie location

of 11時間u 血e 甜 t mesolow shifts far 由er 岫 the south for a westerly flow compared with 曲 at

for a 曲uthwesterly flow. The wind 申eed may vary from 5 to 15 ms-l in the lower layer.
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The wind turns 個 a more northeasterly direction behind the Mei- Yu front. The northwest
me 田 low is responsible for enhancing I∞ al rainfall which often leads to fl 晶h floods in
northern Taiw 祖 dur 祖g 伽 Mei 品且扭扭扭 (Chen, 1978; 四en and Chi, 1980). For exam 阱 ,
Ch 甜甜d Chi found 血at the existence of me 曲 lows off the northwest coast of Taiwan tends
個 S臨ngthen the southwesterly moDS ∞n current. which 血en produces heavy (rainfall rate>
10.1 mrn/6h) arld to 位'ential rainfall (rainfall fa 包 > 60 mm/6h). 前le sou 血巳晶t low occurs more

ft1 呵U個 tIy 祖d more prominantly 血扭曲e no 叫抑自t low. However, this northeast mesolow
may be produ ι吋 by the 曲luthwesterly or 回utherly flow over 帥臼1R. It is essential to
understand the formation mechanism of 血e mesolow since it is highly related to the flow
眩目 ture over and around the CMR 四le dynamics governing the formation mechanism will
also help in understanding the orographic effi 目的 on Mei- Yu fronts and Mesoscale Convective
Systems, which is one of 曲em 吋 or scientific 0均創 ives of 臼 T品但X field project (Kuo
andCh 間 . 1990).

The frequency distribution of mesolows 個 a six year period (1972-1977) during the
Mei. Yu 甜甜on indicates 伽t about 72.5% of 曲erne 田 lows form to 血e sou 師組 t of Taiw 曲 ,
while 血e rest form to the northwest (Chen, 1978; 四個組d Ts 呵 , 1978; also see Figure
8). However, the existence of mesolows over 血e ocean is questionable due to the lack of
ob 個V甜onal dat 亂 In additi 冊 . readers 曲ould keep in mind 血 at there is a tendency for
ttaditional 叮noptici 缸18 to draw a closed circulation around a low pressure center, which is
not necessarily ttue in a mesoscale flow and is misleading. Occasionally, two mesolows may
form simultaneously to the east and to the southeast of the island, such 扭曲ose ob 臨rved
d凹姆 TAMEX IOP#2 (Figure 7). The 田u 血C翩翩曲low often forms near 血e mountain
and elongates in the northeast-southwest direction. A typical sou 血e 品 t mesolow has a short
缸 is of about 鉤 - 1 ∞ km arld a pressure pert 凹bation of 3 to 5 mb. The northwest mesolow
forms less frequently arld is smaller in size. Observations indicate 由 at mesolows do not form
at any panicular 血ne of the day. The 11到wan mesolow is shallow and has a height of about



392 TAD, VolA, No.4, December 1993

1.5 to 2 kIn. Observations al 曲曲ow 也at 血e 曲u 血e 描 t mesolow is warmer and less humid
曲曲 i 的 surrow 吋 ings. Accompanying the southeast mesolow is a mesoscale high pre 阻ore
cen 記:f formed to 血e west 前 nonhwest of Taiwan on the windward slope. The upslope
me 田high is relatively weaker. but pronounced. When the southwesterly flow impinges upon
血e mountain, am 吋or portion of the flow spli 尬。n 血:e upwind slope and most of the low-level
flow is bl 田ked and forc 吋 to go around the CMR (Figure 7b). The frequency distributions
of mesolows and mesocyclones 前e 曲own in Figure 8, which has maxima located 扭曲c
sou 血e 晶t 祖d nonhwest of Taiw 祖 .
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Fig. 8. 四1e frequency distributions of mesolows 血.d1 閏 cyclones during the Mei-
Yu period from 1972 個 1977 (afi 伽臼E間 .1978 個d Chen 祖dT: 揖y. 1978)

A careful inspection of the analysis of TAMEX data (e.g., Kuo 血d Chen, 1990; also
臨e Figure 7) indicat 自由 at 血C 曲U由e 晶t Taiwan mesolow is not necessarily coupled wi 由
a mesov 前能x. Figure 7 also indicates 血at 血e mesolow located to the east of 11剖W祖 is
col 田a 蛤d wi 曲血e cyclonic vortex. 冒血 combined rnesolow and closed cyclonic circulation
may be regarded 晶 a mesocyclone (Un et al., 1992). In a recent numerical study of 扭
扭vi 且 id low-Froude number flow over eastern Colorado. Crook et al. (1990) found 血 at a

mes< 吋clone forms over the Denver region which is located to the east of 血e Con 血lental
Divide (Denver Cyclone. 即 Szoke d aL. 19 制 ) and moxes downstream. This phenomenon
is similar to 血erne 田cyclones observed to 血e sou 血C甜t of Taiwan.

Several mechanisms have been suggested 扭曲e literature 晶 plausible formation mech-
叫 sms of lee mesolows 個d mesovo 吋ces: (a) 加undary layer separation (Hunt and Snyder,
1980). (b) baroclinic vorticity tilting (Smolarkiewicz 個d Rotunno. 1989). (c) potential vor-
ticity generation (Smith. 1989). (d) mountain waves (Smi 曲 , 1980). 個d (e) planet 缸y vorticity
stretching (Newton. 1956). A more detailed review of these mechanisms can be found in Un
et al. (1992).
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In numerical simulations of 血e Denver Cyclone, Cr, ∞k et ai. (1990) found 血 at 曲e

加m血可 layer 晶晶 not play an import 祖t role 扭曲.e formation of 血e lee vortex. In a
numerical model 祖g si 血ulation of flow past 也.e CMR, Huang and Rarnan (1990) 由owed
也at 血.e res 叫個 obtained. from 伽 addition of 血e pI 個翩可 boundary layer d∞s not differ
significantly from the invi 臨 id flow results. However, the most challenging problem in testing
血e effi 前峙。f boundary layer 田,paration on the formation of the lee vortex in a mesoscale
numerical model 扭曲 at 血,e grid 扭曲lution sho 世d be fine enough to resolve the turbulent
eddies or to properly par 缸netl 甜 ze the physical proce 路es 品socia 阻d wi 曲曲em. 百ms, 血is
mechanism still needs to be tes 蛤d more rigorously before any conclusions can be made to
its dynamical 區 fluen 間 ,

B晶吋 on 帥∞nservation of potential vonicity «(+f)/Sz 司onstant), Kuo and Chen
(19 蝴 pro 伊臨d 血at a cycl 個ic vorticity 曲n蚵 may form on 血e lee side 血rough s 甘etching
of tl時前∞ lumn. Wi 血 ups 缸earn bl 回king 缸吋 wave breaking in a stratified flow, Ertel's
(1942) theorem, which expres 臨s the conservation of po 胎ntial vorticity for adiabatic flow
is vio]ated. (Smi 曲 , 1989). In addition, 血e rotational effect may not be significant enough
個 produce a lee vortex for a flow over a me 曲scale moun 凶n compared wi 血 that over
a ]缸ge scale mountain. Air parcels which pass around 出e mountain 祖d inertia-gravity
waves generated above the mountain. may al 曲 m吋均 the formation and development of the
vorticity generated by the air column s 虹etching. Since there exists air column stretching on
bo 血 slopes to 血e northeast and southeast, one would exp 臼 r two cyclonic vortices instead of
a pair of cyclonic 個d 祖ticyclonic vortices to form on the lee side. As will be demonstrated
later, the numerical simulations do not seem to support 血ism 目hanism (Kuoand Chen, 1990)
for the generation ora lee mesov 凹tex.

