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ABSTRACT

The authors analyze the mesoscale structure accompanying two multiday periods of heavy rainfall during

the Southwest Monsoon Experiment and the Terrain-Induced Mesoscale Rainfall Experiment conducted

over and near Taiwan during May and June 2008. Each period is about 5–6 days long with episodic heavy

rainfall events within. These events are shown to correspond primarily to periods when well-defined frontal

boundaries are established near the coast. The boundaries are typically 1 km deep or less and feature con-

trasts of virtual temperature of only 28–38C. Yet, owing to the extremely moist condition of the upstream

conditionally unstable air, these boundaries appear to exert a profound influence on convection initiation or

intensification near the coast. Furthermore, the boundaries, once established, are long lived, possibly rein-

forced through cool downdrafts and prolonged by the absence of diurnal heating over land in generally cloudy

conditions. These boundaries are linked phenomenologically with coastal fronts that occur at higher latitudes.

1. Introduction

In the tropical and subtropical coastal regions of Asia,

especially adjacent to prominent terrain features, epi-

sodes of heavy rainfall exceeding 100 mm day21 occur

rather frequently and events of 300 mm day21 or more

are occasionally observed (Kharin et al. 2005; Chen et al.

2007; Chokngamwong and Chiu 2008). While tropical

cyclones account for many of these events, others occur

in conjunction with monsoon horizontal wind regimes

(Chen et al. 2007). Despite the synoptic-scale character

of the monsoon, numerous local effects ultimately con-

spire to determine the location of heavy rainfall. It is

often difficult to anticipate whether the heaviest rainfall

will occur over the coastal plain where most of the peo-

ple live, over the sloping terrain where perhaps the

greatest flooding hazards exist, or over the ocean where

the influence of the rainfall is minimal. Climatology

points to a near-coast maxima in mesoscale convective

system (MCS) stratiform regions, within which most of

the heaviest widespread rain events occur across much

of southern Asia during the monsoon (Romatschke

et al. 2010). Because of a general lack of mesoscale ob-

servations of lower-tropospheric wind, temperature, and

water vapor, it is challenging to document the mesoscale

processes in such regions, but such processes determine

the all-important location of heavy rainfall and its soci-

etal consequences.

The question of where, relative to an isolated moun-

tain or mountain chain, heavy rainfall will occur involves

the time scale for convection to form, the character of the

convection, and the time scale for flow over or past the

orography. On scales of a few hundred kilometers and for

flows that are convectively stable, the location of maxi-

mum rainfall is given principally by the location of the

steepest terrain slope plus a distance related to the advec-

tion of hydrometeors, which in turn depends on the par-

ticle size distribution and the flow strength (e.g., Medina

et al. 2005).

The presence of deep moist convection introduces the

added complexities of 1) an internal instability in the flow

operating on a time scale generally shorter than the time

scale for the flow past mesoscale orography and 2) the

occurrence of downdrafts, which can dramatically alter

the condition of the flow impinging on the terrain.

Miglietta and Rotunno (2009, 2010) found that the out-

flow from convection can propagate far upstream from

the steepest terrain slope if the conditional instability is
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large, the downdraft potential is large, and the incoming

flow is relatively weak. An important finding from these

two papers is that the Froude number (Fr), while a fun-

damental parameter for adiabatic flow over or around

complex terrain, has little bearing on the location of

heaviest rainfall for conditionally unstable orographic

flow.

Regarding Taiwan, the focus of the present paper, the

Central Mountain Range (CMR) exceeds 3000 m and

forms a nearly unbroken barrier oriented approximately

north–south. For almost any observed incoming flow

speed and stratification, the fluid in the lowest kilometer

or so cannot traverse the mountains and must flow

around them. Were the flow convectively stable, we

might expect the rain to fall consistently on the wind-

ward slope. Convectively unstable flows may initiate

rainfall anywhere that there is lifting of air to the level of

free convection. This may occur along any shallow

convergence boundary, such as from a weak front, an

outflow boundary, land–sea boundary, sea breeze front,

or orographic feature.

The period of late May–June, the mei-yu season, is

well known for episodes of heavy rainfall over mainland

China and Taiwan (Chen 1983; Kuo and Chen 1990; Xu

et al. 2009) that are approximately collocated with the

mei-yu front. A southwesterly low-level jet is often ob-

served in conjunction with the mei-yu front (Chen 1983),

which is sometimes best characterized as an elongated

region of cyclonic vorticity with minimal thermal con-

trast. When this jet impinges on Taiwan, heavy rain-

fall can occur. Often the jet is partially blocked by the

CMR and splits into eastward- and poleward-flowing

branches. The poleward branch can initiate heavy rain-

fall over northern Taiwan as it encounters the modest

thermal contrast of the mei-yu front (Chen and Li 1995;

Li et al. 1997; Yeh and Chen 2002).

Rainfall amounts during mei-yu regimes can exceed

1 m over a period of a few days. When such rainfall occurs

over steep terrain slopes, flash floods and debris flows can

cause widespread destruction. The devastating floods

accompanying Typhoon Morakot, while not during the

mei-yu season, nonetheless demonstrate the seriousness

of the hazards posed by heavy rainfall in complex terrain

(Tsai et al. 2010). However, in some cases of southwest-

erly flow over southern and central Taiwan, the heaviest

rainfall occurs over the coastal plain and not over the

terrain slope or high elevations. A leading forecast dilem-

ma is predicting over which location the heaviest rain will

occur with enough lead time that effective warnings can be

issued.

