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Abstract

Despite its category-2 intensity only, Typhoon (tropical cyclone in the Western Pacific)
Morakot produced a record-breaking rainfall in Taiwan. A cloud-resolving model is used to
simulate this extreme rainfall event and understand the dynamic aspect under this event.
Due to the interaction between Morakot and a monsoon system, a peripheral gale force
monsoon surge appears to the south of Taiwan. The monsoon surge remains even in a
sensitivity experiment in which Taiwan terrain is reduced. However, the rainfall amount in
Taiwan is greatly reduced without high topography over Taiwan, suggesting the important
role the local topography plays in producing heavy rainfall. The overall numerical results
indicate that it is the interaction among the typhoon, monsoon system, and local terrain that
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led to this extreme event. Copyright © 2010 Royal Meteorological Society
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I. Introduction

Tropical cyclones (TCs) make direct threats through its
destructive winds and heavy rainfall to human lives
and properties along the coast. Recently, Typhoon
Morakot (2009) led to the worst flooding in the last
50 years in Taiwan. The storm produced an accumu-
lated rainfall of 2777 mm during this event, surpassing
the previous record of 1736 mm set by Typhoon Herb
(1996). The extreme amount of rain within such a short
period triggered enormous mudslides and severe flood-
ing throughout Southern Taiwan. It wrought catas-
trophic damage, leaving nearly 700 deaths and roughly
$4.7 billion USD in damages. Efforts have been made
to understand the processes responsible for the heavy
rainfall. In general, TC rainfall distribution depends on
the internal structure of the TC. For example, the size
of the eyewall determines, to the first order, the loca-
tion of the maximum rain rate (Lonfat ef al., 2004).
Other factors include TC interactions with the topogra-
phy and large-scale monsoon circulation. The Central
Mountain Range (CMR) in Taiwan with an average
height of about 3 km may greatly modify TC tracks
(Yeh and Elsberry, 1993) and impact the rainfall dis-
tribution (Wu and Kuo, 1999; Peng and Chang, 2002).
Interactions between a TC and a large-scale monsoon
circulation may also lead to a rainfall pattern that
deviates substantially from TC rainfall climatology
(Wu et al., 2009). As will be discussed later, Typhoon
Morakot was originated from a monsoon gyre char-
acterized by a huge (with a half wavelength in the
order of 3000 km) low-level cyclonic vortex. This
type of gyre systems usually persists for 2—4 weeks
and occurs roughly once in a year (Lander, 1994). It
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may have a great impact on TC genesis and subse-
quent motion. Morakot (2009) is chosen as an exam-
ple to study the complex interactions among the TC,
monsoon gyre, and terrain.

This article is organized as in the following: the
numerical model and experiment designs are described
in Section 2. In Section 3, results from the control
experiment and a sensitivity experiment that reduces
the topography over Taiwan are presented and the
possible mechanism responsible for the extremely
heavy rainfall and sudden TC track change is dis-
cussed. Finally, a summary and discussions are given
in Section 4.

2. Model and experiment designs

The Advanced Research Weather Research and Fore-
casting model (WRF-ARW) is used for this study.
Three nested domains with horizontal resolution of 27,
9, and 3 km are used. The outer and middle domains
have 201 x 201 and 301 x 301 grid points, covering
the regions (3—45°N, 100-150°E) and (12-37°N,
110-138 °E), respectively. The inner finest resolu-
tion domain that has 181 x 181 grid points is mov-
ing with the storm. There are 27 levels in the ver-
tical. The Kain—Fritch convective scheme (Kain and
Fritch, 1993) is applied to the outer coarse mesh, and
the convection is resolved explicitly in the middle
and inner meshes. WSM 5-class microphysics scheme
(Hong et al., 2004) and the Yonsei University PBL
scheme (Noh ef al., 2003) are used. Both longwave
and shortwave radiation calculations are included in
the simulations. The model simulation is integrated
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from 1200 UTC 5 August to 0000 UTC 10 August
2009.