h 甜dition to the above-mentioned meso]ows, mesovortices 阻d mesocyclones formed
岫血e 曲uti 也ast and northwest of Taiw 曲 , me 晶晶 ale mid]evel vortices have also been ob-
臨rved dur 曲直 TAMEX (e.g., Chen and Liang, 1992; B]uestein and Hrebenach, 1990). Anal-
ysis of 曲e midlevel vortex which 囚curred d 前面g 血e period of 16-17 June 1987 indicates
血 at it formed to 血e 曲u 血e叫 of Taiwan and 也en moved northward and made a landfall near
Taitung (Chen and Liang, 1992). After its northward journey along the CMR, 也e vortex
finally moved eastward offshore to the south of Suaou in 個血e Pacific. 前Ie life sp 祖 of 血is
vortex w 晶 more 也扭扭 h. This midlevel vortex was primarily steered by the mean 1缸'ge-
scale southerly flow. Chen and Liang su. 盟問胞d 血 at d 叮恤gi 的 nortllward journey tlle vortex

3.2 Numerical Modeling Studi 個

前Ie formation of 血e Taiwan mesolow 個dm 臼ocyclone has been studied numerically
using hydrostatic models (Sun et al., 1991; Lin et ai., 1992). Sun et α i. has calculated the
relative importance of conlributions from individual terms of the vorticity equation. 四ley
found 血at 血e formation of I自 vortices comes mainly from stretching, tilting, and arti 且cial
numerical friction. It is noteworthy to mention 曲 at 血e vorticity stretching can only contribu 胎

to the later development of lee vortices, but cannot contribute to their initial formation,
according 個也e vorticity equation.
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Figure 9 shows the streamlines and pressure perturbations for an inviscid stratified flow
p 甜 t the real topography of Taiwan after 15 h. The basic flow is from the west \-Vi 血 a
申自dof5ms

一 1. The Froude number 祖d CoriOli8 P 缸ameter 帥 0.125 甜的 .8xlO-S 8-1

re 申自 tively. A 8 個.gna 且on point forms upstream of the island and one lee vortex forms
over 也ee 扭扭m slope of 血e CMR at 組 earlier time (not shown). The formation of 血 is lee
me 曲vortex may be explain 吋 by 血e baroclinically-induced vorticity tilting 扭曲e gravity
waves st,自伊凡 overturn, and break ιin et al.. 1992). A me 叩high forms to 血 e northwest of
血e CMR. while a m 吋or mesolow forms 個血esou 血e叫ι姐 et aL, 1992). The 也company 祖g
downslope wind p幽曲 through the center of the me 叩low. 四 is mesolow is form 吋 by 血e
adiabatic warming associated with the downslope wind (L 扭 et aL, 1992). 世Ie upstre 缸n
me 四,high and 血e leeside mesolow can be explained by the hydrostatic mountain wave 由e 。可-
An anticyclonic vortex also forms to the north of the existing vortex. 四Ie northern vortex
forms at a later time 血扭曲e 曲u 血.ern vortex because it takes a longer time for the fluid
parcel to reach the northern part of the mountain. This result is similar to 血.e obselVations

of Kuo 個d Chen (1990) and the numerical simulation of Sun et al. (1991). Notice 血at
血e cyclonic mesovortex'develops 扭個 ame 田cyclone at 15 h(Figure 9) which may explain
也e mesocyclone form 吋 to the east of Ti 到W扭扭曲時rved during TAMEX field experiment
by Kuo and Chen (1990. also 阻e Figure 1). Similar expe 血nen 恆 indicate 血 at a mesolow

tends to form to the northwest of Taiwan in a northeasterly wind which often prev 剖 Is behind
血e Mei-Yu front. Using a hydrostatic model, Sun and Chern (1993) show 巴d 血 at mesoscale
vortices are able to form successively on the lee of the C 卸血 . The intrinsic period of 血is
type of vortex shedding is about 54 h in an inviscid adiabatic flow, which is reduced to 24 h
in a diabatic flow wi 曲 diurnal forcing. The reduction of the vortex shedding is no surprising
since it is dominated by the forcing mode. In addition, 也ey found 由 at til ting is important
to the generation of the vertical vortici 可 over 曲e CMR and the stretching is responsible for
amplifying the lee vorticity and is directly related to the initial development. The finding of
vortex shedding on the lee of CMR in an inviscid flow is interesting. al 出ough there are no
available observational data 個 confirm its existence.

With 血e above numerical results and 也e observations of Kuo and Chen (1990, also 帥
Figure 7). Lin et al. (1992) proposed a conceptual model for 由e formation of 恥 Taiw 祖
I

3.3 Discussion

Using hydrostatic numerical models. Sun et al. (1991) and Lin et aL (1992) are able 岫

reproduce the me 曲 low 個d mesocyclone ob 臨rved to 血e 田u 血e 晶 t of Taiwan during TAMEX
(Kuo 組dCh 間 , 1990). Lin et al. (1992) sugges 個出 at 血,e dis 血ction between the Taiwan
mesolow and lee vortex should. be made becau 扭曲ey do not necessarily colocate. Thus,
more careful data analysis for the Taiwan mesolow is needed. 白lis 扭曲 important finding
since 曲me 甘吋itional sysnoptic analysis 且也is area often relate closed cyclonic circulations
WI 血 mesoscale low press 山'e centers (e.g., Wang, 1986; al ω see Figure 16). However, the
formation of lee mesovortices sti1l needs to be investigated due to their transient features
which 個cur for bo 血 idealized 誼xi re 叫 topographies. Even 血ough Smolarkiewicz and
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Fig. 10. A conceptual m吋elof 血e Taiwan sou 扭曲 t me 曲,low 組dme 臨yclone.
A stationary me 曲high forms on 血.e upstream side 削 a mesolow forms
抽出e 阻u 血C晶 tof 血e CMR under a prevailing westerly or 曲uthwesterly

flow. An additional moving mesocyclone develops 個血.ee 晶tof 曲eCMR
E 血e imp 恆。Ig 個gle of the prevailing wind is I缸ger. (afi 臼r Un et ai.,
1992)

Rotunno (1989) stated 血at 也e only source of vertical vorticity 加 their numerical experiments
扭曲.e b 缸oclinically-induced vorticity 位 It in 皂 , 由e con 缸ibution 'Of the stretching term to 血e
vertical vorticity at later times, such 曲曲at faund in Sun et aI. (1991), cannat be ignor, 吋
once 伽 vertical vorticity h 晶 developed. The relative importance 'Of this stretching term
ta 血e tilting term still needs to be investigated. The formatian mechanism 'Of 血e midlevel
vortex proposed by Chen and Liang (1992) h 晶 na 卸lid evidence in the data analysis and
still needs to be examined. ill additian, due to 血e disagreement between Smolarkiewicz and
Ro 個noa (1989) and Smith (1989), 出,e inte 中間 tations of the generation 'Of lee vartices 甜
simula 能d by Smolarkiewicz 血dRo 個DnO 曲ould al 曲 be addr 自由d by future work. Again,
ODe 曲。叫dk ∞p 姐 mind 血at 血e I曲 var 鉛xd ∞ s nat necessarily produce mesolaws wi 血 it.

Due ta 血est 曲peness 'Of 血eC:t\ 血 , the work 'Of Sun et ai. (1991) and Un et al. (1992)
曲ould be extended by adopting a nonhydrostatic numerical model ta study the detailed flaw
circulatian around the island. This may be accamplished by nesting a nonhydrostatic model
far a particular region 'Of interest in a hydrastatic model, which has a smaller damain and
finer 扭曲 lutian.