Mechanisms producing heavy rainfall over southern

Taiwan during southwesterly flow events are less well

known than over northern Taiwan. The Southwest

Monsoon Experiment (SoWMEX) and the Terrain-

Influenced Mesoscale Rainfall Experiment (TiMREX)

were conducted jointly in 2008 with the goal of inves-

tigating heavy rainfall over the southern half of Taiwan

(Jou et al. 2011). In addition to improved radar mea-

surements afforded by the addition of the S-band

polarimetric radar (S-Pol) and a variety of vertically

profiling radars and rainfall measuring instruments,

SoWMEX/TiMREX (hereafter simply TiMREX) uti-

lized dropsondes deployed by the Astra SPX jet aircraft

(Wu et al. 2005). These dropsondes, when combined

with 3-hourly sounding launches during periods of in-

terest, provided a comprehensive mesoscale dataset that

accompanied the radar measurements and for the first

time, allowed relatively thorough documentation of the

conditions upstream of Taiwan for a distance of up to

300 km, with a typical spacing of observations of slightly

more than 100 km.

In the present paper, we will show that shallow frontal

boundaries,1 either along the coast of southwestern

Taiwan or offshore, often localize heavy rainfall. These

boundaries are seen clearly through the numerous

dropsonde observations made during TiMREX, com-

bined with frequent soundings onshore and Doppler

radar observations. While contrasts of virtual tempera-

ture of only 2–3 K are found, and layers are typically less

than 50 hPa deep, the low level of free convection and

abundant conditional instability (on the ‘‘warm’’ side of

the boundary) make these contrasts acutely significant

for determining where heavy rainfall will occur. These

boundaries can also survive rather intact for several

days, making the recurrence of rainfall over the same

limited spatial area likely.

2. Data

During the two episodes studied herein, 1–6 June and

12–17 June, there were eight dropsonde missions, each

deploying between 15 and 20 dropsondes. Data from

four of these missions will be analyzed in detail. Flight

patterns focused the dropsonde deployment to the south-

west of Taiwan and to the northeast of Dongsha Island

(station 46810 in Fig. 1), with some drops in the Taiwan

Strait. Dropsondes were processed through the Atmo-

spheric Sounding Processing Environment (ASPEN)

software system for rudimentary quality control and

inspected visually. Rawinsondes were processed in a

1 We use the term ‘‘frontal boundary’’ herein, but more appro-

priate may be the term ‘‘frontal zone’’ because the true scale of the

frontal gradient cannot be known owing to observational limita-

tions.
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four-step procedure by Ciesielski et al. (2010), who in-

spected all soundings visually, subjected them to statis-

tical analysis and intercomparison, and performed

corrections of known biases in temperature and hu-

midity. Especially for the operational Taiwan soundings

that used the Vaisala RS80 soundings, a well-known dry

bias existed. This bias was empirically corrected using

intercomparisons with simultaneous, collocated Vaisala

RS92 soundings. Data were linearly interpolated in

pressure to 5-hPa intervals in the vertical. The inter-

polation algorithm sought the nearest levels above and

below the desired point that contained nonmissing data,

and used these for interpolation. No extrapolation was

performed; hence, some dropsondes appear to be miss-

ing at low altitudes if they failed to transmit data all the

way to the sea surface. The spatial analyses of sounding

data performed herein will be performed subjectively.

Because most of the important dynamical factors influ-

encing the rainfall distribution appear rooted in the

lower troposphere, our analyses will focus on the lowest

3 km of the atmosphere (700 hPa and below). Other

analyses, mainly for depicting large-scale conditions,

will be obtained from the National Centers for Envi-

ronmental prediction (NCEP)–National Center for At-

mospheric Research (NCAR) reanalyses and from the

European Centre for Medium-Range Weather Fore-

casts (ECMWF) operational analyses archived as part

of The Observing System Research and Predictability

Experiment (THORPEX) Integrated Grand Global

Ensemble (TIGGE; Bougeault et al. 2010) on a 0.258

latitude–longitude grid on eight mandatory pressure

levels (1000, 925, 850, 700, 500, 300, 250, and 200 hPa).

Precipitation data were obtained from the gauge-

corrected radar-derived precipitation analyses, known

as QPESUMS,2 produced operationally by the Taiwan

Central Weather Bureau (CWB). The weighting of

gauges varies with the spacing between them in a given

region. There are more than 370 gauges, most of which

are located on the western slopes of the CMR or over

the coastal plain (Chang et al. 2009).

3. Rainfall regime characteristics

As seen in the precipitation time series (Fig. 2), the

period of TiMREX can be qualitatively divided into two

parts. The first, from roughly 15 May to 2 June 2008, is

characterized by significant afternoon convection over

the elevated terrain (eastern box; see Fig. 1) and an

average rain rate that was 2.2 times larger over the

mountainous region than over the coastal plain. During

the second period, roughly 3–30 June, precipitation oc-

curs in periods that last about 5–6 days each during which

heavy rainfall occurs on the coastal plain and somewhat

less over the elevated regions. The suppression of pre-

cipitation between active periods is nearly complete even

over the higher elevations in the second period.

The flow within the lower troposphere during mid- to

late May was exceptionally weak with an average of only

3–4 m s21 impinging on Taiwan (not shown). Moreover,

neither a well-defined mei-yu front nor a horizontal

wind shear zone was present. This allowed the local

FIG. 1. Map of Taiwan and surrounding region including loca-

tions of permanent soundings (black dots), mobile soundings (red

dots), dropsonde locations (green squares, example is 0000 UTC

4 June mission), terrain over Taiwan (gray), western precipitation

box (gray rectangle), and eastern precipitation box (light red

rectangle). Point A is Taichung, where the Astra was based. Station

46734 is Makung; station 46741 is PDU.

FIG. 2. Time series of hourly precipitation averaged over the

western box (black) and eastern box (red) from 15 May to 30 Jun

2008.

