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ABSTRACT

In the second part of this study, numerical experiments are conducted to investigate the influences of
multi-time-scale monsoonal flows on the track change of Typhoon Morakot (2009). While the control sim-
ulation captures the slowing and northward deflections in the vicinity of Taiwan Island, the highly asymmetric
rainfall structure, and the associated rainfall pattern, sensitivity experiments suggest that the westward
movement prior to the landfall on Taiwan and the subsequent northward shifts in the vicinity of Taiwan
were closely associated with the interaction between Morakot and multi-time-scale monsoonal flows.

Prior to the landfall on Taiwan, Morakot moved westward directly toward Taiwan because of a synoptic
wave train-like pattern, which consisted of Goni over mainland China, Morakot, and a cyclone over the
western North Pacific with an anticyclone to the west of Morakot. Numerical simulation suggests that strong
northerly winds between Morakot and the anticyclone reduced the northward steering component associated
with the low-frequency flow prior to the landfall. Numerical experiments confirm that the northward track
shifts that occurred in the vicinity of Taiwan Island were a result of the coalescences of Morakot with a quasi-
biweekly oscillation (QBW)-scale gyre prior to the landfall on Taiwan and a Madden—Julian oscillation
(MJO)-scale gyre in the Taiwan Strait. The simulation of Morakot and the associated sensitivity experiments
agree with the previous barotropic study that the interaction between tropical cyclones and low-frequency
monsoon gyres can cause sudden changes in tropical cyclone tracks.

1. Introduction

In Part I of this study (Wu et al. 2011a, hereafter Part I)
the influences of multi-time-scale monsoonal flows on
the track change and precipitation structure of Typhoon
Morakot (2009) were examined observationally. Em-
bedded in multi-time-scale monsoon flows, Typhoon
Morakot generally moved westward prior to its landfall
on Taiwan and underwent a coalescence process first
with a cyclonic gyre on the quasi-biweekly oscillation
(QBW) time scale and then with a cyclonic gyre on the
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Madden-Julian oscillation (MJO)-time scale. Observa-
tional analysis in Part I suggested that the multi-time-scale
monsoonal flows played an important role in the associ-
ated record-breaking rainfall. The synoptic-scale south-
westerly winds on the southeastern side of the typhoon
were enhanced through coalescences with the QBW-scale
and MJO-scale cyclonic gyres and thus reduced the west-
ward movement of the typhoon, leading to an unusually
long residence time and a northwestward track shift in
the vicinity of Taiwan. Meanwhile, the coalescences of
Morakot with the low-frequency gyres maintained the
primary rainband associated in southern Taiwan although
the typhoon moved northwestward across Taiwan and
into the Taiwan Strait.

Although Carr and Elsberry (1995) suggested that many
sudden track changes over the western North Pacific are
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associated with the coalescence of typhoons with mon-
soon gyres, the mechanism was investigated only in ide-
alized numerical experiments with a barotropic vorticity
equation model. Together with the sudden track changes
discussed in Wu et al. (2011b), the first part of this study
provided more observational evidence to show that this
mechanism was responsible for the observed track
changes of Morakot in the vicinity of Taiwan Island.
In the second part of this study, the influences of
multi-time-scale monsoonal flows on the track change
and rainfall structure of Morakot are further examined
by conducting a series of numerical experiments with
the Weather Research and Forecasting model (WRF).
Our focus is placed mainly on the individual contribu-
tions of the monsoonal flows on the MJO, QBW, and
synoptic time scales to the track change of Morakot.

It has been long known that the island effect can also
deflect tropical cyclone tracks (Brand and Blelloch 1973;
Tuleya and Kurihara 1978; Chang 1982; Tuleya et al.
1984; Bender et al. 1985). In particular, the topographic
effect of Taiwan Island was confirmed numerically
through simulating typhoons that made landfall on the
island (e.g., Yeh and Elsberry 1993a,b; Wu and Kuo
1999; Wu 2001; Wu et al. 2002; Chiao and Lin 2003; Chen
and Yau 2003; Lin et al. 2005; Chien et al. 2008; Lee et al.
2008; Jian and Wu 2008; Yang et al. 2008; Wu et al.
2009). Since the track changes of Morakot occurred in
the vicinity of Taiwan Island, numerical experiments
are also conducted to demonstrate how Taiwan Island
affected the track of Morakot.

