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ABSTRACT

Characteristics of Mei-Yu precipitating cloud systems over Taiwan during the May-June 1987 Taiwan Area
Mesoscale Experiment (TAMEX) have been studied using sounding, surface precipitation, and radar data.
Vertical motion has been computed over the island at 6-h intervals from 13 May to 15 June using a modification
of the kinematic method that takes into account the mountainous lower boundary within a four-station sounding
polygon.

Two primary characteristics of the precipitation have been found. First, the major rainfall evénts were linked
to the passage of midlatitude disturbances and typically consisted of both deep convective and stratiform com-
ponents. Deep convection was primarily prefrontal or frontal, while the stratiform precipitation was postfrontal,
presumably in association with overrunning and orographic lifting. Second, there was a pronounced diurnal
variability in the rainfall, '

Vertical motion, heating (Q,), and moistening (Q;) profiles have been used to define the character of the
precipitating systems. During periods of deep convection (as indicated by radar and surface rainfall measure-
ments), a separation of the Q) and Q, peaks is observed, whereas at times of stratiform precipitation, the Q,
and Q, peaks are nearly coincident. The findings for Taiwan generally support those of Luo and Yanai, indicating
a predominance of stratiform rainfall over the entire southern China and Yangtze regions (including Taiwan)
during the Mei-Yu; however, they also suggest that in at least a portion of this region (Taiwan), precipitation
may consist of a mixture of deep convective and stratiform components. The occurrence of coincident @; and
0 peaks in the mid- to lower troposphere (600-800 mb) during moderate-to-heavy stratiform rain events
indicates the importance of shallow cold-frontal and/or stable orographic lifting. Thus, it appears that in the
Taiwan area, heavy rain in stable situations may depend critically on low-level forcing mechanisms.

The evolution of the sea breeze, the development of the afternoon mixed layer, and the diurnal cycle of Q,
and Q, have been examined on a synoptically undisturbed day (24 May) when afternoon thunderstorms occurred
over Taiwan. Moistening of the boundary layer by the daytime sea breeze was evident. A high-level heating
peak and a midtropospheric drying peak were observed in the afternoon in association with the sea breeze and
deep convection. In the evening, heating and drying aloft and cooling and moistening at low levels occurred,
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suggestive of stratiform precipitation during the decaying stage of the convection.

1. Introduction

The period of May through June marks the transi-
tion in east Asia from the northern monsoon to the
southern monsoon and is characterized by a quasi-sta-
tionary frontal zone that frequently produces heavy
rainfall over southern China, Taiwan, and the Yangtze
Valley. Rainfall in this latter region is referred to as
the Mei-Yu. While there have been considerable studies
of Mei-Yu precipitation systems ( Tao and Chen 1987),
the detailed mechanisms of heavy rain production over
Taiwan are not well known. The May-June 1987 Tai-
wan Area Mesoscale Experiment (TAMEX) was de-
signed to investigate the processes that produce heavy
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rain over Taiwan during the Mei-Yu season (Kuo and
Chen 1990).

In a previous study, Luo and Yanai (1983, 1984)
computed precipitation, vertical motion, heating (Q,)
and moistening (Q,) distributions over the Yangtze
and southern China regions (including the Taiwan
area). They showed through an analysis of the @, and
Q: profiles that much of the Mei-Yu rainfall is pro-
duced through large-scale or stratiform precipitation
processes. It is of interest to know to what extent their
conclusions can apply to precipitation systems occur-
ring locally over the Taiwan area. In order to determine
the general character of the cloud systems producing
rainfall over Taiwan, we will compute the vertical mo-
tion and the heating and moistening distributions
within these systems using 6-h sounding data from the
TAMEX special observing period (SOP; mid-May to
mid-June). We will then relate these computed fields
to the precipitation structure of the cloud systems as
determined by TAMEX research radars.
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Diurnal variations in precipitation on Taiwan are
particularly noteworthy, with the diurnal behavior
principally being determined by sea and land breezes
and their interactions with the prevailing low-level
monsoon flow. These effects on tropical and subtropical
islands have been studied for many years (Leopold
1949; Malkus 1955). In the Asian monsoon area, the
diurnal cycle of convection as influenced by sea and
land breezes has been documented in the vicinity of
Borneo by Houze et al. (1981 ) and Johnson and Prieg-
nitz (1981). Convergence of the land breeze and the
northeast winter monsoon flow over the South China
Sea appears to generate offshore convection along the
north coast of Borneo at night, while during the day-
time a precipitation maximum assisted by the sea
breeze shifts to land. Observations from TAMEX sug-
gest a similar diurnal variation of precipitation on Tai-
wan. It will be seen, however, that while a diurnal signal
is generally evident throughout TAMEX, it is often
contaminated by other effects (e.g., fronts, convection,
cloud cover, etc.).

In this paper we examine the diurnal cycle in pre-
cipitation over Taiwan both 1) from a broad perspec-
tive for the entire SOP and 2 ) in detail for a synoptically
undisturbed, 3-day period of TAMEX (24-26 May)
when afternoon convection occurred over the interior.
Emphasis in the latter case will be given to the bound-
ary-layer structure of the sea breeze in order to better
understand the generation of the afternoon convection
over the interior. TAMEX offers a unique opportunity
to investigate the diurnal cycle on Taiwan since it pro-
vides the first four-per-day sounding dataset for any
continuous, extended period on the island.

The format of the paper will be to first examine the
pattern of precipitation and vertical motion for the en-
tire SOP (mid-May to mid-June). Two primary heavy
rainfall episodes occurred during this period, one on
17-18 May (referred to as intensive observing period
or IOP 2) and the other on 7-8 June (IOP 8). Radar-
determined precipitation characteristics, vertical mo-
tion, and heating and moistening distributions during
the two episodes will be presented. Finally, the detailed
characteristics of the sea and land breezes and vertical
motion for the undisturbed period 24-26 May will be
documented.