2 The Quantitative Precipitation Estimation and Segregation

Using Multiple Sensors (QPESUMS) is an analysis package de-

veloped in collaboration with the National Severe Storms Labo-

ratory in Norman, Oklahoma.
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island influences to dominate and produce convection

during the afternoon and over topographic features.

While the precise locations and intensities varied from

day to day, the dominance of processes localized to the

variation of terrain was consistent.

By contrast, the more episodic behavior during June

featured a combination of diurnal convection on some

days, while on other days the diurnal signal was ill de-

fined. Two particular periods will be the focus of the

present study. These are defined as 1–6 and 12–17 June.

Both periods featured relatively strong flow at 850 hPa

near Taiwan (Figs. 3a,b) and anticyclonic shear at 200 hPa

(Figs. 3c,d). The period 1–6 June could be classified as

a mei-yu period wherein the cyclonic shear was concen-

trated over southern Taiwan (Fig. 3a). Numerous distur-

bances evolved along this feature, one of which was

described in detail by Lai et al. (2011) as a subtropical

mesoscale convective vortex (MCV). However, the

southwesterly jet to the south of the shear line barely

exceeded 10 m s21 when averaged over the 6 days. This

is somewhat weaker than the strong mei-yu jets noted in

previous studies (Chen 1983).

The period 12–17 June featured somewhat stronger

flow from more of a southerly direction (Fig. 3b). The jet

FIG. 3. (a) 850-hPa wind and virtual temperature (1-K interval) for 0000 UTC 1 June–1200 UTC 6 June. (b) As in

(a), but for 0000 UTC 12 June–1200 UTC 17 June. (c) As in (a), but for 200 hPa. (d) As in (b), but for 200 hPa. Taiwan

is gray shaded. Latitude and longitude lines are drawn at 28 intervals.
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axis was located slightly to the west of Taiwan and there

was no well-defined mei-yu-type cyclonic wind shift in

the vicinity of the island. In both cases, the contrast of

virtual temperature across the domain was small at

850 hPa (Figs. 3a,b). The characteristic gradient for 1–6

June was period 18C (200 km)21, and even less for 12–17

June. However, as will be shown below, such contrasts

of virtual temperature, when concentrated spatially,

can be instrumental for initiating and localizing heavy

rainfall.

Rainfall during the two June periods was similar over

southern Taiwan (Fig. 4) despite differences in the

synoptic-scale flow. Six-day precipitation totals along

the coast exceeded 320 mm over a broad region in both

cases. Somewhat greater precipitation occurred over the

mountains in the earlier regime and more rainfall oc-

curred to the west of Taiwan in the latter regime. Of

note in Fig. 4 is that the values over land are gauge

corrected but no correction to the radar-derived rainfall

is applied over water. It is likely that the radar tends to

underestimate the rainfall offshore possibly because of

calibration issues but also because the lowest-elevation

scan (0.58) rapidly ascends above cloud base with in-

creasing distance offshore. Regardless of the exact cause

of the offshore underestimate, one should not interpret

Fig. 4 as suggesting that the heaviest rainfall terminated

immediately at the coastline. Indeed, it is likely that

some of the offshore rainfall totals were greater, espe-

cially in period 2 (see Fig. 14b).

In the following two subsections, analyses of each pe-

riod will be performed separately and then synthesized in

the conclusions.

4. Period 1: 1–6 June 2008

As shown in the time–height cross section from Ping-

dong (PDU; see Fig. 1 for location) in Fig. 5a, period 1

began with light westerly flow through a deep layer and

essentially no rainfall over the coastal plain, although

some significant rainfall occurred over the mountains

during the afternoon of 1 June (Fig. 2). During the pe-

riod of 2–4 June, the westerlies between 700 and 800 hPa

became stronger and the winds near the surface acquired

a generally light southerly component or were essen-

tially calm. In the virtual potential temperature uy field,

a weak diurnal variation can be seen (local noon is 0400

UTC), but with a trend toward lower uy superposed.

Clouds and light to moderate precipitation prevailed

during this period (Fig. 5b). These were the dominant

contributions to the near-surface cooling owing to the fact

that essentially no cool advection can be inferred from

the time–height section and synoptic-scale information.

On 5 June a large precipitation event occurred in as-

sociation with the approach of the MCV described in Lai

et al. (2011). Of note was the abrupt shift in the flow to

southerly and eventually southeasterly over the lowest

kilometer (;100 hPa) with a subsequent increase in

strength. Between 850 and 700 hPa, the flow became

strong from the south-southwest. This set up a veering

wind profile. At higher latitudes, such a wind profile

would indicate warm advection because the vertical wind

shear would be associated with a relatively strong me-

ridional temperature gradient. It turns out that similar

situation exists here, but with a relatively modest hori-

zontal gradient of virtual temperature, to be shown later.

To provide more detail regarding the evolution of the

wind in the boundary layer, a velocity–azimuth display

FIG. 4. Total precipitation from the Central Weather Bureau’s

QPESUMS rain gauge–corrected radar-derived rainfall estimate

for (a) 0000 UTC 1 June–2300 UTC 6 June and (b) 0000 UTC 13

June–2300 UTC 17 June 2008.
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(VAD) analysis (Browning and Wexler 1968) was con-

structed using the data from S-Pol (see location in Fig. 1).

The VAD analysis is performed on concentric rings

from the 1.58 elevation scan. These rings are therefore

successively farther from the radar at higher altitudes

(Figs. 6a,b). We focus on the lowest kilometer and the

period from 0000 UTC 3 June to about 0500 UTC 5 June.

The end of the period corresponds to a water leakage into

the antenna gearbox caused by the heavy rainfall dis-

rupting radar operation at 0511 UTC. A nearby rain

gauge recorded that the rain intensity increased from

10 to 40 mm h21 between 0500 and 0530 UTC. Repair

began around 1200 UTC after the rain stopped and S-Pol

operation was resumed at approximately 1500 UTC.