The global analyses from the National Centers
for Environmental Prediction (NCEP) final analyses
(FNL) with 1° x 1° latitude—longitude resolution are
used to initialize the model. However, the low resolu-
tion of the FNL analyses cannot resolve the structure
of Morakot adequately, which will affect its evolution.
Therefore, a TC initialization scheme, identified as
the TC dynamic initialization (TCDI) package, is used
for the model initial fields for better representation of
Morakot’s structure. The TCDI package includes two
major components. The first part is the removal of the
TC vortex in the initial field. The original vortex in the
FNL analyses is removed and the environmental field
is retained using the filtering technique developed by
Kurihara et al. (1995). The second part is a dynamic
initialization of a TC vortex spun up with a full nonlin-
ear dynamics and physics in a quiescent environment.
During the spin-up period, an initial Rankine vortex
with a radius of maximum wind (Rpyax) 100 km and
size of 1000 km (where vortex wind speed becomes
zero) is forced toward the observed central minimum
sea level pressure (MSLP). The final TCDI result is
a balanced TC vortex with the MSLP of 970 hPa as
observed. This dynamic- and thermodynamic-balanced
TC vortex is then added back to the environmental
field at the best track position issued by Japan Mete-
orological Agency (JMA).

Two numerical experiments are carried out. In the
control run (CTL), the realistic Taiwan topography
is used in the model. To examine the topographic
effect, we conduct a sensitivity experiment (TOP100),
in which the topography over Taiwan Island is set to
be 100 m if the elevation is higher than this value.
Through the comparisons between the two experi-
ments, we investigate the possible roles of Taiwan
orography and the monsoon gyre—TC interaction in
causing this extreme rainfall event.

3. Results

Morakot formed in a large monsoon gyre over the
Western North Pacific (WNP) on 2 August 2009. The
TC gradually intensified as it tracked westward toward
Taiwan. Due to the relatively large size of the typhoon,
the barometric pressure steadily decreased, whereas
the maximum wind increased slightly. Morakot weak-
ened slightly while it made landfall in central Tai-
wan on later 7 August. Figure 1 compares the sim-
ulated and observed TC intensities and tracks from
JMA best track data. Regarding the slow movement
speed and landfall point, the CTL matches the obser-
vation reasonably well (Figure 1(a)). That is, Morakot
initially moves westward to Taiwan, and then turns
suddenly northward. It makes landfall around 1200
UTC 7 August. After it crosses the island at a slow
movement speed, it moves northwestward to make a
second landfall in the mainland China.
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Figure |. The observed and simulated TC tracks (a) and
intensities (hPa; b). The red, black, and green line represents
that from JMA best track, CTL, and TOPI00 experiments,
respectively.

The simulated track in TOP100 does not deviate
much from that of CTL. It shows a similar initial west-
ward and a sudden northward turning track, although
it moves slightly faster and deflects further to the east.
Given that the model configuration is the same as in
CTL except that high topography over Taiwan Island
is reduced, one can postulate that the sudden north-
ward turning of Morakot is not caused by the terrain.
It has been shown that the topography effect on the
track is important when the scale of the topography
is greater than the vortex R, and the planetary beta
parameter is less than the topographic beta parameter
(Kuo et al., 2001). For the simulated Morakot, Rpax
exceeds 100 km, which is comparable to the terrain
size. The large size is likely due to its formation from
the monsoon gyre system, as the size of a mature TC
is often determined by its initial disturbance (Rotunno
and Emanuel, 1987). As a result, the effect of Taiwan
orography on Morakot’s track might be insignificant.
As will be shown later, Morakot’s northward track is
primarily caused by the steering of a southwesterly
monsoon surge.

Figure 1(b) compares the TC intensity between the
simulations and the observation. In CTL, the TC inten-
sifies sustainably until 7 August, and then weakens
gradually while moving across Taiwan. Thereafter, it
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Figure 2. The model simulated accumulated rainfall amount
during 108-h in CTL (a; unit: mm) and TOPI100 (b).

re-intensifies slightly while entering the Taiwan Strait
and weakens rapidly after the second landfall. The
simulated intensity in CTL matches the observation
reasonably well. As expected, the TC intensity in
TOP100 is different from that in CTL. Prior to 7
August, the two simulations show similar evolution
features. Thereafter, due to the reduction of Taiwan
topography, the TC in TOP100 continues to intensify
until 1800 UTC 8 August.

