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1. Introduction

Storm movement and propagation can be classified into three

different mechanisms: (i) translation or advection, (i) forced
propagation, and (iii) autopropagation (Cotion and Anthes, 1989).
Translation or advection is the process whereby a storm is blown along
by the mean wind as it evolves through its lifetime. Forced propagation
refers to the sustained regeneration of a convective storm by some
external forcing mechanism usually larger in scale than the convective
storm. Examples include fronts, rainband convergence in midlatitude
cyclones, sea-breeze fronts, and convergence associated with mountains.
Ofien the systems providing the forced propagation have lifetimes
much longer than individual thunderstorms. Autopropagation refers to
the process in which a thunderstorm can regenerate itself or cause the
generation of similar storm cells within the same general system.
Examples include downdraft forcing and gust fronts, and development
of vertical pressure gradients due to storm rotation. Most convective
systems are affected by all three mechanisms of movement and
propagation for at least some part of their lifetime. Tn this study, we
present a case in which an orographically-generaied mesoscale
conivective precipitation system in northern Taiwan is described. The
movement and propagation of the storm system is studied by using
single Doppler radar located at CKS International airport in northern
Taiwan. The interactions ameng the horizontal wind shear, the sea-
breeze front, the mountain slope, and the storm-generated outflows are
emphasized.

2. Data

Data used in this study were provided from a C-band Doppier radar
at CKS International airport of the Civil Aeronautic Administration of
Taiwan (CAA Doppler radar). The location of the radar is shown in
Fig.1. Plan-position indicator (PPI) reflectivity and radial wind data, in
time interval of 30 minutes, were gathered. Hourly satellite IR imagery
and surface weather data from Central Weather Bureau were also
used,

3. Case description

In 1991, a pilot program of TAMEX Forecast Experiment was
held during May and June, Qne of the objectives of this program was
to exercise the forecast skill on the torrential rain producer-mesoscale
precipitation system (MPS) associated with the Mei-Yu front or
generated by local circulation and rugged terrain derived from the
scientific results of TAMEX field program held in 1987, It was a rather
boring Mei-Yu season in the first one and half months during the
Exercise. No significant events were encountered. However, at the end
of June, the situation changed and became quite interesting. On the
afternoon of 21 June 1991, a mountain-generated mesoscale
precipitation system developed in the northern Taiwan. The storm
system organized into a northeast-southwest line feature along the
western mountain slope. More than 120 mm rain poured down to
Taipei and Keelong (a harbor on the northern tip of Taiwan) within 3
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hours, The maximum intensity on the record was 40 mm rain within 10
minutes (Keelong station). A severe flood was encounted over Taipel
basin and Keelong city on that .afternoon. The case caught our
attention not onty because it caused a severe flash flood problem in the
most populated metropolitan area in Taiwan, but the roles of mountain
on ofganization and propagation of the mesoscale precipitation systems
is still a largely unresolved problem on mesoscale research in Tajwan,

a. Precipitation pattern

Fig.1 showed the hourly rainfall distribution over northern
Taiwan during the period of interest. It showed there were two major
precipitation centers, one at Keelong area and the other at Taipei
basin. The rain at Keelong started at 1 pm on 21 June 1991 with trace
amount and peaked to 28.5 mm at end of the hour (2 pm). In the next
hour (3 pm), the accumulated rainfall hit the record high with rainfall
intensity of 95.0 mm K.'The total accumulated rain between 1-4 pm at
Keelong was 134.4 mm. The rain at Taipei basin started at 2 pm, an
hour late than Keelong city. Within 3 hours (2-5 pm), the total
accumulated rainfall was 140 mm with maximum rainfall rate of 94.5
mm h'at 4 pr. The rainfall data in this case showed the life period of
the precipitation system was relatively short than the frontal
precipitation system usually occurred in this season but lasted much
lenger than individual thunderstorm. It is also noted the heavy rain
associated with the precipitalion system was rather concentrated in
terms of spatial and temporal scales. This precipitation character made
the storm preduce dangerous flash flood event in some local areas,

b. Synoptic conditions

Fig.2a showed the surface weather map at §000 UTC (8 am) 21
June 1991, The surface front located north of Taiwan and approached
to the Island very slowly. Deep but weak southwest monsoonal flow {up
to 400 hPa) with warm and very maist air prevailed in northern Taiwan
(see Fig.2b). The morning sounding of Panchiao (46692) showed that
using parcel method the level of free convection was very low (988
hPa) and the atmosphere was convectively unstable with large CAPE
(1818 ol’s™. The surface temperature was 26.4 C in the morning and
reached 33.1°C at 11:42 am (according to Taipei surface station
observation). This data suggested on the morning of 21 June, there
were plenty solar heating. Establishment of sea breeze over coastal
area was anticipated, and thermally-driven afternoon thunderstorm
shower type weather was forecasted. Tt is worth noting that the lower
tropospheric winds were rather weak in the morning sounding (most of
them were less than 10 knots below 900 hPa). No pre-frontal low-level
jet existed on that day,