An initial rainfall event early on 3 June (Fig. 5b) was

characterized by a veering wind profile within the lowest

kilometer (Fig. 6a), broadly consistent with the PDU

soundings. During the day, the flow became westerly or

southwesterly throughout the boundary layer. This pe-

riod was relatively rain free on the coastal plain. Around

1200 UTC a reversal of the weak surface flow occurred,

and a veering profile was once again established be-

tween roughly 1200 and 1800 UTC. The wind shift to

northerly and northwesterly in the boundary layer oc-

curred in the wake of a major east–west elongated MCS

that formed just after 0000 UTC (not shown). While the

mature MCS occurred generally offshore, its antecedent

conditions will be discussed below.

By 1300 UTC 4 June, southerlies became reestablished

in the lowest kilometer (Fig. 6b). A veering wind profile

became more evident with time later on 4 June as the

near-surface winds backed to easterly and the winds at

and above 200 m increased from the south-southeast. The

heavy rainfall on the coastal plain commenced around

2300 UTC on 4 June. Thereafter, south-southeast flow

continued to increase above the lowest 200 m, reaching

30 knots (kt; ;15 m s21) over a deep layer by 0500 UTC

5 June. These wind speeds were broadly consistent with

winds obtained from the PDU soundings (Fig. 5a).

There were five dropsonde aircraft missions during the

period 1–6 June, three of which will be analyzed herein.

The first was near 1200 UTC 3 June (Fig. 7). The Chigu

FIG. 5. (top) Time–height cross section of wind (barb 5 10 kt, ;5 m s21) and uy (2-K contour

interval) from PDU (see Fig. 1) for 0000 UTC 1 June–1800 UTC 6 June. (bottom) Rainfall over

western box as in Fig. 2. Time is indicated in DD/HH (day/hour) format.
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radar composite image indicated developing convection

near the coast of southwestern Taiwan as well as a large

area of rainfall offshore. The offshore rainfall featured

a strong east–west-oriented rainband along roughly 228N.

To the south of this band, the dropsonde data showed

westerly flow of 15–20 kt (8–10 m s21), with lighter flow

to the north. Over the Taiwan Strait, the winds were from

the north with light westerly winds closer to the pre-

cipitation band. Near the southwestern coast of Taiwan,

westerlies with relatively warm air impinged on a coastal

temperature contrast of about 1.58C. Winds over land

were light from the southeast or south.

The sounding from PDU (Fig. 8) indicated that the

southerlies and southeasterlies were confined within

roughly the lowest 50 hPa and abruptly turned to west-

erlies at about 950 hPa. Above this level, the offshore

sounding and PDU both featured nearly uniform west-

erly flow. Below 925 hPa, the PDU sounding was nearly

saturated along a moist adiabat, with a temperature at the

top of this layer approximately equal to the temperature

FIG. 6. Time–height series of VAD-derived horizontal winds from the S-Pol radar: (a) 0000 UTC

3 June–0400 UTC 4 June; (b) 0000 UTC 4 June–0452 UTC 5 June. Thick wind barbs denote winds

with a westerly component; thin barbs denote an easterly component.
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in the offshore sounding at the same level. The lifted

condensation level for the offshore sounding was about

955 hPa and the equivalent potential temperature for the

two soundings was nearly identical at this level. This

provides evidence that the surface temperature gradient

was maintained in this case by pseudoadiabatic processes

such as evaporational cooling in the rainfall from cumu-

lonimbi that initiated within the frontal zone but prefer-

entially matured over land.

The temperature contrast across the near-surface

boundary is only about 28C, but we surmise that ascent of

air from offshore over this boundary is sufficient to initiate

convection along the coast. The offshore sounding (Fig. 8)

exhibits minimal convective inhibition, only 2 J kg21 us-

ing virtual temperatures of a mixed-layer parcel (500-m

depth) and environment. Hence, even a small amount of

lifting over a shallow boundary such as observed would be

sufficient to initiate convection. The offshore profile is

also well mixed in virtual potential temperature, which is

probably the result of weak sensible heating from the

ocean surface. We estimate the air–sea temperature dif-

ference to be about 1.58C based on the NCEP operational

sea surface temperature (SST) analysis.

At 0000 UTC 4 June (Fig. 9) warm air in west-

southwesterly flow impinged on a surface boundary near

the southwestern coast of Taiwan, as occurred 12 h earlier.3

Compared with the earlier time, the overall virtual tem-

perature contrast between air to the southwest of Taiwan

and air over the Taiwan Strait had increased. The cyclonic

wind shift across the front was nearly 12 m s21 at this time,

compared with roughly 7 m s21 12 h earlier. Weak radar

echoes were aligned roughly parallel to the cyclonic shear

zone, also extending southwest–northeast to the southwest

of Taiwan.

As indicated in Fig. 10, the wind shift across the

boundary was somewhat stronger than at 1200 UTC

3 June. The near-coastal precipitation during this period

was also more widespread and developed slightly farther

offshore. There was evidence of mesoscale variation at

least up to 900 hPa in the wind data, and possibly deeper

owing to the slightly cooler air at PDU up to 700 hPa.4

FIG. 7. Analysis of wind and virtual temperature at 990 hPa using

dropsondes collected from 0900 to 1200 UTC 3 June. Data are not

time–space corrected. Also shown is composite reflectivity from the

Chigu radar valid at 1036 UTC 3 June. Numbers in black are virtual

temperature (0.18C). Red solid lines are subjective analysis of virtual

temperature (18C contour interval). The gray circle indicates the

Doppler range of the Chigu radar while the reflectivity data extend

far beyond the Doppler range at lowest two elevation angles.