2. Data analysis and procedures

Upper-air and rainfall data were obtained from the
United States TAMEX Data Management Center. Six-
hourly soundings were available from a mesoscale net-
work during the SOP. Four of the sounding sites—
Panchiao, Hualien, Tung Kang, and Makung—were
used to outline a polygon around Taiwan (Fig. 1). Data
from these sites were subjected to gross error checks.
Time-height cross sections of winds were then used to
find and correct vertical inconsistencies. Seven missing
soundings were replaced by linear interpolation of
soundings launched 6 h before and after the missing
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FIG. 1. Sounding polygon comprising Panchiao, Hualien, Tung
Kang, and Makung. Topographic contours are at 100, 500, and 2500
m. Open circles are weather reporting stations and pluses indicate
hourly precipitation stations.

time. Moisture data from Hualien were at times found
to have a physically unrealistic vertical profile, normally
characterized by thin, exceptionally dry layers. The
relative humidity RH in such layers (identified by RH
< 30%) was replaced by averaged values from imme-
diately adjacent levels. The corrected sounding data
were then interpolated to 25-mb levels from the surface
to 100 mb.

Because Taiwan’s central mountain range, with ele-
vations extending above 3000 m, occupies a substantial
portion of the polygon area, a modification of the stan-
dard kinematic vertical-velocity calculation method is
required. Nitta (1983) developed a method for cal-
culating the vertical p-velocity w over Tibet, which ac-
counted for the atmospheric displacement by the Pla-
teau. This approach has been adapted for Taiwan as
follows: the area of the polygon was divided into a frac-
tional atmospheric area, o,(p), and a fractional
mountain area, o,,(p). The vertical velocity within g,
denoted as @, can be found from the continuity equa-
tion

= Jdo,w

V-V +
ap

where V-V is the divergence over the entire polygon
calculated using the line integral method. The area oc-

=0, (1)
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cupied by mountains as a function of pressure was ob-
tained on each 25-mb level by subijective determination
from a topographic map. This topographic correction
adjusts @ only below 700 mb (i.e., where ¢, < 1). The
vertical motion and divergence profiles were also ad-
Jjusted following the procedure of O’Brien (1970), and
w is assumed to be zero at sea level and 100 mb.

Another topographic correction was applied when
computing the line integral for the divergence calcu-
lation. It can be seen from Fig. 1 that two sides of the
polygon, from Tung Kang to Hualien and from Hu-
alien to Panchiao, transect the mountains. A topo-
graphic cross section from Tung Kang to Hualien is
shown in Fig. 2. Below mountaintop levels, winds at
each pressure level are assumed to be constant from
the station to the mountainside, as opposed to the cus-
tomary assumption of a linear variation between sta-
tions. The wind is set to zero where the pressure surface
is below ground and in the narrow mountain valleys.
Sensitivity tests indicate that the latter assumption,
based on reasonable estimates of valley winds, has only
a minor (<10%) effect on results.

The apparent heat source 0, and the apparent water
vapor sink Q, have been computed as follows:

o7 @ 8
o, =+vV.vr+2Z
O a3 V- - p (2)
L oq _0q
-2, Y Vg + 0,
0> CP(U a V-Vg wap) (3)
where = = (1000/p)*; x = R/c,; and T, g, and § are

the average temperature, mixing ratio, and potential
temperature over the polygon. The advection terms

(e.g., V-Vg) were calculated using

V-Vg=V:Vgqg—-4V-V, 4)
where V - V g was computed analytically using the ap-
proach of Molinari and Skubis (1988).

In order to examine conditional instability, vertical
profiles of saturation moist static energy 7* were cal-
culated using

h* = ¢,T + gz + Lg*, (5)

where z is the geopotential height and * indicates sat-
uration values.

Fifty-six hourly rainfall stations (comprised of Cen-
tral Weather Bureau and Taiwan Power Company sta-
tions; Fig. 1) were used to obtain polygon area rainfall
for the purpose of calibrating the integrated heat and
moisture budgets (Yanai et al. 1973). Hourly data for
the entire SOP (the period of interest in this study)
were limited to this network of unevenly distributed
stations. In order to obtain a reasonable estimate of
area-averaged rainfall for such an uneven distribution
of stations, the polygon area was divided into eighteen
0.5° X 0.5° grid boxes. Grid-box average rainfall was
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FIG. 2. Topographic cross section from Tung Kang to Hualien
used in vertical motion computation. Vertical scale is greatly exag-
gerated.

calculated and an area-weighted polygon rain was ob-
tained from

l

||b4(Jo

where R is the average polygon rainfall, A is the total
area of the polygon, ¢ is the fraction of a grid-box area
that lies within the polygon, and 7; is the average of
the hourly rain from all stations within the ith box.

While the above procedure provides useful infor-
mation concerning area-averaged rainfall, two of the
0.5° grids in the southwestern part of the polygon con-
tain no stations. For these grids we have averaged data
from neighboring grid boxes. While this situation is
not ideal, it is a reasonable approach given the available
hourly rainfall data. Comparison of time series of
mountain and west coastal plain rainfall using the
hourly rainfall data with that derived from a very dense
network of daily rainfall stations (596 total) gave very
close agreement. This comparison lends confidence to
our rainfall analyses despite the inadequate spatial
coverage of the hourly rainfall stations.