2. Model and experiment design

The numerical experiments in this study are conducted
with the Advanced Research WRF (ARW-WRF) model.
The model configuration is the same as used that in Ge
et al. (2010). The numerical simulations include three
two-way interactive domains with horizontal resolutions
of 27,9, and 3 km (Fig. 1). The outermost and middle
domains cover the regions of 0.8°S—46.4°N, 98.3°-151.7°E
and 12.4°-36.4°N, 111.6°-138.4°E, respectively. The
innermost domain is designed to move with the tropical
cyclone (TC). The model has 28 levels in the vertical
with a top of 50 hPa. The WREF single-moment (WSM)
three-class simple ice microphysics scheme (Dudhia
1989) and the Kain—Fritch convective scheme (Kain and
Fritch 1993) are used in the outermost domain, and the
WSM five-class microphysics scheme (Hong et al. 2004)
is used in the middle and innermost domains with no
convective parameterization. The Yonsei University PBL
scheme (Noh et al. 2003), the Dudhia shortwave param-
eterization (Dudhia 1989), and the Rapid Radiative
Transfer Model (RRTM) longwave parameterization
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FIG. 1. Triple-nested domains used in the ARW-WRF simula-
tions with the innermost domain (dashed) moving with Typhoon
Morakot.

(Mlawer et al. 1997) are used for the radiation calcula-
tion in all of the three model domains.

The National Centers for Environmental Prediction
(NCEP) Final (FNL) Operational Global Analysis data
on 1.0° X 1.0° grids at every 6 h are used to initialize the
ARW-WRF model. The sea surface temperature (SST)
is updated every 6 h. Because of the relatively low res-
olution of the FNL analyses, a TC initialization scheme
is used for the model initial fields, which was described in
Ge et al. (2010). An initial vortex with the minimum sea
level pressure (MSLP) of 970 hPa, a radius of maximum
wind of 100 km, and a size of 1000 km (where vortex
wind speed becomes zero) is inserted into the environ-
mental field derived from the FNL data (Fig. 2a). All of
the numerical simulations cover a 108-h period from
1200 UTC 5 August to 0000 UTC 10 August 2009.

Six numerical experiments are carried out in this
study (Table 1). In the control run (CTL), the realistic
Taiwan topography and unfiltered initial fields are used
in the model. Ge et al. (2010) designed terrain sensi-
tivity experiments to examine the topographic effect of
Taiwan Island on the record-breaking rainfall of Mor-
akot in southern Taiwan. In their study the topography
over Taiwan was set to be 100 m if the elevation was
higher than the height. In this study, this experiment
(T100) is rerun. To examine the influence of the surface
property of Taiwan Island, a numerical experiment
(OCEAN) is conducted by replacing Taiwan Island
with ocean.
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FIG. 2. (a) The unfiltered initial wind field at 700 hPa at 1200 UTC 5 Aug 2009 and the corresponding components
on the (b) synopticscale, (¢) QBW scale, and (d) MJO scale with the shading indicating wind speeds (m s~ !). A bogus
vortex that is not shown here is inserted into the initial conditions in the simulations.

The FNL-derived initial wind field associated with
Morakot contains three components (Fig. 2). In this
study, the Lanczos filter is used at each grid point to
separate 20-day low-pass (hereafter MJO time scale)

TABLE 1. Description of experiments for Typhoon Morakot.

flows, 10-20-day bandpass (hereafter QBW time scale)
flows, and synoptic-scale flows that are the difference
between the unfiltered flows and the flows from a 10-day
low-pass filter. The filter is also used for separate other

Experiment Description

CTL Control run with the realistic Taiwan topography and unfiltered initial fields within a bogus.

T100 As in CTL, but the topography over Taiwan Island is set to 100 m if the elevation is higher than the value.
OCEAN As in CTL, but replacing the Taiwan topography with ocean.

NO-OBW As in CTL, but without QBW-scale flows in the model initial fields.

NO-SYN As in CTL, but without the synoptic-scale flows in the model initial fields.

ONLY-MJO As in CTL, but only MJO-scale flows (without QBW-scale and synoptic-scale flows) in the model initial fields.