It appe 師也 at 出e 田u 血east mesolaw farms under a prevailing westerly 'Or southwesterly
wind, while 血e narthwest mesolaw farms under a prevailing na 抽帥 terly 'Or nartherly wind.
Thus, it will be helpful ta distinguish different frequency distributians 'Of the mesalow 祖d
mesocyclane farmatians ba 甜d on the basic wind directians. In additian, the mechanism
pro 伊臨d by Chen and Chi (1980), 回 which 血e farmatian 'Of the narthwest mesolaw tends ta
strengthen the 阻uthwesterly mans ∞n current and 血.en produce heavy 'Or tarrential r血 fall, is
interesnng,'but needs ta be examined using bo 曲曲旭 analysis and numerical simulations wi 血
maisture effects included. Accarding ta Lin et al. (1992), the narthwest mesalaw is produced
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by 由.e northeasterly current behind 血e. frontal passage. It is observed 血 at 血e 曲uthwesterly

current often turns northwesterly after the Mei- Yu front p 甜甜s over Taiwan from the north
(e.g., Chen and H 剖 , 1992). It appear 自由at the no 吋IW 個t or west mesolow 扭曲 effect of the
frontal passage, ins 包ad of a cause of heavy rainfall. Therefore, the relation 曲 ip between the
me 叩low 個d 血e enhancement of the 回uthwesterly still remains to be clarified. Effects of
血e pi 個etary boundary layer and vertical wind shear on the formation of lee mesolows and
meSQj 巳yclones al 咽 need to be investigated.

4. EFFECTS ON THE PASSAGE OF FRONTS OVER CMR

4.1 Frontal Distortion

When an east-west or 曲u 血west-northe 咽 t oriented Mei- Yu front 扭Ipinges on 血.eCMR
from 血eno 肘1 or northwest, it splits in 阻 two br 祖.ches. 四le eastern branch moves southward

much faster 血祖 the western br 個ch. 臼1 the western side of 血eC 卸眠 , the southwesterly wind
prevails before 血e frontal passage. The wind turns to the northeast or north after the passage
of the Mei - Yu front. 四Ie deformation of the Mei 品1 front over Taiwan has been documented
阻四個 (1980) and Wang (1986) among others. Observational 個 alyses of 伽 passage of
Mei- Yu fronts over Taiw 祖 during TAMEX have also b 自n performed by Trier et al. (1990)
and Chen and Hui (1992). Since a signific 祖t po 甜on of heavy r且nfall even 旭 during 血e
Mei- Yu 臨a阻n occurs when a Mei-Yu front and its e1I}.bedded mesoscale convective systems
p 晶s over Taiw 咽 , it is essential to understand 血e deformation mechanisms of the Mei- Yu
front 晶 it P 扭扭s ov 前血.eCMR.

Figure 11 曲ows the surface positions of a Md- Yu front during the period from 0∞O
UTC 11 June 個 18 ∞ UTC 12 June 1986 (Chen, 1978). At 11∞ UTC, 血e eastern branch

‘ 122

24

Fig. 11. 四Ie surf 帥 locations of a Mei 剖1 front during 0000 UTC 11 June and
18 曲 UTC 12 June 1986. (after 臼間 , 1978)
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h 甜曲曲dy pr'Opaga 記d t'O a locati'On near the southern tip 'Of Taiwan, while the western branch
is still I∞ ated in n'Onhern Taiwan. Mter II ∞ UTC, 也eeastern branch became mare 'Or less
stati'Onary. 官時間 twe branches eventually merged at about 0300 UTC en June 12. Figure
扭曲ews 血e surface wind field and frental loca 且ODS 'Of a Mei- Yu front en 13 May 1987
(臼len and H 咽 , 1992). At 06 ∞ UTC 13 May, the prevailing wind in western Taiwan is frem
血e sou 血west. 四lis southwes 悔dy current splits at the seuthern tip 'Of 血.e CMR. A mesolew
f叫med 抽血e 田u曲e 甜 tafT, 世w祖 at 血 is time. The fennation m 目h 缸lism 'Of this mesol'Ow is
explained by the adiabatic warming 師叫 iat 吋 wi 曲曲e dewnslepe wind (Sun et al., 1991;
Lin et aI., 1992). Netice 血 at 曲e celd frent 'Observed to the nerth 'Of TAMEX re 斟en w 晶
'Often shallew (1-2 Ian d 自p) and moderately baroclinic (Chen et al., 1989; Chen and H 祉 ,
1990; Tri 前 et al., 1990; Chen and Hui, 1992). These ebservatienal analyses also indicated
血 at the leading edge 'Of 血e 曲allew frent has a structure similar ω a density cmrent. At 121 ∞
UTC, 也e frent re 揖hed 血e nerthern tip 'Of Taiwan and started 個 split inte twe br 血ches. It
can be inferred from 血e figure 血at the eastern branch propagated. at a faster speed 血扭曲e
western branch. At 0∞0 UTC 14 May, 由臨 twe br 祖ches merged at 血e sou 血em t旬 'Of

Tai wan. It has been suggested 血at the retardatiDn 'Of the western branch 'Of the Mei- Yu frent
is due te the prevailing southwesterly mDnsoon current (Wa 呵 , 1986). 四lis hypothesis still
needs to be examined.

四通 s type 'Of defarmatian 'Of 也.e surface frant h 晶 alse been 'Observed. in ether parts

'Of the wDrld, such 扭曲at ever the Alps (Kurz, 1990), 個d 'Over New Zealand (Sturmanet
aL, 1990). The dynamics 'Of 'Orographic distartien 'Of frants can be understaodby 臨king
the passive scalar approach in which an initially straight frent cernes under the influence

'Of the anticyclanic mauntain circulatian and experienc 目 an anticyclanic turning. Using the
passive scalar approach in a stratified line 紅 steady flaw aver and 前ound 'Obstacles, Smith
(1982) 'Obtain 吋 ve 可 realistic is ∞hranes 'Of a frantal passage aver an elangated mauntain
wi 曲 anticyclDnic tur 咽ng 'Of the front and retardation 姐 the vicinity 'Of the mauntain (Figure
13 a). The anticyclanic turning 'Of 血e frant aver a mauntain has alsa been produced using
semigeostraphic 曲曲可 (Blum en and Gross, 1987; Figure 13b) 組d 面 a shallaw water model
(Haderle 妞 ,1986; summarized in Egger and Hainka, 1992). As soan 品 the frant impinges en
血ema 凶t 巫見 an anticyclanic cire 凶甜咽 , 個S田 ia 能dwi 曲 the mauntain-induced high pressure,
relative ta 血e mDunt 到n is induced in the c
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4.2 Orographic Rain Induced by the Low-level Jet Associated with Mei- Yu Front

TDrrential rainfall and canvection during the Mei- Yu se 品an in Taiwan are clasely related
個 the law-level jet which has a velocity as high 臨 40 ms-l 個d is located an the sauthern
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side of 血e Mei- Yu front 扭曲.e 850 to 7∞ mb layer (Chen, 1977; Chen and Yu, 1988; Jou
u 吋 peng, 1992). A similar phenomenon h 曲 also 1x 到�n observed. when the Baiu front p 血ses
over Jap 曲 (Ninomiya 祖d Murakami, 1987) 血d over C1血a (Tao and Ch 間 , 1987). The
fonnation mechanisms of the low-level jet is beyond 血e scope of 血 is study. One of 血em
is the downward 缸缸哪個 of momentum as 鵬 iated wi 由 cm 叫閏 cloud conv 自由n (e.g.,
Matsumoto 祖.d Nino 囡ya, 1969). However, 也e low-level jet ass 囚iated with Mei 品1 fronts
often exis 的 before 血.e conv 叫 ion starts 祖d its loc 甜on often detennines 由e region favorable
for the development of 血e mesoscale conv, 自 tive system. Therefore, Chen (1977) and Chen
個d Yu (1988) concluded 由前 the low-level jet should 扭曲e \?ause of convection, instead of
由e effi 郎 t. A low-level jet wi 血 velocities as large 甜 30 ms -.1 at 850-900 mb together with
個omalously high wet-bulb 能mperatUfi 閱 (Browning and P 缸d 間 , 1973) 訂'e often ass ∞ iated
wi 血 heavy rainfall 甜 a vigorous cold front pa 晶晶 over the southwest facing hills of south
Wal 閱 (H 甜呦,1973). The low-level jet over sou 血 Wales serves 晶 a conveyor belt of moist
andwarm 甜甜d is typically a few hundred kilometers wide and a few kilometers d自:p,
which flows p 缸 allel 抽血d imrn 吋iately ahead of the surface cold front.