<. Evolution of the reflectivity pattern

Fig.3 showed the sequence of PPI (Flan-position indicator) radar
reflectivity maps at elevation angle 4 from CAA C-band Doppler
radar, In the figure, the first range mark is 60 km away from the radar,
i.e, the radar target area at this distance is 4 km above the ground,
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skew T - lop P presentation of sounding from Panchiao (46692) at (000
UTC 21 June 1991. The short dash line represents the moist-adiabatic
curve a hypothetically ascending surface parcel would have.
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Fig.1. Surface rainfall rates distribution (in mm h") in northern
Taiwan from 2 pm (a) to 7 pm () on 21 June 1991. The contour is
irregular (10, 30, 60 and 90 mm h").
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Fig.3. PPl scan radar reflectivity from CAA radar from 1105 {a) to
1605 LST (f) 21 June 1991. Beam elevation angle is 4.0 degree. The
range marks are 60 and 120 km from the radar, respectively. The
beginning contour is 10 ¢BZ. The comiour interval is 10 dBZ.
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The first echo was observed over the mountainous area southeast of
Taipei basin. The early development of the echos were in a southwest-
northeast orientation along the mountain ridge and gradually evolved
into a line structure. At early stage, three major convective
precipitation centers embedded within the line could be identified (see
Fig.3c, 1305 LST). The storm intensity as represénted by the radar
reflectivity showed an explosive development as the system moved
westward down the mountain slope. The major precipitation area (Z
> 40 dBZ corresponding to a rainfall rate approximately 15 mm L)
became an elongated feature at 1405 LST (Fig.3d). This feature
suggested storm merging process was quite efficient at this stage (Tao
and Simpson, 1984). The storm reached its mature stage at around
1305 LST and decayed afterword (Figs.3e and 3f). It is noted the heavy
precipitation area of the system at ils mature stage occupied an area
very similar to the geographic boundary of Taipef basin.

4, Storm movement and propagation

Fig4 showed the 3 km constant-altitude plan position indicator
{CAPPI) reflectivity map (1335 LST 21 June 1991) superimposed on
terrain contours in porthern Taiwan. In this figure, three major
precipitation centers over land were vividly revealed. At this time,
these storm centers were aligned inte a line feature and propagated
westward down the terrain slope, ( Note: The geographic map had
been rotated 45 counterclockwise, hence, the top of the map points
toward northeastward.)

We traced the individual storm’s trajectory by using sequential
CAPPT reflectivity maps with 30 minute time interval. The results were
shown in Fig.5. It can be seen each individual precipitation centers
presented quite different trajectories. On the south of Taipei, the storm
moved northeastward to the lower land. On the east of Taipei, the
other two storms moved westward to the basin, The northeastward-
propagating storm had a speed of 6.3 m/s. The westward-propagating
storm A (toward the Keelong city) had a speed of 3.4 m/s, and storm
B had a speed of 23 m/s in the sloping area and the movement
became very slow in Taipei basin. It is also noted that the storm B
moved northwestward in the sloping area and moved southwestward in
the Taipei basin. This direction change occurred over the smaller
mountain ridge at southeast of Taipei basin indicating a subtle
relationship between the storm movement and the terrain features
surrounding the city.

The propagation of each individual storm was investigated by
time evolution of the maximum radar reflectivity in the vertical
projected along a selected cross section. Fig6a showed the cross
section passing Taipei basin and Keelong city in northeast-southwest
direction. The mean terrain feature was given at bottom of the figure.
H can be seen the storm was initiated over the mourntainous area and
propagated northeastward down the mountain slope. At 1405 LST, the
storm arrived southern tip of Taipei basin. At this time, the westward-
propagating slorm B also arrived Taipei basin from east, The result
suggested storm merging process might play an important role in
producing large area heavy precipitation in this case.