FIG. 8. Skew-T diagram of two soundings (located by red and black

circles in Fig. 7) on either side of coastal boundary; red lines are

sounding offshore (left wind profile), black lines are PDU sounding

(right wind profile). Cyan lines denote constant mixing ratio, thin black

lines constant saturation ue, and magenta lines constant u. The green

dashed line is moist adiabat of offshore lifted parcel using ue averaged

from 1000 to 950 hPa (red sounding), and the green circle is the lifted

condensation level deduced from offshore sounding. The red (black)

dot indicates the sounding on the warm (cool) side of the boundary.

3 The phrase ‘‘impinged on a boundary’’ connotes passivity of that

boundary, when in fact we recognize that a boundary is dynamically

active and, in this case, the locus of the frontogenesis process.
4 Temperatures in the two soundings differ by 18C or less above

700 hPa (not shown).
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Given the similarity of water vapor mixing ratio be-

tween 900 and 700 hPa in the two soundings (judged

based on the dewpoint temperatures), it does not appear

that simple lifting of the warm air was responsible for

the lower temperature at PDU. Unlike earlier on 3 June,

convection organized into a large mesoscale convective

system over extreme southern Taiwan and offshore

during the day on 4 June that slowly propagated south-

ward and dissipated late on 4 June (not shown).

The progression toward strengthening flow continued

into 5 June with the approach of the MCV whose near-

surface cyclonic wind circulation was evident in Fig. 11,

centered slightly to the west of Taiwan by 0600 UTC

5 June. This precipitation event was distinct from those

on the previous two days in that the coastal baroclinicity

was stronger and the frontal boundary deeper, and the

wind profile aloft reflected strong mesoscale variation

associated with the MCV. The soundings on either side

of the boundary were not similar above 850 hPa (Fig. 12),

owing to the cyclonic wind shift associated with the

vortex. Despite these differences, we argue that the sa-

lient feature on 5 June was the persistent mesoscale

frontal boundary near the coast. The heaviest rainfall

occurred along the immediate coast, with Kaohsiung

(roughly 15 km to the west of S-Pol) receiving more

than 200 mm during the day on 5 June. Rainfall features

developed offshore in association with the MCV early

on 5 June but rapidly intensified in the coastal zone

where the strong flow around the vortex intersected the

near-coast boundary. It is also clear from Fig. 12 that the

potential instability of the southwesterly flow was larger

than on previous days. Lai et al. (2011) estimated con-

vective available potential energy (CAPE) from this

sounding in the warm air to be more than 1400 J kg21.

To first order, convection initiation or intensification

occurred near the coast in each of the three cases pre-

viously described and spread inland (and over the higher

terrain) in two of these cases (3 and 5 June). Rainfall

amounts were greater on days when the coastal baro-

clinicity and impinging flow were stronger. The end of

the first heavy precipitation period occurred as the

lower-tropospheric flow shifted to northerly and north-

westerly behind the MCV (Fig. 5). The lower-tropospheric

humidity decreased notably on 6–7 June (not shown) and

convection was suppressed over southern Taiwan for

about 1 week thereafter.

5. Period 2: 13–18 June 2008

As noted in section 3, the second heavy precipitation

episode featured somewhat stronger flow, with a greater

southerly component and an absence of a cyclonic wind

shear that is typically associated with the mei-yu regime

near Taiwan. The time–height cross section from PDU

(Fig. 13) shows that deep southerlies occurred both be-

fore and after the period of heavy rainfall that began late

on 13 June. Significant cooling of the lowest 50 hPa oc-

curred on 14 June with the passage of a decaying MCS

FIG. 9. As in Fig. 7, but for 2100 UTC 3 June–0000 UTC 4 June,

radar valid 0006 UTC 4 June.

FIG. 10. As in Fig. 8, but for 0000 UTC 4 June (see red and black

dots in Fig. 9) and without the lifted parcel shown.
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(Fig. 14). Accompanying this MCS passage was a shift in

the lower-tropospheric wind to a more westerly direction

by 1800 UTC 14 June. The persistence of the westerly and

southwesterly flow for roughly 24 h suggests that it was

not due entirely to the MCS but may indicate the passage

of a feature in the lower troposphere that helped organize

the MCS.

Also evident within the lowest 50 hPa or so was the

establishment of weak northerly and northeasterly flow in

association within the cool anomaly by 1200 UTC 14 June.

Above this layer, the flow generally veered into a south-

westerly direction by 850 hPa, again indicating a warm-

advection profile as seen during the 1–6 June period. The

near-surface cool anomaly was maintained, with minimal

diurnal variation until 17 June. The period of relatively

light precipitation around 1200 UTC 15 June was associ-

ated with the return to southerlies throughout the column

and a suggestion of slight warming in the lowest 100 hPa.

Subsequently, the flow again acquired a veering wind pro-

file as precipitation rates increased just prior to 0000 UTC

16 June. On 16 June, strong south-southwesterly flow

appeared above 500 m with weak southerly and even

southeasterly flow near the surface. On 17 June, deep and

relatively uniform southerly flow was apparent. Overall,

the wet period extended roughly 72 h, during which time

there was persistent cool air near the surface. Heavier

precipitation periods were coincident with a pronounced

veering wind profile over the lowest 100 hPa.