四IUS, we may propo 阻 that the low-level jet ahead of 血,e Mei-Yu front in Taiwan
may 臨,rye 晶 a "conveyor belt" which 甘ansports warm and moist air from the ocean to 血e
upslope side of 由e CMR. Once the convective instability is released by orographic lifting,
heavy orographic rain may be produced. A conceptual model of orographic rain induced by
a low-level jet associated with Mei 品J fron 區 over T,剖W扭扭曲own in Figure 6e. In order to
numerically predict 血.e orographic rain induced by the low-level jet, the front 叫 circulation
h 揖岫 be included in numerical modeling studies.

4.3 Cold Air Damming, Orographic Jet, and Kelvin Wave

When the Mei-Yu front of 13 May 1987 passed over Taiw 阻 , 由e CMR blocked the
shallow, stable northeasterlies in the postfron 個I region (Chen and Hui, 1992; Wang and Wu,
1987; FigureI4). 四Ie surge of cold 剖r moved rapidly 品u 也ward on 出e eastern side of
血e CMR., while a pressure ridge built along the coast. Strong northeasterlies flowed along
伽 co 個 t down 血e pre 甜山egr 甜ientof 血e ridge. Ch 扭曲d Hui (1992) indicated 血 at 血is
phenomenon is similar to 血at ob 晶rved for the same frontal passage over southeastern China
(Figure 12b). They 副組 indicated 血at a similar phenomenon h 甜 also been observed for
o 血er Mei- Yu fronts passing over Taiwan (Trier et

.'
祉 , 1990; Chen 個d Hui. 1990; Wang

缸1d Wu, 1987; 臼E扭曲dLi 曲直 , 1992). 四Ie phenomenon of cold 甜 becoming entrenched
along the eastern slopes of 血e Appal 缸趾個 moun 個ins 個 the U.S. during the winter is
referred to 晶 cold air damming (Ben 祖dBo 晶rt, 1988). The cold air is in the fonn of
a dome moving southwestward along the Appalachian mountains. 四Ie dome is capped by
a sloping inversion underneath a warm easterly or southeasterly flow. With a cold dome
established in 血is way, strong northeasterly ageostrophic winds tend to develop parallel to
血e Appalachi 阻 mountains. Our 祖g damm 旭g even 尬 , 也e generation of a quasi-stationary
front is often ob 晶 rved. In addition, cold air damming depends critically on the configuration
of 血.e large scale flow, such as a synoptic high to the north of the Appalachian mountains�
From the observations of fron 凶 passage over the CMR (Trier et at., 1990; Chen and H 咽 ,
1990, 1992). 血ere is no 曲 lid eviden 間 for the exis 能:nce of cold air d 缸nming on 血e eastern
slope of 出e CMR. It appears 也at 血e formation of p 扭曲區e ridge over southeastern China
(Chen and Hui. 1992) is more related 個 cold air damming. compared to 血 at over the CMR.
To clarify 血 is point. an east-west cross section analysis of 血e temperature and 由e along-
mountain wind velocity is n 自由 sary ﹒ This will help to check if the two major featwes, the
cold dome and stationary front 扭曲.e along-mountain direction, 的 fonned or not.
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Fig. 14. (吋 Surface 祖alysis of a Mei-Yu front passing over Taiwan at 1800 UTC
13 May, 1987. Notations are the same as Fig. 11 (ail 蛤r Chen 血dH 剖 ,
1992), (b) Visible sattelite image of a frontal passage over Taiwan at 03

UTC 扭曲 tober, 1986 (after Wang 血dW, 且 , 1987). No 且ce 由at 血,ee 品tern

branch of Mei- Yu front moves much faster 血扭曲e western branch when
血e front p 晶晶 s over Taiwan.
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If 血e orientation of a front is such 由此也.e along. front geostrophic flow in the cold air
is 曲目t吋 approximately nonnal to 血.emo 帥tain slo 阱 . a current must fonn 扭曲 boundary
layer 個缸comoda 扭曲e geostrophic flow in 個 the slope 但gger and Ho 扭扭 , 1992). This
boundary layer current 甜甜的 a jeHike structw"e 組d is moving in a direction leaving 伽
moUntain to its right in 血e northern hemisphere. This type of boundary layer current is
called 祖 orographic jet or gravity current 扭曲風 1980). The mountain slope must be
su 血ciently steep and 血e mountain must be high enough 個 bl ∞k a substantial fraction of
由e flow nonnal to it. . The speed of an orographic jet may be 甜imated by 峙

,昀巾 . where
g'is 血e reduc 叫 gravi 可祖d H the depth of 血e lower layer in a two.lilyer system (Stem et
aL, 1982; Gri 扭曲 ,1986). This 可pe of phenomenon has also been observed in 0 血er p 缸18
of the world, such 由也.e southerly buster in 血e co 晶tal regions of New South Wales of
Australia 扭扭 nes, 19 曲 ; Colquhoun et 叫 . 1985) 組d 曲e alongshore surge of 血e west co 咽
。fNo 抽 America (Mass 組d Albright, 1987). Figure 15 shows an ex 捌pIe of an orographic
jet simulated by a numerical model, which evolves along a mountain slope wi 血 in 12 hours
from a front which is initially perpendic 叫缸 to 血e moun 叫n 但由er 祖d Haderle 恤 , 1988).
From the observations of 曲e frontal passage over 也e CMR (Chen and Hui, 1992; Figure
14a), it appears 血at 也ere exists a favorable condition for 伽 formation of an orographic jet.

Fτ祖The蛤.e d副i血c叫祉可 of e位x旭a缸岫mir
血e Mei 恤E 且 front of 13 May 1叩98盯7i 旭sa曲bou 叫I且t 9.3 ms 值 compared ω 6.2 ms- →1 propagation
s叩:pe∞ed of the western frank (Figure 1口2訂). 四Ie difference in the case of 11 June 1986 is even
I訂ger (Figure 11). In the southerly buster cases observed by Coulman et al. (1985), 血e
estimated speeds of 血e orographic jet are consistent wi 曲 observations. However, 血巳re is no
pronounced bulge of the cold 剖r along the coast, as a characteristic of the orographic jet. The
S 缸ne hold true for the co 叫“ ridging phenomenon (Holland and Leslie, 1986). Holland and
Leslie argu 吋血at 血eco 品tal ridging c 缸mot be regarded 扭曲 orographic jet since the ridge
is moving faster 曲曲 the wind along the coast. They interpret the ridging 晶 a Kelvin-type

Yuh.Lang Lin

150010 ∞

自0.