Fig.6b showed the time evolution maximum radar reflectivity
cross section passing Taipei basin bul in northwest-southeast direction,
It is clear the storm was initiated over top of the mountain, At early
developing stage, the storm did not propagate much and only possessed
weak echos. The storm started to move downslope when echo intensity
reached above 30 dBZ. Before moving into the basin, the storm
stopped over the small ridge for a while and intensified significantly.
The storm reached its mature stage at about 1505 LST and maintained
its strength till 1535 LST and then decayed rapidly. According to Taipei
surface station rainfall report, the storm brought 100 mm rain within
an hour at the period, i.e., 1453-1553 LST, and had its 10 minute
maximum rainfail rate (23 mm/10 minute) at 1515-1525 LST. Surface
temperature dropped from 33.1 C at 1142 LST to 25.5 C at 1519 LST.
Surface pressure increased from 999.8 hPa at 1357 LST to 1001.8 hPa
at 1314 LST. Surface wind had changed abruptly from westerly to
easterly at around 1500 J.ST. All these observations indicated a strong
cold pool air associated with the heavy precipitation center propagated
across the station at around 1515 LST. This cold pool air had a
character of high pressure, low iemperature, and sudden change of
winds. Fig.6b also showed there was a second wave of convection
initiated at sloping area at about 1600 LST. The convection propagated
westward to the basin at about the same speed as the main system but
with a much weaker intensity. '
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Fig4. Radar reflectivity map at 3 km height derived from CAA radar
on 1335 LST 21 June 1991. The beginning shading is 30 dBZ. The dark
shading represents radar echo larger then 45 dBZ, The thin lines
indicate the terrain contours (200m, 500m, 1000m, and 1500m).

There is another interesting point shown in Fig.6b. At early
stage of development, the spatial scale of the echos was rather smali,
i.e., less than 10 km in the direction perpendicular to the storm system,
After the storm reached its mature stage in Taipei basin (at around
1505 LST), the echos extended to its maximum horizontal scale, At this
time, the major convective precipitation radar echos were concentrated
in the basin area. To the east of convective echos, the stratiform
precipitation radar echos were present but in a much weaker state than
what usually obseived in a mature midlatitude or tropical squall line
systemm (Houze, et al., 1989),

5. Vertical structure of the storm
a. Precipitation structure

Fig.7 showed a sequence of vertical cross sections of reflectivity
(thin solid lines). The cross section was chosen to pass through Taipei
basin to show the vertical structure evolution of storm B, At early stage
(1305 LST, Fig.8a), the convection was shallow with echo top (defined
by 10 dBZ contour) reached only 5 km height. It is noted the first echo
was found over the mountain top area at 1035 LST with similar vertical
echo structure (figure not shown). After initiation, the .storm
propagated slowly westward down the mountain slope without
significant development. At 1405 LST (Fig.7b), the storm propagated
to the edge of the basin, and rapid development started. The echo top
penetrated above 12 km height. The maximum reflectivity of the storm
was larger than 45 dBZ and occupied a large area. At this stage, the
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Fig.5. Trajectories of the three major convective precipitation centers
on 21 June 1991 derived from the sequential radar reflectivity maps in
time interval of 30 minutes.
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Fig.6. Time evelution of maximum radar reflectivity in a vertical
column in {a) northeast-southwest (36-45 km) and (b} northwest-
southeast (70-79 km) cross sections passing Taipei basin, The beginning
contour is 10 dBZ and increase by 10 dBZ, The terrain feature is

shown at the bottom of the figure.

storm showed an intense upright feature without significant stratiform
precipitation signature. At 1505 LST (Fig.7¢), the storm reached its
mature stage. The major convective precipitation region was largely in
Taipei basin. The 30 dBZ reflectivity contour reached 12 km height
suggesting the existence of a very strong convective upward motion. At
this time, the storm started to develop its stratiform precipitation
region to the east of major convective precipitation area. The
reflectivity pattern showed a slightly eastward tilt at this stage. -

b. Flow structure

Fig.7 also showed a sequence of vertical cross sections of winds
perpendicular to the storm system derived from CAA Doppler radar’s
radial velocity data. Sioce the radial velocity only sampled partial
component of the true total velocity, the derived wind field could only
be interpreted in a qualitative manner. The light-shading is flow from
right {easterly component) with magnitude less than 5 m/s, the heavy-
shading and heavier-shading is flow from left (westerly component)
with magnitude less than 5 my/s and larger than 5 m/s, respectively.
The structure in Fig.7a revealed several different flow regimes during
this relatively undisturbed period. Weak westerly winds prevailed in
most of the troposphere at earlier stage. On top of mountain, weak
easterly winds ( < 5 m/s) were present in the lower troposphere. On
western slope and Taipei basin area, on the other hand, a stronger
westerly winds ( > 5 m/s) were present in the towest 1 km. The strong
westerly winds in the atmospheric planetary boundary layer on the
western slope of Central Mountain Range on middle of the day
suggested the thermally driven sea-breeze front could not only
penetrate inland toward the base of the mountains, but also be lifted
over the sloping region. Similar result was documented in Johnsor and
Bresch (1991) and Chen et al. (1991).