Problems with the dropsonde aircraft prevented mis-

sions from occurring until just before 1200 UTC 16 June,

near the end of the precipitation episode. However, the

research ship was able to launch soundings every 6 h as

it traversed a southwesterly path to the southwest of

Taiwan (Fig. 15). The ship intercepted the MCS just

before 1200 UTC 14 June (see also Fig. 14) and noted

a sharp drop of temperature at 100-m altitude of more

than 48C.5 Surface temperature at the ship (Fig. 15) was

initially near 298C but fell to below 268C in the MCS

(Fig. 14b), recovered, then fell again during more rain on

15 June. The ship eventually experienced greater

southerly winds by 0000 UTC 16 June and the tem-

perature reached 288C. The SST in this region during

this period was roughly 288C according to the NCEP

operational SST analysis (not shown). The lowest tem-

perature was at least 28C below the SST whereas the

temperature on 16 June was close to the SST.

The analysis at 1200 UTC 16 June, corresponding to

the first dropsonde mission during the period, reveals that

the shallow frontal boundary was located well offshore

compared to its location in period 1 (Fig. 16). Deep

convection and a widespread stratiform precipitation

region are seen to the north of this boundary. Given the

strong southerly flow, there is the suggestion that pre-

cipitation was initiated as air encountered this boundary

and spread nearly 200 km poleward from it. The east-

ern portion of the boundary was closer to Taiwan and

FIG. 11. As in Fig. 9, but for 0600 UTC 5 June.

FIG. 12. As in Fig. 10, but for 0600 UTC 5 June (see red and black

circles in Fig. 11).

5 We use data at 100 m (about 990 hPa) to avoid any influence of

the ship structure itself on the measurements.
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appeared slightly stronger. This perhaps contributed to the

formation of banded convection such as the northwest–

southeast-oriented band near the coast at 1106 UTC

(Fig. 16). This band moved rapidly northward over

southwestern Taiwan during the ensuing hour.

The thermodynamic contrast across the front is revealed

through two dropsondes straddling this boundary (Fig. 17).

As was observed for the boundary during period 1, es-

pecially on 3–4 June, the contrast existed primarily over

a shallow layer, below 950 hPa. The upstream sounding

possessed a relatively strong capping inversion whereas

the sounding poleward of the boundary suggested that

this layer had been lifted based on the cooling and moist-

ening between 850 and 950 hPa. While the wind direction

near the surface did not vary significantly across the

boundary, the wind speed at 100 m dropped from about

17.5 m s21 on the warm side to 15 m s21 on the cool side

of the boundary. This implies that the boundary itself was

moving rapidly northward, which it appeared to do (see

also Fig. 20).

The soundings in Fig. 17 also indicate differences in

the south-southwesterly flow through the lower tropo-

sphere, not just in the lowest 500 m. Further examina-

tion of the mesoscale structure of the winds (Fig. 18)

reveals a jet streak at 800 hPa with peak speed of more

than 20 m s21. The jet core was narrow, with cyclonic

shear on the northwestern side and weaker anticyclonic

shear on the southeastern side. The anticyclonic shear

was on the order of 5 m s21 (100 km)21. At this latitude,

such a shear corresponds to nearly zero absolute vor-

ticity. Cyclonic turning of the wind is evident on the

cyclonic shear side and some anticyclonic turning is ev-

ident on the anticyclonic side. Such oppositely signed

vorticity and flow curvature anomalies are characteristic

of a balanced jet streak wherein the jet results from the

juxtaposition of two vorticity (and potential vorticity)

anomalies of opposite sign (Cunningham and Keyser

2000; Muraki and Snyder 2007).

A time–height (pressure) cross section at Makung

(Fig. 19; see Fig. 1 for location) is here examined to view

FIG. 13. (top) Time–height series from PDU as in Fig. 5, but for 1200 UTC 13 June–1200 UTC

17 June. (bottom) Rainfall is averaged over the western box as in Fig. 5.

FEBRUARY 2012 D A V I S A N D L E E 531



the full vertical structure of the jet where it was stron-

gest. At Makung, the jet core was apparent slightly

above 800 hPa, consistent with soundings at PDU, and

a secondary maximum appeared near 600 hPa. An-

other jet passed later on 17 June, but without the strong

maximum near 800 hPa.

Over southwestern Taiwan, precipitation occurred

primarily as the jet increased and ended as the jet maxi-

mum passed. Following the jet passage at both stations,

surface winds became southerly and the temperature

increased. Almost no precipitation accompanied the

second jet maximum on 17 June (Figs. 13 and 19).

While the low-level jet was a prominent feature, it is

unclear what role it played in producing rainfall on its

own. For a balanced jet in vertical shear, idealized nu-

merical solutions yield ascent within the jet core and

maximum upward displacement downstream from the

jet (Davis and Weisman 1994, hereafter DW). Such a

spatial relationship is broadly consistent with the loca-

tion where the heavy rainfall occurred early on 16 June.

However, it does not appear that there was any sys-

tematic environmental vertical wind shear over the

lowest few kilometers directed along the jet. Idealized

solutions (DW) for the case without environmental

shear show no lifting in the jet core and generally sub-

sidence downstream from the jet maximum. Thus, quasi-

balanced dynamics (which include forced secondary

circulations) give no support for direct organization of

rainfall by the jet. Another factor arguing against the

low-level jet organizing rainfall on its own is that, apart

from being centered slightly higher, the second jet on 17

June was of comparable strength but associated with no

widespread precipitation.

Rather than directly forcing ascent, it appears that the

jet-induced precipitation by enhancing lifting over the

surface frontal boundary. However, such a boundary,

being shallow and weak, could not maintain its position

in the face of such a strong flow and was hence trans-

ported northward. Thus, the jet maximum represented

the final ‘‘scouring’’ of the cool air but helped initiate

precipitation as long as a boundary was present. Without

a boundary (such as on 17 June) there was no mechanism

to localize lifting and therefore precipitation became light

and scattered. This helps explain the cessation of the

precipitation over the coastal plain near the time of

strongest southerly flow locally.