+

Fig. 15. An example from a Dum 叮ical simulation of 血 idealized orographic jet
which evolves along a mountain wall wi 血in 12 hours from a 宜。nt which
is initially dir 目tedpe 中endicular to the mountain. Both the position of
也e surface front 祖d dep 曲 (m) of the cold air are deno� 剖 . The dashed
line marks the initial position of the front. (after Egger and Haderlein,
1988)
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吋ge wave. Although 個'pographically 個pped Kelvin waves and topographically trapped
orogra 戶ic jet (gravity current) 師 closely reI 前吋 and 曲齣 Daanycharacteristics, such 揖
ph 臨 S間也叫 decaying 叫e at the Rossby 叫閏 of defonnation (..;grJI /1), 臨時間
iInp 個tant differences (M 制組d Albright, 1987). In topographically trapped Kelvin waves
曲的缸'e wavelike 甘甜師問 displacel 血fits of a stable fluid; 也 is fluid is capped by a layer
of su 血cient stability 個 Daainta 扭曲e blocking effect of a topographic barrier. It has been
圓圓ested by W.-D. 。臨 (1983) 也都由e Kelvin wave Daay 臨epen into 個 abrupt surge, such
扭扭 orographic jet or gravity C1臨別 ,if 血e nonlinear effi 叫 is strong enough. To examine
血 is 恤enornelli 間 , a comparison of the propagation speed predicted by either 血切可 or model
sim 叫祖ons to ob 晦rvations 祖d 扭曲aIysis on a v 釘tical cro 扭曲ction along the eastern slope
of the CMR will be helpful. A 阻fisitivity test on the Coriolis parameter may be helpful.

It isnotew 冒出,y to mention that both the cold 剖r 也lIlDaing 祖d orographic jet are oro-
graphic adjustment proc 晶晶S 扭曲“ I 缸ger scale flow has 個 adjust to 曲e presence of a barrier
但,gger 個d Hoinka. 1992). However, the orographic jet is generated 曲曲曲曲e adjustment
of a prl 間xisting ∞ ld front 扭曲,e Daountain, while a qu 揖i-s 個tion 缸y front is generated by 血e
damDaing pr, 囚C晶 . Corres 伊nding 旬, analysis of the orographic jet is perforrn.ed on a plane
parallel to the mountain ridge, while 血 at of cold 前面nun 旭g is perforrn.ed on a plane norrn.al
岫 the mountain ridge.

4.4M 扭曲曲 Ie Frontogen 臨is and Cyclogenesis As 曲dated with Frontal Passage

Wang (1986) r叩oned 血at me 間也ale frontogenesis and cyclogenesis Daay 部cur on bo 也
the western and eastern sides of the CMR when a front p 扭曲 s over Taiwan from north or
northwest during the late winter Daon 凱>on 甜甜個﹒ As discus 臨d earlier, the front is always
retard 吋 and split by 血e CMR when it p 晶晶s over Taiwan. Figure 16 shows 血at mesoscale
fron 個genes 扭曲d cyc1ogenesis 田C山Ted 抽血e 叩u 血C晶 t of Taiwan in connection wi 曲曲e
front of 8 April 1975. Wang proposed 曲at 也e Daesoscale frontogenesis 祖d cyclogenesis in
血 is re 斟on is due to 血e local convergence of the northerly Daons ∞n current and 出e southerly
flow caused by the salient edge effect. The cyclogenesis on western Taiwan often occurs on
血e 可noptic cold fro 剖 , which may produce heavy rainfall. In addition, he also pmpo 田d 曲“
血 is 可pe of me 曲scale cyclogenesis is due 胞也e ∞Invergence of the orographic ally enhanced
southw 間個 Iy flow and the northerly or northeasterly flow along the cold front. This type
of cyclogenesis may al 曲 be generated by the convergence between a cold front and 出e 揖a

be 晶晶 .

The mesoscale cyclogenesis over sou 也開st Taiwan may be closely related to me 品cy-
clone formation 晶晶und in Un et aL (1992). The edge effects proposed by Wang (1986) still
臨cd 岫 be examined against other mechanisms by bo 曲 observational 阻叫 ysis and Daodeling
s 恤lulations. 冒血 Daay be accomplished by applying a mesoscale model wi 自由e bound 缸y
layer physics included in 血,e siDa 叫 ation. Detailed 個alysis and more numerical modeling
siro 叫祖ons 缸en 田ded to help understand the prl田間臨 s of mesoscale fmntogenesis and cy-
clogen 間 is in conn 自由n wi 自由ep 晶揖.ge of a front over Taiwan. In addition, the existence
of mesolows over tl:跑回ean (e.g., Figure 16) is questionable due to the lack of observational
data, in which the readers should be awared of.
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Fjg. 16. Mes 曲cale Cron 個genesis and cyclogenesis in connection wi 曲曲.e front 叫

pa 且 age of 8 April 1975. (after Wi 曲直 . 1986)
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5. INFLUENCE ON TYPHOON TRACKS AND CIRCULATIONS

5.1 Observations

When a typh ∞n appro 缸hes T, 組W妞 , i 包 circ 叫 ation and 缸缸k 紅e si 伊ificantly afI 叫吋
by 伽 CMR. The change in 可pb ∞n 虹acks 個d 血e accompanying circulation proposes a
challenging problem :6叫 weather 如前臨ters 祖 Taiw 祖﹒ The orographic influences on 血e
typb 自旭缸'e many and include: (1) 也,e movement of 曲恥'f 血 . which includes 血e tr,也ks.
叮扭曲曲nal 恥帥 , 祖d 曲ec 虹c 叫ations, (2) 由e Str, 個阱 d 血e s個 rm, 血d (3) 也era 姐fall
distribution. Orographic influence on tropical 可clones 旭。由.er parts of the world has al 回
been investigated. such 晶扭曲e northern Phillipin 閱 (Br 祖d and Blelloch, 1973; K 旭I個紅
and Amadore, 1974) and 扭曲.e Caribbe 祖 islands (Hebert. 1980). In 也is review. we will
pi 翩翩phasis on 血.e first two effec 恤,

Br 祖d and Blelloch (1974) found 個 average intensity (maximum surface wind) d 臨時a 晶
。f over 40% 祖d a distinct northward deft< 自由n 扭曲.e typhoons approach 伽 island wi 血 a

sou 血W缸d de 且也tion ail 能r their passage over 曲e CMR. The deflection of the typh ∞n track
found by them is ∞nsistent wi 血 other observational studies (Wang, 1980 among others)
and h 甜 been verified by numerical modeling expe 血nen 恆 (e.g 吋臼lang. 1982; Bender et
祉 . 1987) and tank experim 扭扭扭曲 , 1976; Hwang et ai.. 1977). However, 個 pointed out
by Yeh and Elsberry (1993). the averaged cross-track vel 田 ities of 曲.e northw 前d deflection

缸e different among numerical simulations of Brand and Blelloch (1974). Chang (1982) 個d
Bender et al.. (1987). In addition, the track deflection is found 個 be 甜nsitive to 血e storm
translation speed (Bender et ai.. 1987). The 揖 differl 凹ces may be caused by storm 甜cu 甘間
and 也e complexity of the environments. This problem should be addressed in futu 肥 S個晶es
and may be investigated using a more systematic design of numerical experiments. Based on
也eir s臨時 th and vertical ex 刷t (Zt). typh ∞!fiS may be c1晶到晶吋晶 : ( 吋 Category I typh ∞fiS

(Vm 缸 < 50 kt or Zt < 3 kin): The typh ∞n 記n也個 dissipate over the island, or (b) Category
IItyph 旺ms (50 kt < Vmax < 1∞ kt or Zt

'"
6km): The typb ∞n tends 個 produce secondary

induced lows that may dominate the circulation at later 血nes. The 臨 typh ∞ns sometimes
appe 缸個 jump forward or 臨elerate r叩 idly 制咽伽 island. (c) Category III typh ∞iUS

(1 ∞ kt < Vmax 自 10.7 km < Zt): 百萬 typh ∞n follows a ωn 血lUaUs 缸ack ev 扭曲。ugh 血e

臨condary lows form on the lee side of 恥 mount 血 range. Yeh 血d Elsberry (1993) found
岫t the CMR apparently decelerates 血e slow-mov 阻g storms upstre 帥 . but has a relatively
small effi 目 t on typb ∞'ns moving fas 個曲曲 6 ms-I.