3. Precipitation, vertical motion, and heat and moisture
budget results

a. Special observing period (13 May-15 June)
1) PRECIPITATION

A precipitation record for the entire SOP is illustrated
in Fig. 3. Here we used 1-h data from the 56 stations
in Fig. 1 to determine 6-h totals (centered at the four
synoptic times, 0000, 0600, 1200, and 1800 UTC,
which correspond to 0800, 1400, 2000, and 0200 LST,
respectively) in two subdivisions: the mountains and
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FIG. 3. Rainfall time series [mm (6 h)~!] for the mountain area and the western coastal plain during the special observing period.
Eight intensive observing periods (IOPs) are indicated at the bottom. Tick marks on abscissa correspond to 1200 LST.

the west coastal plain. The mountain domain corre-
sponds to most locations in the polygon above 0.5 km
and the coastal plain to all of the polygon area to the
west. The rain rates in each domain in Fig. 3 are for
the same unit area.

Several features are evident from the rainfall time
series. First, there were two major periods of heavy
rainfall, one around 17-18 May (IOP 2) and another
on 7-8 June (IOP 8). Both episodes consisted of two
peaks separated by 24 h. The first peaks were charac-
terized by prefrontal deep convective rainfall (including
a squall line with trailing stratiform precipitation in
the May case; Wang et al. 1990) and the second by
mostly frontal and postfrontal stratiform precipitation
(Parsons and Trier 1989; Trier et al. 1990). Radar data
for these cases will be presented later. It is interesting
to note here, however, that the second periods, those
consisting of predominantly stratiform rain, yielded
the greatest areal-averaged precipitation amounts. In
both the May and June cases, heavy rainfall occurred
both in the mountains and on the western coastal
plains,

A second prominent feature of Fig. 3 is a pronounced
diurnal modulation of the precipitation (tickmarks on
abscissa correspond to 0800 LST). Information con-
cerning the timing of rainfall maxima has been ex-
tracted from Fig. 3 and is presented in Fig. 4. Most
rainfall over the mountains occurred during the after-
noon and evening hours (79% of the peaks exceeding
1 mm per 6 h were at 1400 and 2000 LST), consistent
with the expected effects of sea-breeze forcing. Rainfall

on the west coastal plains was shifted to slightly earlier
times, with 75% of the peaks occurring at 0800 and
1400 LST. There is some evidence to indicate that the
earlier occurrence of rain near the coast is, in part,
attributable to frequent instances of convergence of the
nighttime land breeze with the southwesterly low-level
monsoon flow, which generates coastal convection
during the early morning hours. Another mechanism
for coastal convergence may involve blocking and the
development of stagnation flow upwind of the island
(Smolarkiewicz et al. 1988). Indeed, Doppler radar
data collected on the northwest coast of Taiwan indi-
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RG. 4. Frequency distribution of daily rainfall peak occurrences
based on 6-h totals for the mountains and the west coastal plain.
Pluses indicate frequency distribution of « peaks from Fig. 6.
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FIG. 5. Time series of moist static energy £* (X104 m? s2) at Panchiao during the special observing period. Values exceeding 35 are
shaded. Times of cold-front passage are indicated by symbols at top. Daily rainfall totals (mm) at Panchiao are shown at bottom. Tick

marks on abscissa correspond to 0800 LST.

cated frequent formation of convective bands offshore
during the early morning hours, followed by subse-
quent propagation onshore and dissipation after sunrise
(D. Parsons, personal communication ). In addition,
there may also be a suppression of coastal plain pre-
cipitation in the late afternoon due to compensating
subsidence from deep convection over the interior
mountains as has been observed elsewhere on tropical
islands (e.g., Malkus 1955).

For the entire SOP, the total rainfall averaged sep-
arately over the mountain and coastal plain areas was
393 and 238 mm, respectively. Since the mountain
total is greater, it is evident from Fig. 4 that for the
polygon as a whole there is a clear preference for the
maximum rainfall amounts to occur in the afternoon
and evening hours. This information will be used to
interpret the vertical motion for the entire polygon area.

2) VERTICAL MOTION

Before presenting vertical motion results, a time se-
ries of saturation moist static energy 2* at Panchiao
on the northern end of Taiwan is shown in Fig. S. Also
indicated are daily rainfall totals at Panchiao and times
of occurrence of cold-front passages at the northern
tip of Taiwan. It can be seen that the TAMEX SOP is
characterized by three primary ~ l-week periods of
low-level conditional instability, associated with
southwest monsoon flow, interspersed by 3-5-day pe-
riods of stable conditions, each associated with the pas-
sage of a cold front. Important for later discussion, it

is noted that rainfall at Panchiao occurred during both
conditionally unstable and stable periods.

In Fig. 6, a time series of vertical motion for the
entire TAMEX SOP is shown. Indicated below each
panel in the figure are the duration of the conditionally
unstable periods at Panchiao (dashed line) and a time
series of the entire polygon rainfall. The timing of con-
ditional instability at Panchiao can be considered to
roughly apply to the entire polygon. Several patterns
of vertical motion are evident. First, it is apparent that
during the periods of conditional instability, the peaks
in upward motion are generally in the mid- to upper
troposphere, whereas during stable periods, upward
motion peaks are confined to the lower troposphere.
This finding is consistent with the expected deep con-
vection at times of conditional instability and the ab-
sence of such convection at other times. The prominent
low-level peaks between 650 and 750 mb during the
stable periods are typically associated with stratiform
precipitation forced by frontal and/or orographic ef-
fects.