6. Conclusions and broader perspectives

The mesoscale structure accompanying heavy rainfall

episodes over southern Taiwan has been examined using

data collected during the SoWMEX/TiMREX field

campaign of May–June 2008. The primary observations

used were dropsondes over the ocean southwest of

Taiwan and over the Taiwan Strait, and 3-hourly sound-

ings over Taiwan. These observations during TiMREX

have provided details about meteorological conditions

offshore, especially the mesoscale thermodynamic struc-

ture, and have thus provided an unprecedented glimpse

into mechanisms that organize heavy rainfall.

Heavy rainfall occurred over the elevated terrain or

along the terrain slope on many days that did not feature

strong flow or distinct frontal boundaries. The first two

FIG. 14. Chigu composite radar reflectivity for (a) 0006 and (b)

1206 UTC 13 June.
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weeks of TiMREX were dominated by this type of

convection in phase with the diurnal cycle of surface

temperature. Little rain fell over the coastal plain of

southern Taiwan. However, June 2008 featured three

episodes of heavy rainfall, each lasting almost a week,

with little rainfall in between. Despite differences in

synoptic-scale conditions between two of these events

studied in detail, the common thread was a quasi-steady

frontal boundary (or frontal zone) located near the coast

of Taiwan or slightly offshore. Rainfall tended to be

initiated along this boundary and move inland, some-

times covering both the coastal plain and higher ele-

vations, sometimes just the lower elevations. Such a

boundary has not been documented before, and it ap-

pears to be an important factor focusing convection

initiation. The boundary is generally not part of the mei-

yu front itself.

It appears that the lower tropospheric flow above

1 km MSL (900 hPa) effectively guided the movement

of convection cells initiated near the coast. Therein lay

an important difference between the two precipitation

periods. In the first, there was a systematic wind com-

ponent in the lower troposphere that helped direct

convection, initiated within the coastal frontal zone, over

the higher terrain as it matured. In the second period the

mean flow was directed roughly parallel to the major

axis of the CMR and there was evidence of flow splitting

at the southern apex of the CMR. The result was that

convection initiated off the coast of southern Taiwan did

not move over the higher terrain but instead preferen-

tially moved over the lower elevations.

As a means of summarizing the behavior seen in the two

major precipitation episodes studied herein, Hovmöller

diagrams of rainfall derived from the QPESUMS anal-

ysis appear in Fig. 20 in which the spatial coordinate is

approximately perpendicular to the coast, and hourly

rainfall is averaged perpendicular to this direction over

a distance of about 60 km. It is apparent that while

FIG. 15. Observations at 100 m MSL from the research ship every 6 h beginning at 1200 UTC 13

June. Red numbers are chronological order of observations. Virtual temperature (0.18C) and wind

barbs are plotted at each ship location. Inset is time series of surface temperature (and selected

100-m wind observations). Locations of ship relative to precipitation features are shown in Fig. 14.

FIG. 16. As in Fig. 11, but for 0900–1200 UTC 16 June. Thick

solid line bounds area of winds 35 kt (17.5 m s21) or greater at

800 hPa (see Fig. 18).
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precipitation features sometimes originate well up-

stream from Taiwan, they systematically intensify in the

coastal zone and produce heavy rainfall along the coast

and inland. This is especially noticeable during 1–6 June

(note the event on 2 June in addition to events num-

bered 1, 2, and 3 that were analyzed in section 3). Event

1 featured essentially no rainfall to the southwest of the

coastal zone and in this case the mesoscale variability

was weak (apart from the coastal boundary) and con-

ditional instability modest. From these cases it is clear

that the quasi-persistent boundary has the capacity to

enhance or initiate heavy rainfall. Because the rainfall

intensity grows steadily, not discontinuously, across the

coastal zone, and there are sometimes rainfall minima

observed offshore near the coast (event 2), we do not

believe that the on-shore enhancement of rainfall is an

artifact of rain gauge correction in QPESUMS.

The rainfall episode from 12–17 June (Fig. 20b) did

not exhibit such a strong near-coast enhancement of

rainfall, although some is evident early in the period.

Recall that the frontal boundary observed in this case

was more than 100 km offshore at 1200 UTC 16 June.

There is clear evidence of rainfall enhancement 75–100 km

offshore around this time. Furthermore, the abrupt end

of the precipitation event late on 16 June is seen as a

signal propagating with a speed of roughly 16 m s21

(estimated from the Hovmöller diagram), which is

similar to the speed of the low-level jet (Figs. 16, 17,

and 19). This provides further evidence that the rapid

acceleration of the flow was sufficient to eradicate the

boundary and remove any frontal focusing of rainfall.

The small enhancement of rainfall on 16 June near the

coast could be real or could be related to the rain gauge

influence on the analysis over land.

Evidence was presented that the cool air found over

land in each case originated primarily from the evapo-

ration of rain below cloud base (i.e., a pseudoadiabatic

process). Because of the relatively consistent upstream

thermodynamic conditions in the region, this resulted in

a temperature variation across the boundary consis-

tently about 28–38C. The multiday duration of heavy-

rainfall episodes appeared linked to the maintenance

of this boundary. In both episodes, the erosion of the

coastal boundary coincided with the end of heavy rain-

fall. It should be emphasized that rainfall during these

periods was highly episodic and punctuated by distur-

bances within the quasi-steady pattern described above.

Broadly speaking, the focusing of heavy precipitation

along the coast by quasi-stationary mesoscale bound-

aries is a commonly observed phenomenon. Coastal

fronts (Bosart et al. 1972; Nielsen 1989), primarily ob-

served during the cool season at higher latitudes, are

FIG. 17. As in Fig. 9, but for soundings on either side of the

offshore boundary. The sounding in black, on the cool side of the

boundary, is from the research ship (right-hand wind profile). FIG. 18. Dropsondes and soundings at 800 hPa valid 0900–1200 UTC

16 June with dashed contours denoting virtual temperature (18C in-

terval). Numbers plotted are virtual temperatures (0.18C). The thick

solid line bounds the area of winds 35 kt (17.5 m s21) or greater.