Extensive ob 揖:rvational 缸1aIysis of 血.e orogr, 叩hie influence on typh ∞n 缸缸岫個d
circulati 個 s by 曲Ie CMR have been performed by Wang (19 個,). When a typh ∞iU impinges
on 血e CMR at a certain angle, its 缸缸k may remain continuous or becom
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Fig. 18. Flow circulations associa 侮d with a 可pb 凹m which has a continuous track.
(after W.個g, 1980)

Fig. 19. Flow circulati 個18a 曲目 iat 叫 wi 血 a typh ∞n which has a discontinuous
track. (after Wang, 的間)

(19 肋) proposed a con 自ptual model for the change of typhoon 缸缸k 扭曲e vicinity of a
mesoscale m 個且個in r祖ge (Figure 20). He sugg 臼ted 血前也e typh ∞n is steered by 血e
re 紅 part of the circulation 81 吋 the basic flow (easterly in the figure) when the front p 缸t
of 配 circulation is blocked by 由e mount 血 r祖ge. Therefore, 也e typh ∞n center will be
deflected 個W缸d 血.e no 抽 before it P 扭曲s over 血,e CMR. Similarly, the typh ∞n center
will be deflected toward 血e 曲曲曲 after it pa 晶es over tl 時 mountain range. However, it
is noteworthy to mention 伽t 血e flow circulations 晶証詞 iated typh ∞n near the CMR may
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Fig. 20. Imp 部 tan 伽缸部k 'Of a typh ∞n dueta tI站前ogt 呻趾.c influence an its
c 臨ulatian. Wang propo 田d 血at 血.e typhoon 間且個 iss 臨red by 血e rear
part 'Of 血.e circ 祉atioo when the front part is bl 田k吋 by 臨 mauntain
range. The typh ∞nc 個個 is de 且也t吋 taward the north befare it reaches
也e mauntain range. S自峙:xt far details 祖.d comments (afi 胞rW: 祖,g, 1980).

became ex 缸emely ∞mplica 叫 , such 個 the existence 'Of flow blocking and hydra 世ic jumps,
and behaves c個Ipletely differently fram those pr, 呵悶揖.d by Wang (1980). A mare 可蜘matic
appraach 'Of n阻Ierical exp 剖ments may help in 扭曲 Iving 也is problem.

B 叫h st 祉istical analysis 'Of ob 盟:rvati 個al ca 揖 studies (Wang, 19 即) 祖d tank experi-
ments (p: 帥 , 1976; Hwang et al., 1977) 加.ve shown 血at 曲e f'Ormati'On 'Of 田candary laws is
determined by 血e incident 曲直)e 'Of the typh 叫

)D circulatian and 血e Reynalds number. 甘時

incident angle (den'O 能d 甜α inP ω and Hwang et al.) is defined 甜 the wind directian
at Pengchia 品I, I四a 能.d at about (I22 �E, 25.5 � N), befare 血.e typh ∞n impinges on Taiw 扭
曲b前叫吋 by 血e arientatian dir, 叫ian 'Of the CMR (20

� ). 四Ie 臨condary law fartns farther

t'O 血e north an IDe west coast 'Of Taiwan far a larger angle α . In addition, the 由自由 Itdary
laws may became either dynamically active 'Or 詛配 tive (Figure 21). Accarding 個 W祖g
(1980), a secandary vanex center may farm in the wake zane through tile comer effi 叫 . He
alsa hypothesized 血 at IDe inactive secandary low may develap into an active 臨cand 缸Y low
血raugh 血e mamentum excharige between 血e typhoon 祖d the law, which may progres-
sively repl 臨e 血e parent typh ∞ifi. Readers 曲。叫d k, 自p 區 mind tlIat tile distinction betw 間n
a mesoscale vartex and a low is necessary, which is not made 姐 Wang's s個dy. Chang et
aL (1993) propo 揖d 血 at pre 喝ore 缸aughs alang 臨 west coast are an inherent re 申個時 'Of

a west -maving typh ∞n approaching tlIe nonh- 田iUtII 'Oriented CMR. It is important ta make
a distinctian between 血e 品condary low induced by 血e parent typhoon and 吐Ie I,臼 traugh
祖duced by the basic flow aver a mauntain. Natice 血at tile latter is statianary, while the
fanner is nannally propagating.
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Fig. 21. A conceptual model fc叮 a developing 臨condary low from a shallow
pre 回帥臼n 蛤r: ( 吋 dynamically 姐叫ve 祖d (b) active lows. Station
Pengchia- Yu is denoted by "0". 四Ie s 虹開mlines at low levels are denoted
by solid lines, while these at high levels 缸'e deno 能dby 曲曲吋 lines. The
ve 吋cal s個C個re of 臨揖 two types of 臨ondary lows are also sketched.
(after Wang, 1980)

百Ie effects of Taiwan topography on typhoon circulation and convection has been
investigated recently by L 間 (1993) using data ob 個ined by bo 血 conventional platform and
Doppler radar at CKS 也port. He found 血at 血e low-level circulation center of 可ph ∞n
Ofelia w 晶 bl 凹ked by 血e CMR and moved around the elevated mountain area, while the mid-
and upper circulation centers moved across the CMR following the steering flow. Typh ∞n
Yancy t∞k a looping track af 伽 landfalI due to 血e topographical effect. Both Ofel 扭曲d
Yancy lost 血.eir eye structures shortly after landfall. However, bo 血 weak echo regions at 出e
center reappe 缸吋 when the circulation centers were I也ated to the west of the CMR. It is
also found 血at a typhoon rai 晶晶d can be either bl 田ked by the mountain range or enhanced
by the terrain lifting.

5.2 Numerical Modeling Studi 國 and Tank Experiments

Using a p血ni 且ve-equation model, Chang (1982) found 血 at 出e typh ∞n tends to 虹ans-
late at about twice the speed of the basic flow near the mountain, while its intensity is reduced.
A majority of the airflow at low levels p 臨S目前'Qund 曲emo: 回Itain range ra 由er 曲曲 is forced
over it, which fonns a ridge on 由e windward slope and a trough on 伽 leeside slope. The
tropical cyclone's passage induces a mean cyclonic circulation around the mountain wi 曲 its
strongest 缸nplitudes at low levels. As a result, the m 吋 el tropical cyclone aquires a cy-
clonic curvature in its pa 由 around the northern end of 曲e CMR. This is consistent wi 曲曲e
concep 個 al model propo 晶d by Wang (1980� Figure 20). Chang also found 曲 at secondary

vortex centers form 扭曲e lee trou 帥 , which may develop when 血ey are in ph 品 e wi 曲曲e
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upper-level vortex center (Figure 22). . In addition, results indicated 血 at diabatic pr ∞ esses
甜sociated wi 也 cumulus conv 自 tion play important roles in maintaining the cycl�nic circula-
tian 'Of the vortex associated with the typb ∞ill. The harizontal advection of positive vorticity
扭 conjunctian wi 曲曲.e leeside vortex s 住etching results 姐 a mean positive v 曰“ city around
也e maun 姐姐 . This is consistent wi 自由e finding of Chan (1984). Chan showed a defini 個

link between the local change 旭 relative vorticity 血d tropical cyclone movement, which is
con 回buted mainly by 也e harizontal 甜V自由ill 'Of 甜甜lute vorticity 祖d 臨cond 位By by 血c

divergence term.