Second, there is a regular diurnal pattern to the ver-
tical velocity with upward motion predominantly oc-
curring in the afternoon and evening (76% of the daily
peaks were at 1400 and 2000 LST) and downward mo-
tion generally at night or in the early morning (0200
and 0800 LST). This pattern resembles very closely
the diurnal variation of rainfall. To see this correspon-
dence, we have plotted the frequency distribution of w
peaks from Fig. 6 along with the rainfall distribution
in Fig. 4. The timing of w and the mountain rainfall
peaks agree well, giving some confidence to compu-
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FIG. 6. Time series of w (ub s~ or 0.1 Pa s™') during the special observing period. Strong upward mption areas are shafied. lntensi_ve
observing periods (IOPs) 1-8 are indicated at top. Horizontal dashed line denotes periods of conditional 1pstab111ty at Panc}_nao (from Fig.
5). Time series of average rainfall (mm) over the sounding polygon is shown at the bottom of each panel. Tick marks on abscissa correspond

to 0800 LST.

tations of the vertical motion field over Taiwan, since
the mountain contribution is a dominant part of the
total polygon rainfall.

The night and early morning downward motion
peaks are considerably stronger than that expected from
radiatively driven subsidence alone. Enhanced down-
ward motion at these times may be a consequence of
the combined effects of the island land breeze, the
mountain drainage flows, and the evaporation and
sublimation of precipitation from the previous eve-
ning’s convection over the island. The latter possibility
will be explored further when considering heat and
moisture budgets for 24 May (section 3c).

It can be seen from Fig. 6 that the periods of heaviest
rainfall generally correspond to times of strong upward
motion. However, there are a few instances when strong
upward motion occurred with little to no rainfall, most
notably on 29 May and 4 June. The first case (29 May)
exhibits a low-level vertical motion peak and occurs
during a stable period. It can be traced to anomalously

strong westerly winds at low levels at Makung in as-
sociation with a front over southern Taiwan. The sec-
ond (4 June) appears to be a result of convection just
east of the island adversely affecting the winds at Pan-
chiao.

Time series for Q, and Q, for the entire SOP have
been prepared but will not be shown since they closetly
resemble that for w (Fig. 6). However, Q,, O,, and w
profiles corresponding to the 17-18 May and 7-8 June
heavy rain events during the SOP will be presented in
the next subsection.

The validity of heat and moisture budgets can be
independently checked by comparison of the integrated
Q, and @, with surface measurements of rainfall, sen-
sible heat flux, and evaporation (Yanai et al. 1973).
This procedure has been carried out for the entire SOP
and has met with limited success, although the detailed
results are not presented here. The integrated Q, and
surface precipitation generally correlate well, but there
are exceptions. Obviously the 29 May and 4 June cases



2546

(@) 17 MAY87 00I5L EL:=16

50

-100

-150 N )
-100

km

{©) (7 MAY 87 1I50L EL=2.|

50

km
-50

-100

-150

~100 -50 (0] 50 100

discussed above are two important exceptions. In gen-
eral, we attribute the disagreements at individual times
to inadequacies in both the sounding data network and
the precipitation measurements, as well as the occa-
sional contamination of individual soundings by lo-
calized transient effects (e.g., thunderstorms at a sta-
tion). However, the total surface precipitation for the
entire SOP determined from the integrated moisture
budget, 343 mm (assuming a 2.5 mm day ' surface
evaporation taken from a study over a similarly veg-
etated surface; Johnson 1976), agrees well with the
surface station total of 308 mm. The agreement is exact
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FIG. 7. Radar reflectivity ( values exceeding 30 dBZ dark shaded,
15-30 dBZ light shaded ) from TOGA radar at 0015 (a), 0741 (b),
and 1150 LST (c) 17 May 1987. Beam e¢levation in degrees (top),
height of beam above ground in kilometers (along radials), and
sounding polygon are indicated. (Figure courtesy of Stan Trier.)

for an assumed 1.5 mm day~! surface evaporation.

Unfortunately, a precise value of evaporation over this
complex land surface area is difficult to determine.

b. Intensive observing periods 2 and 8 (17-18 May
and 7-8 June)

Here we examine vertical motion and heating and
moistening distributions for the two major rainfall ep-
isodes during the TAMEX SOP. As already indicated,
both were characterized by two rainfall peaks separated
by 24 h.
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1) 17-18 MAY CASE

A sequence of plan-position indicator (PPI) scans
from the NOAA TOGA radar at 0015, 0741, and 1150
LST is shown in Fig. 7. In Fig. 7a, a prefrontal north-
south squall line approximately 200 km in length can
be seen approaching the northwest coast of Taiwan,
having an eastward speed of 16 m s~!. The storm con-
tained a trailing stratiform precipitation region ex-
tending to the rear of the leading convective line and
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a rear inflow jet at the base of the stratiform cloud
(Wang et al. 1990), much like squall lines observed
elsewhere in the tropics and midlatitudes (Houze et al.
1989). The reader is referred to Wang et al. (1990) for
a documentation of the kinematic and precipitation
structure of this squall line. The maximum reflectivity
and echo tops in the convective line observed by the
NCAR research radar were 47 dBZ and 14.6 km (130
mb), respectively (Parsons and Trier 1989). Over the
next 7 h, precipitation moved inland such that by 0741
LST (Fig. 7b) widespread light rain was occurring over
the coastal regions and deep convection was occurring
over the central mountains. By this time a cold front
had moved to the southern portion of the radar do-
main, reaching central Taiwan by 0800 LST and
southern Taiwan by 2000 LST. The predominance of
convective rainfall over the island up until 0800 LST
is confirmed by a conventional weather station and the
hourly raingage network data, as well as the radar anal-
yses of Wang et al. (1990). Approximately 4 h later at
1150 LST (Fig. 7¢), stratiform precipitation enveloped
much of the region following a cold-frontal passage.
Shortly after 1200 LST, all research Doppler radars
terminated operation. Consequently, research radar
information regarding the second rainfall peak at 0800
LST is not available. Most of the precipitation in the
polygon area at this time was associated with postfron-
tal overrunning, as the surface cold front was positioned
at the southern tip of Taiwan at 0800 LST (not shown).
Examination of hourly precipitation amounts over the
region indicates light, uniform rainfall over most of
the entire area, with 2-6 mm h ™! rates typical of the
coastal plain and 4-10 mm h ™! rates of the mountains
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FIG. 9. Profiles of Q, and @, (°C h™") at 0200 (solid) and 0800 LST (dashed) 17 May.
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on 18 May. Thus, the rainfall at this time was stratiform
in character and quite distinct from highly convective
structure early on 17 May.