In Fig.7h, the structure was abruptly changed. The sea-breeze
front was lifted to higher altitudes revealed a structure of vertical
transport of horizontal momentum dus to an inlense convective
activity. Accompanying with the strong conveclive activity, winds in
atmospheric PBL over the sloping terrain showed an abrupt change
from strong westerly to weak easterly, By referring to the reflectivity
pattern;- the. oceurrence of this abrupt change of wind direction was
casued by the heavy precipitation associated with the storm. This
results were consistent with the surface station observations that the
heavy precipitation was accompanied by abrupt wind change.
Furthermore, it is reasonable to infer from surface observations that
the air in this pool of easterly was relatively colder than what was in
the westerly flow due to evaporation. From above discussion, Fig.7b
suggested that the existence of sea-breeze front over the sloping terrain
provided a very important lifting mechanism for storm intensification,
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and the precipitation-induced outflows which had a larger component
in the direction of downslope interacted closely with the see-breeze
seemed to provide another important lifting force in maintaining the
storm system.

Fig.7c showed the flow structure at the mature stage. The major
feature of this diagram was the presence of the stratiform precipitation
region east of the major convective precipitation region. Smull and
Houze (1987) discussed the flow structure and formation mechanism
of the trailing stratiform precipitation. They showed, within the
stratiform cloud, there is a layer of upward-sloping, front-to-rear flow
emanating from the upper portions of the convective line, This flow,
which contains mesoscale ascending motion, advects ice particles
detrained from the convective cells rearward, The ice particles slowly
fall as they are carried rearward and eventually to form aggregates.
The aggregates fall through 0°C level and melt, produce the radar
bright band. Qur resuits showed within the stratiform precipitation
region, the westerly winds were slightly intensifed. The presence of
mesoscale upward-sloping flow was suggested. However, the reflectivity
field did not show any evidence of bright band in this case.

6. Discussion and concluding remarks

In order to pain a better understanding of storm propapation,
the winds from sounding of Panchiac taken at 8 am 21 June 1991 was
reconstricted into parallel (u) and perpendicular (v} components with
respect 10 the storm propagation direction, i.e., northwest-southeast
(Fig.8). It showed the u-component environmental wind {parallel to the
storm movement} was rather weak in magnitude, less than 5 m/s in
most levels, The directions of u were westerlies in most levels with
some easterlies in lower troposphere. The v-component environmental
wind was stronger {(about 10 m/s) and in the direction from the south.
This environmental wind structure provided some important clues to
storm propagation and organization. The major enviromental winds
were deep-layer monsoonal southwesterlies. Hence, the convective cells
initiated on top of mountains due to thermal heating chiefly
propagated in the direction of this flow. Besides this, the outfiows
generated by precipitation had its largest component in the direction
of maximum mountain slope where new cells were maost possibly to be
triggered. Thos, the storm movement due to these two causes should
be in north-northwest direction if the initial cell was formed east of
Taipei basin and in northeast direction if the inital cell was formed
south of Taipei basin, This argument is consistent with what was
observed by tracing radar echos.

The storm intensity was weak during its early life stage. Above
argument is valid in this situation. Nevertheless, as the storm moved to
the edge of the mountain, the see-breeze front apparently played an
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Fig.7. The radar reftectivity and the wind component perpendicular
to the storm orientation derived from CAA Doppler radar at 1305 (a)
and 1405 L5T (b) 21 June 1991 in a northwest-southeast cross section
passing Taipei basin. The contour lines are reflectivity. The light-
shading represents flow from the east and the heavy-shading represents
flow from the west.

important role to intensify the storm as shown in vertical cross sections,
As storm in¢ensifed, the relatively weak environmental flow was less
important to storm motion, The siorm revealed a quasi-stationary
charater and moved slowly toward west-southwest in its mature stage.
At this time, the storm was in the basin area, hence, the sloping trrrain
effect is not existent. Therefore, the siorm propagation could be
attributed majorly 1o its own dynamic necessity, i.e., toward the inflow
region where fresh warm and moist air located.

From above discussion, we have seen that the complex terrain
features in Taiwan could play such a subtle role in controlling the
organization, propagation, and development of the mesoscale
precipitation systems over the Island. This paper only delivers a little
fiavor. Further studies on this issue are definitely necessary and fruitful:
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