Makung is located by gray circle.

534 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 69



well-known features that enhance coastal precipitation

on the cool side of the front. The quasi-persistence of the

front is aided by diabatic heating—both differential

surface heating across the frontal zone and condensation

heating within the frontal zone—as well as by a contri-

bution from differential friction across the coast and

perhaps blocking effects of orographic features inland.

Cool-season coastal fronts typically feature a cold anti-

cyclone poleward of the front from which a nearly

continuous supply of cool, dry air is available to help

maintain the thermal contrast across the front. Cool air

moves equatorward on ageostrophic flow that is often

enhanced by inland topography while the dry air can

maintain evaporative cooling beneath saturated air

flowing inland above the frontal zone.

Coastal fronts have also been observed in the sub-

tropics, often ahead of poleward-moving tropical cy-

clones, sometimes of minimal intensity (Srock and

Bosart 2009). In these cases, there is essentially an ab-

sence of a polar anticyclone. In warm-season cases

along the East Coast of the United States, onshore flow

originates from low latitudes and experiences small (but

nonzero) sensible heating. Radiative cooling inland can

assist in providing an initial, shallow thermal contrast,

but this source of cooling is quickly lost once clouds

and rainfall occur. However, persistent clouds and

rain prevent surface heating inland and prolong what

amounts to a thermodynamic stalemate. An important

facet of the phenomenon is not simply the initial trig-

gering of convection, but rather the establishment of

a quasi-steady boundary partly by the rainfall itself

that prolongs the event and leads to prodigious rainfall

totals.

There are elements of the near-coast boundary of

Taiwan that are similar to warm-season coastal fronts.

The amount of sensible heating off the Taiwan coast is

relatively small owing to air–sea temperature differences

estimated to be 18–28C and surface winds typically of

5–10 m s21. The presence of well-mixed boundary layers

offshore (Figs. 9, 11, and 13) argues for some positive

sensible heating. Given the moist environment, one

might ask whether there could be a source of dry air,

perhaps from the middle troposphere, that might provide

a source of nearly continuous evaporational cooling. The

apparent importance of microphysical processes (we

assume primarily the evaporation of rain) has not been

found to be central to the maintenance of low-latitude

coastal fronts but may be important to the maintenance

of boundaries such as the one near Taiwan. It is also

likely that prolonged reduced insolation due to persis-

tent cloudiness extends the longevity of cool air over

land. We emphasize that the frontal feature is not re-

lated to the sea breeze because the warmer air lies off-

shore, and it is not likely related to a dryline because the

water vapor contrast across the frontal zone is minimal

and not systematic from case to case.

FIG. 19. Time–height cross section from Makung (see Fig. 1) with wind speed (2 m s21 interval)

and the vertical domain expanded to 400 hPa.
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The theoretical context for the influence of conver-

gence boundaries on the initiation of convection is well

established (e.g., Crook and Moncrieff 1988). Houze et al.

(2009) argued that boundaries could be induced by the

evaporation of rain even without deep convective down-

drafts. In a case of deep convection off the eastern coast of

Florida, they noted the possibility of persistent convective

initiation along a boundary induced by only evaporation.

This idea appears consistent with at least the situations on

3 June and perhaps 16 June. The low LFC over the ocean

near Taiwan makes the region susceptible to deep con-

vection with very modest lifting. The stronger conver-

gence boundaries on 4–5 June, however, produced more

widespread intense convection. More vigorous and or-

ganized convection, especially on 5 June, may have fur-

ther enhanced the thermal contrast by entraining drier air

from the middle troposphere and promoting downdrafts

that produced stronger evaporative cooling in the lower

troposphere. This presence of stronger downdrafts on

5 June could be assessed using dual-Doppler or multiple-

Doppler radar analysis of this case.

An important practical matter is how to anticipate the

occurrence of a long-lived heavy rainfall episode along

the coast. The need for thermodynamic data offshore

cannot be overstated. Because the frontal zone appears

to be triggered by an initial precipitation event, it may

be difficult to predict, so real-time observations are

paramount for identification of the phenomenon and

initialization of mesoscale models to predict its evolu-

tion. Surface observations offshore would be of great

assistance in locating the temperature gradients and

should aid estimates of convective instability within the

FIG. 20. (top) Hovmöller diagrams of hourly rainfall with the spatial coordinate being roughly perpendicular to the

coast (red dashed line) for (a) 1–6 and (b) 12–17 June. In (a) numbers 1, 2, and 3 refer to the 1200 UTC 3 June, 0000 UTC

4 June, and 0600 UTC 5 June events, respectively. (bottom right) Spatial coordinate relative to coast. Line perpendicular

to X indicates averaging width.
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offshore air to the extent that the profile aloft is repre-

sented by soundings onshore or by synoptic-scale data.

Doppler radar observations such as those obtained from

S-Pol can be useful for seeing the veering wind profile in

the lowest 2 km or so that accompanies these events.

A logical future research direction is mesoscale

modeling of these and similar rainfall episodes to de-

termine the sensitivity of event duration and intensity on

a variety of influences such as incoming flow speed and

direction, evaporation of rainfall, air–sea fluxes, etc.

Ultimately it is through high-resolution forecast models

that the primary guidance about the onset and duration

of such events will be provided. Such models also might

help navigate the complicated parameter landscape that

governs these heavy rainfall events, especially if used in

quasi-idealized configurations.
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