In Fig. 8, the vertical motion at 0200 and 0800 LST
17 May is shown. Deep upward motion is evident with
peaks near 600 and 300 mb, consistent with the Dopp-
ler radar observations of deep convection within the
polygon area at these times. There is some indication
of a weakening of the deep convection (the upper-level
peak) at 0800 LST. It is encouraging to note that while
deep convection at the earlier time is not well centered
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within the polygon (Fig. 7a), there is nevertheless a
consistency between the radar and vertical motion
fields.

Profiles of Q; and Q, at 0200 and 0800 LST are
shown in Fig. 9. Heating O, has primary peaks near
550 mb, whereas @, exhibits two peaks, one at upper
levels (broadly between 400 and 550 mb) and the other
at low levels near 700 mb. The separation between the
(1 and lower Q, peaks was shown by Luo and Yanai
(1984) to be an indicator of deep convection, which
is confirmed in this case. But also present in our situ-
ation is an upper level Q, peak roughly coincident with
that of O, suggestive of a contribution from stratiform
precipitation. Indeed, in this case we observe a mixture
of convective structures ranging from cellular convec-
tion to stratiform precipitation, the latter being asso-
ciated with a squall line and then, later, frontal over-
running and orographic effects. Johnson and Young
(1983) have noted that Q, and Q, for mesoscale anvils
associated with tropical squall systems have nearly
coincident peaks in the upper troposphere. The squall-
line trailing stratiform cloud may have contributed to
the upper-level peaks in our case.

Interestingly, a midtropospheric minimum in Q,
(near 625 mb) is present at both times. Such a structure
has been attributed by Johnson (1984 ) and Esbensen
et al. (1988) to the coexistence of both convective and
stratiform clouds in a region, with the lower drying
peak caused by deep convective clouds and the upper
peak by upper-level stratiform clouds. This explanation
is certainly consistent with the observations of two types
of cloud systems in the region. However, Dudhia and
Moncrieff (1987) and Lafore et al. (1988) alternatively
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FIG. 12. Radar reflectivity (values exceeding 30 dBZ dark shaded, 15-30 dBZ light shaded) from TQGA radar
at 1339 LST 7 June (a) and 1305 LST 8 June (b); rest as in Fig. 7. (Figure courtesy of Stan Trier.)

argue that this double-peak structure may be a result
of eddy flux convergence of water vapor in the deep
convective towers. This process may also be occurring,
but we are unable to discern to what extent from the
available data.

Vertical motion profiles at 0200 and 0800 LST 18
May are presented in Fig. 10. The pattern is distinctly
different from that 24 h earlier with upward motion in
the midtroposphere (above 800 mb) and downward
motion below. Correspondingly, the @, and Q, profiles
show heating and drying in the midtroposphere and
cooling and moistening below (Fig. 11). This structure
is consistent with the existence of stratiform precipi-
tation, where the stratiform cloud layer exists in the
midtroposphere and rainfall evaporation dominates in
the lowest levels. It is similar to that determined for
tropical mesoscale stratiform cloud systems (e.g.,
Johnson and Young 1983), except that the peaks at
both upper and lower levels are shiftward downward
in this case. The lower maxima are consistent with the
presence of frontal and/or orographically generated
stratiform precipitation, in contrast with the tropics
where detrainment from deep cumulonimbus plays an
essential role.

2) 7-8 JUNE CASE

NOAA TOGA radar PPI scans at 1339 LST 7 June
and 1304 LST 8 June are shown in Fig. 12. A pattern
characteristic of deep convection can be seen over the
mountains on the 7th (Fig. 12a). Maximum tops were
near 17 km and reflectivities approached 60 dBZ at

this time (Parsons and Trier 1989). Nearly 24 h later
(Fig. 12b), a cold front was passing through the TOGA
radar site (Trier et al. 1990). The precipitation at this
time was much more widespread with a considerable
stratiform component, although imbedded convection,
having relatively shallow tops (to 7-8 km; Trier et al.
1990), also existed over portions of the domain.

The vertical motion profiles at 1400 LST 7 and 8
June are shown in Fig. 13. The profile on the 7th shows
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upward motion to 300 mb, although the peak is not
as high as might be expected considering the deep con-
vection in the region at this time. It may be that this
profile is reflective of building convection around
sounding release time (approximately 45 min prior to
1400 LST) and that the strong divergence aloft indic-
ative of deep convection is not yet present at this time
at the island rawinsonde sites. (The deep convection
is short-lived and therefore not evident in w computed
6 h later.) On 8 June, 24 h later, upward motion ex-
tended only to 550 mb with sinking motion above.
The confinement of upward motion to low levels is
confirmed independently by an EVAD (extended ve-
locity-azimuth display; Srivastava et al. 1986 ) analysis
by Trier et al. (1990) in the vicinity of the cold front
along the northwest coast of Taiwan. Trier et al. show
that the cold front was very shallow (~1.0-1.5 km
deep) and behaved much like a density current with
upward motion confined to the lower troposphere
along and to the rear of its leading edge.