30

. SURPA 血 em 叩>It
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Fig. 22. The mavement 'Of the surf 缸e and 7∞ mb centers of a propagating typh. ∞n

恤 a numerical experiment. 四1e movements of 時condary centers 缸e

缸aced wi 也 a dashed line. (after Chang, 1982)
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Bender et at (1985) found 伽t 血e typhoons fill much. more rapidly in numerical
simulations with a mauntain included. 買le mountain range affects the decay rate through
reduction 扭曲e supply of latent and kinetic energy into the storm circulation during, as well 晶
after, passage of the storm over the mountain. In addition. a low 啊 level. warm and dry region

is prod 囚ed where the storm winds de 阻end 臨 mountain slope. The results 曲。w 血at 血e
e 宙間 t of 血e mountain range 扭曲 e曲曲cement 'Of heavy pr, 自 ipitation to the right 'Of the starm
甘ack immediately af1 伽 landfall, which is probably related ta increased coastal convergence.
The 凹ographic influence an trapical cyclanes 泊。由.er p 缸ts 'Of the warld has been studied
using a triply nested. mavable mesh numerical madel by Bender et ai. (1987). In a contral
experiment 'Of an easterly flow over Taiwan withaut the vortex present. the basic flow field
扭曲e lawer 4 km curves ta the narthwest well upstre 祖n 'Of the island. It alsa directly
influences 血.e structure of the 甘opical cyclan 臼 when 血ey p 晶 s aver 'Or nearby the region.
Cambinatian 'Of these two effects yields changes in the movement and structure of the tropical
cyclan 甜 . Far the cases cansidered. 也e storm tracks 曲'Ow narthward (cyclanic) deft 目 tion,
sometimes after a small sou 血ward deflection. The narthward deflection is generally larger
缸吋田metimes begins further ups 甘eam in 血.e case 'Of a weaker zanal flow. The tr 缸1S1ational

申eed 'Of the starms al 叩 tends to increase along wi 血血e deflectian. This result is simil 缸
扭曲at faund in ather studies (Brand and Blelloch. 1974; Wang, 1980; Chang, 1982; Yeh
祖d Elsbe. 呵 , 1993a). Mter making landfall and encountering 伽 high mauntain ranges, the
surface pre 晶叮e minimum undergoes rapid filling. The surface low may continue to move
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along wi 曲曲e upper-level vortex 個 it crosses 血e mountain ran 阱 , or may become obscure
before refonning on 血e t自 slope. In one of the Taiwan cases, a secondary surf 血e low or
lows fonn behind 臨 mountain range. In 血is case, it appears 也 at 血e upper-level vortex
becomes detacb 吋 from the original surface low and eventually ∞uples wi 出血e 回ωnd 缸y
one. The latent ener 宙間pply 晶 well 晶也e vertical ∞,here nee of 血e stonn system are
impon 祖 t fi都扭扭扭曲e determination of 血e intensity change of 血,e storms near and over
血e island 個伊graphy. The stonn may be weaken 吋 by 血e advection of dry air from 血e
mountain region 扭扭曲.e stonn area and the ve 而cal tilting of 血e stonn cen 阻 Mter leaving
the island and moving over op 扭曲 a, the storms generally reintensify if a venically coherant
structure is pre 血fit

Using a primitive equation model wi 也 45 kIn horizontal resolution, Yeh 個d Elsberry
(1993a,b) found 血 atba 曲曲e upstream 甘ack deft 自 tions 個d whether the track will be ∞nt 面u-
au 目前 discontinuous 缸ro 曲 T到wan depend on whether 血e typh ∞n approaches the northern
end versus the central 凹 southern end of 血e CMR. In gener 祉 . the northern storms have
smaller ups 缸earn 缸臨k deflection and tend to p.甜 s continuously around the northern end of
曲e CMR. By contrast, the typh ∞ns approaching the sou 血em or central region have larger
ups 甘'eam 虹ack deflections and are most likely to have a discontinuous 缸ack 缸 ro 晶 Taiwan.

Asal 叩 found in 0 血er studies, 血e track deftection depends on bo 血 the basic flow 祖d 血e
typh ∞ill circulation it 晶 If. Their numerical simulations al 助 suggest two typ 曲。 f vortex re-
organization ∞cur downstream of 血.e topography 扭曲e original vortex is dissipated on 也e
upstream side. In one type. the low-level vortex is created from a downward extension of
也e circulation 扭曲e upper-level 'remnants' of 血e t叩h∞n flow move downstream. In the
臨cond type, a secondary vortex 曲at is form 吋 at low levels on 臨 lee side of the, barrier 扭

曲ed westward and devt:;lops upw 缸d. A new low-level pressure center 血 at is 血P 缸ate from

血e original vortex or 血e terr 刮n-induced prl 臼sure 甘ough becomes 血e center about which the
typh ∞ill vortex reorganizes. The first type is consistent wi 出 the modeling results of Chang
(1982). while the second type appears to be a new typh ∞n development to the east of 血e
CMR and needs to be examined more carefully. The 也uestion is: D 曲 s the lee side, including
血e co 扭扭] plain and ocean, of the CMR provide a favourable environment for a comple 能 ly
new formation of typh ∞n?

Using a shallow wa 能r numerical m 叫el, Smith and Smith (1993) found 曲 at vortex
inter 缸世叩 wi 曲 ideal topography re 叫“ in a p 甜 oft
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5.3 Disc 固slon

The 凹ographic influence 'On typh ∞n 酋acks 祖d circulatiDns is ex 臨mely ∞mplicated.
In 'Order 個 fully understand the problem, a systematic apprDach by cDmbining 曲e Db 時間a�

nDnal 血aly 阻 s, tank. experimen 恤, 曲d numerical modeling experim 凹的 is iii 目e 臨ary ﹒

. The basic dynamics 'Of a mDving VDrtex 'Over mauntain is still nDt well underst, ∞d. In
伊甜cul 缸, 也e relative importan 間 betw 曲n 血e defl 且tion 'Of a basic unifDrm fl'Ow 'Over
a mountain and 血e defl 阻6個 'Of a circular flDW ass 揖 iated wi 血祉臨 typb ∞In aver a
mDunta 旭 n曲曲個 be addres 副 . Asim 抖.e type 'Of primitive 咕quatiDn numerical model
may be helpful in studying the b 晶ic d 戶祖ics. Ta inv 叫gate 血e flaw sm 且ctures
E聞r the CMR. a nested nOi 曲ydros 個lic modeling 函mulatians may be n曲曲d since
some phename 間. such as flaw blocking and hydraulic ju 血阱 , may 四cur due ta 血c
s� 自:pe 間間 'Of the CMR.

. B叫hs 泊位 sti 個1 個alysis (W 個g. 19 個) and tank experiments (P 帥 . 1976; Hwang et ai..
1977) have shawn 血at 血e defarmatian 'Of typh ∞n tracks and 帥甜甜甜ed circulatian
is daminated by 曲e f'Ormati'On and ev'Olutian 'Of 臨candary I'OWS 'On the dawnstre 組n side

'Of the m'Ountain range. As discus 臨d in Lin et ai. (1992), 也e existence 'Of a me 田IDW
does nat n,自essarily imply a clased circulatiDn. By in 叩ecti'On 'Of Wi 祖草 's 缸guments
C凹lCern 加g 血e develapment 'Of 血 e s血and 叮 IDW 'Or v'Ortex 旭個 a primary typh ∞n
C祖師 ( 自e Figure 21). 由e distinction betw 開:n a I'OW and a v'Ortex is iii 自e 甜甜y. In
addition, 血e mechanism 'Of upward devel'Opment 'Of 血e 配candary vartex 'On the lee
(west) side 'Of 由eCMR, 甜 prapo 時d by Yeh and Elsberry (1993a. b). is interesting, but
n 間ds t'O be examined mare car 草包 lly since it r,叫叫時s a favaurable environment an 血e
l臨函de 'Of 血e CMR for an almast new typh ∞n ta develap.