OCTOBER 2011

(a)

* JMA
o CTL

-3
[e]
1

Maximum wind (m s'1)
[ (&7
o o

12Z 00Z 12Z 00Z 12Z 00Z 12Z 00Z 12Z 00Z
gggg 6AUG  7AUG  8AUG  9AUG

30N

o JMA
o CTL

28N -

26N 1

24N 1

0612

N 05/12
116E 120E 124F 128E 132€

FIG. 3. The observed and simulated (a) intensity and (b) track of
Typhoon Morakot from 1200 UTC 5 Aug to 0000 UTC 10 Aug
2009. The marks are at 12-h intervals.

22

variables used in the initial and boundary conditions. An
anticyclone on the synoptic time scale was located to the
west of Morakot with strong northerly flows between the
anticyclone and Morakot (Fig. 2b). A QBW-scale cyclonic
gyre was located at 23°N, 130°E at 1200 UTC 5 August
(Fig. 2¢), which was embedded in a large MJO-scale
monsoon gyre off the eastern coast of China with a trough
extending southeast over the western North Pacific (Fig. 2d).

Three experiments are conducted to examine the in-
dividual influences of multi-time-scale monsoonal flows
on Morakot. In the first two experiments (NO-QBW and
NO-SYN), the QBW-scale and synoptic-scale compo-
nents are removed from the model initial fields, respec-
tively. In the third experiment (ONLY-MJO), both the
QBW-scale and the synoptic-scale components are
removed from the model initial fields. In other words,
the initial conditions in ONLY-MJO contain the MJO-
scale fields and the inserted symmetric vortex. Note that
the corresponding components are also removed from
the lateral boundary conditions.

3. Simulation results
a. The simulated Morakot in the control experiment

In this study, the simulated TC center is defined as that
which maximizes the symmetric tangential wind (Wu
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FIG. 4. Time series of (a) zonal speed C, (m s ') and (b) me-
ridional speed C, (ms™') of observed (solid) and simulated
translation speeds (dashed) and the speed of the steering flow
(dotted) in CTL. The vertical lines indicate the landfall time and
the arrows show the trends in speeds.

et al. 2006). To determine the center, a variational ap-
proach is used to locate the TC center until the maxi-
mum azimuthal mean tangential wind speed is obtained.
Figure 3 shows the simulated intensity and track in CTL
during the period of 1200 UTC 5 August-0000 UTC
10 August, compared to the observed ones. The intensity
evolution in CTL is very close to that of the Japan Me-
teorological Agency (JMA) best-track data. The simu-
lated Morakot attains its peak intensity of about 42 m s
at 0600 UTC 7 August, 4 m s~ ' stronger than the obser-
ved. The peak intensity appears about 6 h earlier than
the observation, several hours before the typhoon makes
landfall on Taiwan. Like the observation, the simulated
Morakot weakens rapidly after its first landfall over
Taiwan and second landfall over mainland China.

In general, the CTL simulation captures well the
movement of Morakot during the period from 1200 UTC
5 August to 0000 UTC 10 August (Fig. 3b). The simu-
lated TC initially moves northwestward, leading to a
cyclonic turn prior to its landfall on Taiwan, whereas the
observed track directly headed to Taiwan Island. At
1200 UTC 7 August, the center of the simulated TC is
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FIG. 5. The accumulated rainfall (mm) from (a) the Central Weather Bureau of Taiwan and (b) the 3-km grid
simulation in CTL from 0300 UTC 7 Aug to 0300 UTC 8 Aug 2009.

nearly the same as the observed. The simulated TC takes
9 h to move northwestward across Taiwan Island. Over
the island, the simulated track agrees well with the ob-
served. Around 0000 UTC 8 August, the simulated TC
takes a more northward track over the Taiwan Strait
than the observed track. After making landfall over China
mainland, the simulated TC makes a west-northwestward
turn that did not occur in the observation. Despite the
differences between the simulated and observed tracks,
the CTL experiment simulated well the important fea-
tures of the observed track of Morakot, including the
landfall time and location and the northward deflections
prior to its landfall over Taiwan and the Taiwan Strait.