The @, and @, profiles on 7 June (Fig. 14) contain
a signature suggestive of deep convection: a single peak
in Q, and a double peak in Q,. The absence of strati-
form precipitation at this early stage of the convection
(Fig. 12a) supports the contention by Dudhia and
Moncrieff (1987) and Lafore et al. (1988) that a double
peak in @, can be created by convergence of eddy
moisture flux in deep convective towers. Only a single
positive @, peak occurred on 8 June, however, and it
was coincident with the Q; peak, suggestive of strati-
form precipitation (Luo and Yanai 1984).

The region of negative O, and Q, (cooling and
moistening) aloft near 400 mb on 8 June may be in-

dicative of sublimation at these levels in connection
with a “feeder-seeder” type process (e.g., Matejka et
al. 1980). While the existence of some conditional in-
stability at upper levels at this time (Fig. 5) supports
the possibility of generating cells aloft producing feeder
precipitation, the absence of heating in the layer above
suggests, assuming this explanation to be valid, that
the ice must have been advected into the polygon area.
Satellite data (not shown) indicate the existence of
substantial cirrus upstream of the region as a possible
source.

c¢. Undisturbed period (24-26 May)

In this section we examine the basic characteristics
of sea and land breezes for a 3-day period when syn-
optic-scale influences were minimal. Such conditions
were difficult to find during TAMEX, as disturbed
weather associated with the Mei-Yu frequently affected
the Taiwan area. A regular cycle of sea and land breezes
was observed at coastal stations on 24-26 May. The
primary cloudiness on these days was associated with
afternoon thunderstorms over the interior. Since this
period was undisturbed, research radars were not ac-
tivated to document the convective development.

1) PRECIPITATION

Daily precipitation totals over Taiwan for 24, 25,
and 26 May are indicated in Fig. 15. The rainfall on
these days occurred predominantly during the late-
morning and early-afternoon hours. The spotty char-
acter to the rainfall indicates that the precipitation was
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convective in nature. The thunderstorms were most
numerous on the 24th and 25th (Figs. 15a and 15b),
diminishing considerably over the northern half of the
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FIG. 15. Twenty-four-hour precipitation totals (0900 to 0900 LST)
in millimeters for (a) 24, (b) 25, and (¢) 26 May 1987. Small dots
indicate the 596 daily rainfall stations. Topographic contours are at
100, 500, and 2500 m.

island on the 26th (Fig. 15¢) as drier air aloft moved
over that region. A very interesting behavior of the
convection on these 3 days was a preference for
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convection to occur at 100-500 m rather than over
the high mountainous interior. Considering that most
of this precipitation occurred in the afternoon in as-
sociation with the sea breeze, a possible explanation
for this pattern is a triggering of convection where the
inflowing sea-breeze air first meets an abrupt rise in
the topography.

2) TIMING OF SEA AND LAND BREEZES

The time of onset of the sea breeze on each day is
shown in Fig. 16. During this 3-day period, the low-
level flow impinging on the island (below 3 km) was
south to southwesterly, as indicated at the adjacent is-
land stations in Fig. [6. Along the west coastal plain,
the sea-breeze onset was typically around 0900 LST,
advancing inland to the base of the mountains during
the next hour. On the east coast, the time of onset of
onshore flow was more variable, perhaps as a result of
irregularities in the flow associated with vortex shedding
downstream of the island barrier (Smolarkiewicz et al.
1988). Earlier onset on the east coast was expected due
to the east-facing mountain slopes and, in fact, did
occur in a few instances.

The time of onset of offshore flow is shown in Fig.
17. Generally, offshore flow commenced during the
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FIG. 16. Time of onset of onshore flow (LT = local time; 9 = 0900
LST, etc. for 24, 25, and 26 May). Surface winds at 0900 LST at
two nearby islands are also indicated for the 3 days. At some stations
on some days no transition was observed (designated by M).
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FiG. 17. As in Fig. 16, except for offshore flow. The four polygon
sounding sites and a fifth sounding site, Taichung, are indicated.

evening hours (near sunset); however, considerable
variability existed as a result of outflows from afternoon
thunderstorms. On some nights at some stations, the
transition to offshore flow was not observed at all. In
most of these cases the surface wind became calm.

3) BOUNDARY-LAYER STRUCTURE

The TAMEX sounding sites (Fig. 17) were not nec-
essarily positioned for optimal determination of sea-
and land-breeze structures. Panchiao is situated in
somewhat of a valley approximately 20 km inland from
the north coast, and the low-level flow is likely influ-
enced at times by local terrain features. Taichung, ap-
proximately 20 km inland on the west coastal plain, is
in an ideal position for study of the sea and land
breezes, however, there were considerable sounding
equipment difficulties at that site. The two other island
sounding stations, Tung Kang and Hualien, are very
near the coastline. Soundings from these stations during
the SOP were released at 0200, 0800, 1400, and 2000
LST. Unfortunately, this time resolution is not suffi-
cient to capture the growth of the mixed layer during
the morning hours. Barring contamination by precip-
itation, however, the 1400 LST sounding should pro-
vide evidence of a fully developed mixed layer on clear
days at the inland stations. Three-hourly soundings
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were obtained during IOPs; however, these soundings
were taken (almost by definition ) in highly disturbed
environments, so they cannot be used in this study of
the undisturbed boundary layer.

In Fig. 18, dry static energy s (=c,T + gz) and spe-
cific humidity g are shown at 0800 and 1400 LST 24
May at Panchiao. The 1400 LST sounding depicts quite
well the development of a mixed layer to near 820 mb
(1.8 km) in the afternoon. Specific humidity is not well
mixed, as is common over land, although there appears
to be a general moistening (by 2-3 g kg™') at most
levels in the mixed layer as the sea brecze brings ashore
moister air during the afternoon. A turning of the winds
to a northerly or onshore direction is observed
throughout most of the mixed layer during the after-
noon. Winds at the lowest levels are undoubtedly in-
fluenced by local river basin circulations at Panchiao
and a 700-m mountain approximately 10 km north of
the station.