.R 曲叫 ts 'Of tank experiments may be camp 訂'ed wi 曲曲 at 'Of 也all'OW water m 自1eling
simulatia 間 , such 祖 Smith and Smith (1993), tD help understand the basic dynamics

'Of the fDrmatian 'Of secDndary v'Ortices. Hawever, a direct applicatiDn 'Of the 臨 types
'Of 叩IprD 缸h, be 由個nk experiment and shallDw water numerical modeling. 扭曲e real
abn 個,phere is still limited due 扭曲e assumptians made in the 晶 experiments and models.
such 晶 a fr,開 S回f 都 e and the lack 'Of 甜atification.

﹒ As mentiDned earlier, Wang (1980) hypothesized 血at the inactive se ∞ndary l'OW may
devel'OP inta 祖 active 臨∞ndary IDW 曲rDugh the momentwn exchange between 血e
typhoon 個d the IDW, which may progressively replace 血e parent typb 囚m. In campari-
敵mwi 曲 the'results 'Of numerical experiments (e. 品 , Ch 個g, 1982), 也is hypo 曲esis may
bem 吋 ified: When the 田∞ndary IDW at 血e surf 臨e is colocated wi 血 a cyclanic I,間
vanex, it may be regarded 祖 a surface mesocyc1one. This surface mesocylone may
develap 曲d replace 曲e parent typh ∞nw
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﹒ As 扭扭目 led by Chang (1982), diabatic prl 間已臨 s are important in maintaining the
cyclonic circulation of the vortex when the 恥Irmp 扭扭 s over a mountain. Experiments
with a prescribed cumulus heating may be carried out to help underst 祖d 也ism 自h 缸rism.
h 血is w 呵, 由Ie s回ngth of the vortex c組 be sustained. In. other words, the influence
from 血e mountain range should be isola 叫 from the typhoon evolution itself.

﹒ Notable a可mmetries in 血.e wind, moisture and precipitation fields exist relative to
也e co 個 tIine at the time of tropical cyclone land! 祉 . Roughness-induced, quasi-steady
convergen 臼 and divergence zones are ob 揖cVed where onshore and offshore w 面ds en-
counter the coastline (Tuleya and Kurihara, 1978). The latent energy release through
condensational proce 田間 is initially augmented over land by greater moisture conver-
gence 扭曲e planet 叮 boundary layer which counteracts the lack of evaporation. Th 間 ,
血eeffi 自蝕。f boundary layer pr, 田e 聞自 on the land 晶110ft 叩h∞,ns on Ti 剖wan al 回 need
to be investigated.

6. SUMMARY

h 血is paper, we reviewed several prominent weather problems related to 出e orographic
effi 凹的 of the topography of Taiwan, which includes: (吋 local rainfall enhancement by 血e
CMR on prevailing winds and mesoscale convective sy 臨間 , (b) the formation of mesolows
andm 自由yclones, (糾c吋) 血.e effi 缸包 0叩In Mei
systems, and (e) 出e influence on t叩h∞n circulations and tracks.

Five different formation mechanisms of orographic rain (Figure 6) has been reviewed.
In order to improve the understanding of 血.e orographic rain problem in Taiwan, we suggest
也e following studies: (al observational analysis of cross sections of rainfall distribution in
the direction of the prevailing wind during di 叮erent 扭曲。'"S, (b) effects of the amount and

size dis 甘ibutions of cloud condensation nuclei, the applicability of 血e Bergeron process and
血e orographic lifting on the rainfall rate, (c) examinations of mechanisms c, d, and e by
阻alyzing 血e ob 揖:rvational da 個 .

明1e formation of lee mesolows, mesovortices 個d me 曲cyclones during 伽 Mei 吊l

晶晶。nh 品 b明n successfully simulated by me 田scale hydros 個 tic models. However. some
basic dynamics. such 曲曲e formation mech 位自ms of 血.e I臨 mesovortex. still need 個 h
investiga但d. Due to 由e steepeness of the CMR, th 釘'e is a need to adopt a nonhydrostatic
numerical model to study the detailed flow circulation around the island. The following
studies are recommended: ( 吋 distingui 曲 different frequency distributions of 血e mesolow
and mesocyclone formations based on the basic wind direction, (b) examine the possible
enhancement of 也e southwesterly due to the foonation of the nor 血west mesolo� 甜 proposed
by Chen and Chi (1980), 組d (c) investigate effects of planetary boundary layer, vertical wind
shear on the foonation of I自 mesolows and mesocyclones.

We hypothesized 血at 血.e Mei- Yu front distortion is due to the general anticyclonic
circulation induced by 血e CMR. The retardation of the western branch is strengthened by
the prevailing 個uthwesterly mons ∞ill current, while the eastern br 個ch is accelerated by the
formation of orographic jet or Kelvin wave. A numerical m 吋eling study of 血e Mei 吊且
front. impinging 血.e CMR with 臨nsitivity tests on the southwesterly wind speed is needed
扭 order to help prl 叫 ict 由e frontal movement. We propose 也at the low-level jet 曲ead
of 血e Mei- Yu front in Taiwan may 盟 rve 晶 a "conveyor belt" which 缸個 sports w 剖m and
moist air from the ocean 扭曲e upslope side of the CMR (Figure 6e). Once the convective
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instabilii 可 is released by orographic Ii 站時 , hea 可 rainfall may be pr, 吋uced. In order 個
numerically predict 血.e orogr 旬hic rain induced by 血.e low-level j 剖 , 血.e frontal circulation
has 個 be 旭.eluded in numerical modeling studies. To cl 釘i均由e possible cold-air 曲mming
m 曲.e e 晶 tern slope of CMR after 血e pa 且age of 也e Mei- Yu front, an east-west 臨ction
analysis of the temper 曲lle 祖dtl 蛤 along-mount 剖且 wind vel 囚 ity is nece 盟 ary. To examine
也e phenomenon of orographic jet 凹 Kelvin wave, a ∞mparison of the propagation 叩曲d
predic 侮d by either 曲曲ry or model simulations to ob 品rvations and an analysis on a vertical
臨ction along the eastern slope of 曲e CMR will be helpful. Detailed analysis and more
numerical modeling sim 世祖ons may be n,曲曲d to help understand 血.eprc 悶甜甜 of mesoscale
fron 個genesis and cyclogenesis 姐 conn 自6 個 wi 也 the passage of a front over Taiw 帥 ,

The use of a 曲allow water m 吋el h 曲 greatly increa 揖do 叮 understanding of 血.e forma-

tion of 圓me imp 叮恤 t phenomena, 祖.ch 甜 bl, 前國ngs, foehns, 臨con 血可 vo 則自趴祖d 甘ack
de 且也位咽 , 儡竄犯 ia 品d wi 血 a vor 侮x passing ov 前 am 個ntain range (Smith 個dSmi 血 , 1993).
Vertical structures of 血e cir 叫 ations, storm cent, 帥 , and mountain waves for typb ∞os over
Taiw 個 are still not well underst, 間站缸ldn 自治 to be investigated. Dependency of 血e ty-
ph ∞npa 血 on stren 到1 also 111 自由 to be studied. By inspection of Wang's 缸斟wen! 包 (Wang,
1980) concerning the development of the 臨condary low or vortex into a primary typh ∞n
center, 血e dis 血ction between a low and a vortex is Di也忘自ary ﹒ In addition, the formation
mechanisms of the 臨condary vortex may be s阻died by an investigation of 血e 血spon 臨 of
a stationary circular flow to an idealized mountain r祖ge. Effects of diabatic 個d 加undary
layer pr' 田e 盟es on 血e typb ∞0 circ 叫“ ion and 缸acks are not well understood and 111 自dtobe
investiga 能d.
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