Figure 2 displays the accumulated rainfall amounts
during the 108-h simulation period. In the CTL, the
maximum accumulated rainfall is over 1800 mm and
concentrates on Southern Taiwan. To better learn the
temporal and spatial rainfall variation, we examine
the 24-h accumulated rainfall on 8 August when TC
Morakot just made landfall and moved over Taiwan.
It is clear that the maximum rainfall concentrates on
the southern of Island. This spatial rainfall distribution
agrees with the observation (not shown) except that
the simulated amount is somehow larger than the
observed. In contrast, the simulated rainfall amount
over Taiwan in TOP100 (Figure 2(b)) is much less. In
fact, the rainfall maximum in TOP100 shifts to the east
of Taiwan. The difference between CTL and TOP100
exceeds 1000 mm in Southern Taiwan, indicating the
important role of the Taiwan topography in causing
the extreme rainfall event.
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Figure 3. The low-level 950 hPa wind fields on 6 (a), 7 (b),
and 8 August (c) in CTL. The shaded area indicates the wind
velocity exceeds gale force 17.5 ms~'. Hurricane symbol, E and
A represent TC Morakot, TD Etau, and anticyclone associated
with the dispersion of Morakot, respectively. The red dashed
lines roughly outline the monsoon gyre.

As the terrain is always there, other factors must
have roles in such a devastating event. Figure 3
shows the evolution of TC Morakot and its associated
large-scale environmental flow in CTL. TC Morakot
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was indeed evolving within the monsoon gyre during
the period of interest. That is, TC Morakot formed and
was embedded in the huge monsoon gyre circulation.
As it moves westward, there is a steady acceleration
of the southwesterly monsoon flow to the south of
Taiwan. For instance, on 6 August, the low-level
950 hPa gale force wind (>17.5 ms~') only exists
near the core circulation of Morakot. Thereafter, an
eastward overshooting of low-level southwesterly flow
appeared along the southeastern periphery of the gyre.
On 8 August, a strong monsoon surge that routinely
exceeds gale force appears over the South China Sea.

Three mechanisms may be responsible for the
enhanced southwesterly monsoon surge. First, it is
simply attributed to an additive effect of the TC circu-
lation and the monsoon southwesterly. As TC moves
westward, the juxtaposition of the TC circulation and
the monsoon gyre circulation enhances the wind speed
to its southeastern periphery. It is found that the mois-
ture flux and its convergence are greatly strengthened
due to the juxtaposition of the monsoon gyre and TC
(not shown). Second, the energy dispersion by both
the monsoon gyre and TC may induce an anticyclonic
circulation (denoted by ‘A’ in Figure 3) to its south-
east side (Carr and Elsberry, 1995; Ge et al., 2008),
which may further enhance the monsoon surge flow
through the enhanced pressure gradient. To demon-
strate this process, an E-vector (Trenberth, 1986) is
used to diagnose the energy propagation. It evidently
shows a southeastward Rossby wave group velocity
from the Typhoon Morakot (Figure 4). Although TC
energy dispersion is often observed over the WNP,
what is special about Morakot (2009) is that it had
an unusually large eye and size. Furthermore, dif-
ferent from many typhoon cases characterized by an
isolated vortex, Morakot was embedded in a large-
scale monsoon gyre, which does not occur frequently
(roughly once per years, see Lander, 1994). Based
on previous observational and numerical studies (e.g.
Carr and Elsberry, 1995; Ge et al., 2008), the energy
dispersion 1is sensitive to the vortex size. Thus, the
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Figure 4. Horizontal map of E-vectors obtained by an | |-day
period centered on 8 August. The hurricane symbol represents
Typhoon Morakot.

Copyright © 2010 Royal Meteorological Society

49

combination of the unusually large Morakot and the
large-scale monsoon gyre may greatly strengthen the
energy dispersion.

The third mechanism is likely associated with the
feedback from precipitation. The numerical results
suggest that the interaction of the monsoon surge with
Taiwan topography accounts for the extremely heavy
rainfall in Taiwan. Therefore, it is likely a positive
feedback between the heavy precipitation over Taiwan
and the large-scale circulation. The heating associated
with the heavy rainfall, on the one hand, may induce
a Gill-type response, that is, a low-level southwest-
erly flow. The induced southwesterly, on the other
hand, may further enhance the precipitation through
the moisture transport. As the monsoon surge con-
tinues to accelerate, the region of strong winds wrap
around the TC on 8 August (Figure 3(c)). The wind
speed increases along the southeastern periphery of
the TC, and a coma-shaped area of gale force wind is
obvious. This asymmetric wind structure corresponds
well to the spatial rainfall pattern. Although the TC
center is located in Northern Taiwan, the strong per-
sistent moisture supply by the southwesterly monsoon
surge and its interaction with Taiwan orography favor
the heavy rain in Southern Taiwan. The numerical
simulation is consistent with satellite images of orga-
nized convective cloud bands to the south of TC (not
shown).