Similar mixed-layer development is evident at Tai-
chung (Fig. 19). Although there is an instrument error
at this station yielding excessive warming above the
boundary layer, this set of soundings indicates mixed-
layer development to near 850 mb or 1.5 km. In this
instance, the depth of the mixed layer is difficult to
determine precisely; however, the turning of the wind
to an onshore northwesterly direction below 850 mb
strongly suggests a penetration of the sea breeze (and
mixing from the surface) to this depth. A moistening
is again present in the mixed layer, but also appears to
extend above the mixed-layer top. It is suspected that
the moistening above the mixed layer is due to the
ascent of the balloon into a shallow cloud.
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FIG. 18. Dry static energy s (J g™'), specific humidity g (g kg™"),
and winds at 0800 and 1400 LST at Panchiao on 24 May.
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Observations from the east coast of the island at Hu-
alien, where virtually no coastal plain exists (as moun-
tains descend abruptly to the ocean), indicate bound-
ary-layer warming and moistening during the afternoon
and an absence of a well-mixed structure (Fig. 20).
The wind profiles in Fig. 20 show the development of
an easterly onshore flow in the afternoon extending to
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FG. 20. As in Fig. 18, except for Hualien.
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nearly 750 mb or 2.5 km. The horizontal advection of
potentially cooler air from the ocean over the narrow
coastal strip during the afternoon sea breeze is likely
to contribute to the somewhat stably stratified bound-
ary layer (above the surface superadiabatic layer) at
Hualien. While attributing the afternoon onshore flow
to island thermal forcing, it is clearly possible that cir-
culations around the island barrier itself may be influ-
encing the local winds at Hualien. As in the other cases,
some low-level moistening due to the sea breeze is also
observed at Hualien.

4) HEATING AND MOISTENING DISTRIBUTIONS

Vertical motion for 24-26 May has already been
shown in Fig. 6. A clear diurnal cycle is evident during
this time period with-maximum upward motion in the
afternoon (1400 LST) on each day and generally
downward motion at night. The afternoon upward
motion progressively weakened through the period.
The pattern of vertical motion is consistent with the
observations of considerable thunderstorm activity over
the interior during the afternoon of the 24th, somewhat
less on the 25th, and suppressed activity on the 26th.
The atmosphere became disturbed after the 26th, and
the earlier diurnal pattern of vertical motion was dis-
rupted.

The diurnal cycle of @, and Q, on 24 May is illus-
trated in Fig. 21. Heating and drying developed at low
levels several hours after sunrise (0800 LST) in asso-
ciation with developing convection and extended
throughout the entire troposphere in the afternoon
(1400 LST). The maximum heating occurred at very
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high levels (between 200 and 250 mb), and there was
a distinct separation between the @, and @, peaks, in-
dicative of deep convection. At 2000 LST, the heating
weakened at upper levels and converted to cooling be-
low the mountain crest. Similarly, drying aloft and
moistening below is seen in the Q, profile. The structure
of the @, and Q, profiles at 2000 LST is characteristic
of that observed within the stratiform regions of me-
soscale convective systems (Houze 1982; Johnson and
Young 1983). The latter studies have related the heat-
ing at high levels to condensation and freezing in the
stratiform cloud aloft and the cooling below to precip-
itation evaporation and melting.

Finally, at 0200 LST 25 May, Q; converted to cool-
ing above 700 mb. This deep layer of cooling at night
is often present at other times and typically extends to
near the surface (although not in this case). It is pre-
sumed to be a consequence of evaporation of cloud
debris from the convection that occurred earlier in the
afternoon and evening over the island. This conclusion
is supported by the negative Q, ( moistening ) observed
from 250 to 600 mb. ( The drying below 600 mb, how-
ever, has no obvious explanation.) Radiative cooling
might also contribute to the negative Q;, but the cool-
ing is too large and over too deep a layer to be attributed
solely to radiative effects (Webster and Stephens 1980).

4. Summary, discussion, and conclusions

In this study we have examined the characteristics
of precipitating cloud systems over Taiwan during the
1987 Mei-Yu TAMEX period. The primary findings
are the following:
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FIG. 21. Profiles of @, and Q, (°C h™!) at 0800, 1400, and 2000 LST
24 May and 0200 LST 25 May.
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1) Heavy precipitation over Taiwan during the 1987
Mei-Yu consisted of both convective and stratiform
components. During periods of conditional instability,
deep convective rainfall predominated, although in
some instances it possessed associated stratiform pre-
cipitation components as has been observed elsewhere
in the tropics (e.g., Leary and Houze 1979; Houze et
al. 1981). The periods of conditional instability were
interrupted by stable periods and marked by the passage
of cold fronts, and during both periods, a complex array
of precipitation structures occurred. In one case stud-
ied, a squall line having a deep convective line and
trailing stratiform region preceded cold-frontal passage,
followed by stratiform precipitation connected with
frontal overrunning and orographic effects. The two
heaviest rainfall events over the western part of Taiwan
during the TAMEX SOP were generally stratiform in
character.

2) During periods of deep convection, deep upward
motion was present and a separation of @, and O,
peaks was observed (noted as a signature of deep con-
vection by Luo and Yanai 1984). A double-peak
structure to @, was observed at times of deep convec-
tion, as has been noted elsewhere (Johnson 1984; Es-
bensen et al. 1988; Dudhia and Moncrieff 1987; and
Lafore et al. 1988). The existence of a double-peak
structure to Q- early in the convective cycle on 7 June,
when only deep convection was present, supports the
contention by Dudhia and Moncrieff (1987) and La-
fore et al. (1988) that convergence of eddy moisture
flux in deep convective towers can by itself lead to this
feature. However, at other times, when both deep con-
vection and upper-level, precipitating stratiform clouds
were known to exist, double peaks in Q> may also have
been a result of these two distinct precipitation features.
When stratiform precipitation was present, the @, and
Q, peaks were nearly coincident. These findings gen-
erally support those of Luo and Yanai (1984), indi-
cating a predominance of stratiform rainfall over the
entire southern China and Yangtze regions (including
Taiwan) during the Mei-Yu; however, they also suggest
that in at least a portion of this region the precipitation
may consist of a mixture of deep convection and strat-
iform components.

3) The instances of stratiform precipitation in the
Taiwan area (contributing to moderate-to-heavy rain)
were characterized by coincident @, and Q- peaks in
the mid- to lower troposphere (600-800 mb), as op-
posed to the occurrence of nearly coincident Oy and
(O, peaks in Luo and Yanai (1984) at a somewhat
higher level (near 400-500 mb). The lower peaks in
the Taiwan area are consistent with the existence of
shallow cold-frontal lifting in stable air (where gravity-
current dynamics appear to be relevant; Trier et al.
1990) and stable orographic lifting. In contrast, the
higher peaks farther north over southern China and
the Yangtze region (Luo and Yanai 1984) may indicate
the effects of large-scale ascent in baroclinic systems.
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Thus, it appears that in the Taiwan area, heavy rain
in stable situations may depend critically on low-level
forcing mechanisms.

4) The diurnal cycle is a prominent feature of pre-
cipitation on Taiwan, particularly during undisturbed
periods. The characteristics of the diurnal cycle have
been briefly examined for an undisturbed period from
24 to 26 May when afternoon thunderstorms occurred
over the interior. Several important features have been
observed.

(a) The convective precipitation that occurred on
the 3 days was predominantly located between the 100-
and 500-m elevations at the foothills of the interior
mountains rather than over the higher elevations
farther inland.

(b) The sea breeze typically began at 0900 LST
along the shoreline of the west coastal plain and moved
inland to the base of the interior mountain range during
the next 1-h period. The land breeze commenced in
the evening, but its onset was more variable (at least
on 24-26 May) as a result of afternoon thunderstorms
over the interior.

(c) Well-mixed layers (in potential temperature, but
not specific humidity ) developed on 24 May along the
west coastal plain during the afternoon as the sea breeze
penetrated inland. At a distance inland of 20-25 km
the mixed-layer depth was 1.5-1.8 km. A pronounced
moistening of the boundary layer was observed in the
afternoon as the sea breeze advected moister air inland
off the ocean. The boundary layer on the very narrow
east coastal strip was not well mixed, but extended to
a greater depth (2.5 km) as heating on the steep east
slopes of the mountains drove a deep, weak sea breeze.

(d) A regular diurnal pattern of vertical motion,
heating, and moistening was observed on the three
days. Deep upward motion, heating, and drying oc-
curred in the afternoon and weak downward motion,
cooling, and moistening occurred at night. The upward
motion in the afternoon is an indication of deep con-
vection over the interior. Unexpectedly strong down-
ward motion and cooling were observed at night. These
features may be a combined effect of the land breeze,
drainage flow, and evaporation of the previous after-
noon and evening’s precipitating cloud systems. The
diurnal variation of heating and moistening on 24 May
is consistent with that observed during the life cycle of
tropical cloud clusters (Houze 1982; Johnson and
Young 1983).

An intriguing observation stemming from TAMEX
was that the intensity of the deep convection over the
interior on some afternoons was not as great as TA-
MEX forecasters had expected, given the deep layer of
conditional instability and warm, moist southwesterly
flow. The elevated heating and (presumed) orographic
lifting of the impinging flow, coupled with conditional
instability and abundant moisture, suggested poten-
tially vigorous afternoon thunderstorms over the in-
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terior mountain range. While thunderstorms at times
did occur, they did not always produce widespread,
heavy rainfall. A possible explanation for this behavior
is suggested by the work of Smolarkiewicz et al. (1988).
Although orographic lifting might be anticipated with
southwesterly flow impinging on the island, it is likely
that this effect is minimized by blocking of much of
the flow below the mountain crest in this low-Froude-
number regime (Smolarkiewicz et al. 1988). Oro-
graphic lifting on these days may have been confined
to near mountaintop levels. Analyses of the flow at 850
mb (not shown) indicate that the low-level flow was
indeed frequently blocked. This blocking creates low-
level divergence and subsidence on the upwind side of
the island, which may have acted to retard convection
and keep it from reaching intense levels.

At times when island heating is significant, however,
the Froude number is increased and considerable oro-
graphic lifting can occur (Smolarkiewicz et al. 1988).
This situation may have been the case in late June
when the intensity of afternoon thunderstorms did in-
crease, possibly as a consequence of increased heating.
Additionally, however, the stronger diurnal convective
cycle observed then may have been aided by the greater
and deeper conditional instability that developed as a
more tropical airmass characteristic of summer envel-
oped the island.

In this study we have investigated the diurnal cycle
of precipitation only during the 1987 TAMEX SOP.
Since a major flood did not occur during TAMEX, we
know very little about diurnal effects in such cases. It
has been determined by Chen (1985), based on 10
years of data, that about 75% of the heavy rainfall over
Taiwan occurs at night. Heavy rainfall has been posi-
tively correlated with occurrences of low-level jets
(Matsumoto 1972; Akiyama 1973; Chen 1983 and
Chen and Yu 1988), features themselves that are
known to have distinct diurnal variability (Bonner
1968). While the impact of the diurnal cycle on heavy
rain is an extremely important problem, its full un-
derstanding is beyond the scope of this study. We have
only made a first step in this direction by examining
the diurnal cycle for the simplest situation, synoptically
undisturbed conditions.
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