The strengthened southwesterly monsoon surge
brings excessive moisture into Taiwan. The uplift of
the extremely large moisture flux by Taiwan CMR
leads to the devastating rainfall over Southern island.
The uplift effect can be clearly seen from the vertical
velocity field. The maximum upward vertical velocity
persists at the upslope side of the topography in Tai-
wan during 7 and 8 August. A comparison between
CTL and TOP100 illustrates that a similar monsoon
surge pattern is present in TOP100 (figure not shown).
However, in the latter case with reduced topogra-
phy, the large amount of the moisture is converged
into the ocean region east of Taiwan, whereas much
less rainfall appears in Southern Taiwan. Although
the rainfall is very sensitive to the island topogra-
phy, Morokot’s track is not affected much by the
topography. An interesting question is what causes
its sudden northward track in both CTL and TOP100.
By plotting the time—longitude cross section of the
meridional wind along 20°N (not shown), it clearly
shows that the southerly wind increases rapidly at 0000
UTC 7 August, which is slightly prior to the timing
of the northward turning. This relation suggests that
the peripheral gale force wind to the southeast of TC
Morakot acts as the steering flow to cause the TC track
change. The monsoon surge induced sudden TC track
change was discussed by Carr and Elsberry (1995). To
confirm this monsoon surge track change mechanism,
we also examine the evolution of the TC steering flow
(averaged over 850—400 hPa) in TOP100. The evo-
lution of the monsoon surge and the steering flow in
TOP100 is very similar to that of CTL (not shown).
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Thus, the sudden northward turning tracks in both CTL
and TOP100 are ascribed to the steering effect of the
large-scale monsoon surge.

4. Summary and discussion

In this study, the extremely heavy rainfall induced by
TC Morakot (2009) is well simulated by a cloud-
resolving model. After its formation in a monsoon
gyre, Morakot moved westward and intensified into
typhoon strength before making landfall on Taiwan.
On 7 August, Morakot turned northward and moved
slowly across Taiwan. During this period, it induced an
extremely heavy rainfall in Southern Taiwan. In CTL,
the model reasonably simulates the TC’s motion and
the spatial rainfall distribution. That is, the maximum
rainfall is concentrated on the southern island, and
the TC track shows a sudden northward turning.
In a sensitivity experiment (TOP100) that reduces
the topography over Taiwan, the maximum rainfall
amount is greatly reduced over Taiwan, and the rainfall
maximum is shifted to the ocean east of Taiwan.
The TC track does not deviate much from that of
CTL. The comparisons of CTL and TOP100 show
that the extreme rainfall is mainly controlled by the
presence of high topography due to its uplifting of
a strong monsoon surge developed to the south of
Taiwan.

The following three factors may contribute to the
generation of the surge: the juxtaposition of the TC cir-
culation and the monsoon gyre circulation, the Rossby
wave energy dispersion by both the monsoon gyre
and TC, and the feedback form the rainfall. The so-
induced peripheral monsoon surge brings the exces-
sive moisture into Taiwan region and leads to the
extremely heavy rainfall through its interaction with
Taiwan topography. Furthermore, it is likely a positive
feedback between the diabatic heating and the circu-
lation. Since the anomalous heating produced by the
heavy rainfall may induce a Gill-type response, it will
induce low-level westerly anomalies to the southwest
as well. The monsoon surge also acts as the steer-
ing to drive the TC northward turning. The monsoon
gyre-TC induced monsoon surge represents a local
rainfall-flooding forecast challenge. By virtue of its
persistence and organization, the monsoon southwest-
erly surge interacting with the orography may induce
extremely heavy rainfall. In this study, we mainly
focus on the evolution of large-scale circulation pat-
terns. The detailed interaction among the typhoon,
monsoon gyre, and topography requires further diag-
noses. The relationship between the extreme rainfall
and the TC large size and slow speed also deserves
further careful examination.
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