The CTL experiment also simulates well the observed
deceleration of the translation speed in the vicinity of
Taiwan Island (Fig. 4). Since 0900 UTC 6 August, the
westward component persistently decreases and it is
about 3.0 m s~ ! prior to the landfall over Taiwan. The
westward movement slightly increases and then de-
creases again when the TC moves over Taiwan Island.
This generally agrees with the observed zonal move-
ment of Morakot. The simulated northward component
decreases significantly during the first 12 h and the TC
generally moves westward with a very small meridional
component in the next 12 h. The northward component

starts to increase just prior to the landfall, in good
agreement with the observation (Fig. 4b). Because of the
decreasing westward and increasing northward speeds,
the simulated TC turns northwestward prior to Mor-
akot’s landfall over Taiwan Island. The second increase
in the northward component occurs around 0000 UTC
8 August, about 6 h earlier than the observation, when
the simulated TC is over the western coast of the island.
Note that the simulated change of the translation speed
is consistent with that of the steering flow calculated in
the way described in Part I.

Because of the movement of the innermost domain,
we can only compare the simulated 24-h accumulated
rainfall with the observation during the period from
0300 UTC 7 August to 0300 UTC 8 August, while Mor-
akot made landfall on and crossed Taiwan Island (Fig. 5).
The simulated maximum rainfall of about 1200 mm is
larger than the observed maximum rainfall of 1036 mm
at the Shangdewen Station, Pingtung County. Addi-
tional simulations were conducted with Lin et al. (2005)
and Goddard microphysics scheme respectively, where
the maximum rainfall is much less than that in CTL (not
shown). Since the focus of this study is not on the model
physics intercomparison, the factors leading to the dif-
ferent rainfall in different moisture schemes are not
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FIG. 6. The accumulated rainfall (mm) from (a) the observation of the Central Weather Bureau of Taiwan and (b) the
simulation with 9-km grids in CTL from 1200 UTC 5 Aug to 0000 UTC 10 Aug 2009.

explored here. In addition, the spatial distribution of the
simulated rainfall compares well with the observed, in
particular the extreme rainfall in southern Taiwan. We
also examine the spatial distribution of the simulated
rainfall over the whole simulation period in the 9-km
domain and find that simulated rainfall distribution is
also in good agreement with the observation, although
the maximum rainfall in the southern Taiwan is smaller
than the observed due to the coarse resolution (Fig. 6).

As pointed out in the first part of this study, the con-
vective activity associated with Morakot was highly asym-
metric, mainly occurring on the southern side of the
typhoon. The important feature is also well simulated in
the CTL experiment. Figure 7 shows the simulated radar
reflectivity of the innermost domain and 700-hPa winds
fields of the outer coarse domain. At 1200 UTC 6 August
(Fig. 7a), in addition to a nearly closed eyewall, a large
area of deep convection can be found in the south-
western periphery of the typhoon. The closed eyewall
disappears and the major convection occurs to the south
of the typhoon center when the simulated Morakot ap-
proaches and makes landfall on Taiwan (Fig. 7b). As the
typhoon moves into the Taiwan Strait (Fig. 7c), the main
convective area is over southern Taiwan, 200-300 km
away from the typhoon center. This is very similar to the

observation that was examined in Part I. We can see that
the CTL experiment well reproduces the observed con-
vective asymmetry associated with Morakot.

In association with the high convective asymmetry,
the maximum wind over 25 m s~ mainly appears to
the west and north of the typhoon center at 1200 UTC
6 August (Fig. 7d), together with relatively strong west-
erly winds (~20 m s~ ') over the Philippine Sea. On
7 August (Fig. 7e), the southwesterly winds are enhanced
along the southern periphery of Typhoon Morakot with
the area of strong southwesterly winds extending about
1000 km to the south and southeast of the typhoon
center. The strong southwesterly winds extend farther
southwestward into the South China and form a comma-
shaped pattern on 8 August (Fig. 7f). Since the enhanced
southwesterly winds do not shift northward with the
movement of Morakot, the primary rainfall expands
outward with time as the typhoon center moves north-
westward after its landfall on Taiwan (Figs. 7a—c). In
general, the evolution of the simulated southwesterly
winds is consistent with the observation discussed in Part I.

b. Influence of Taiwan Island

The effect of Taiwan topography on Morakot is exam-
ined through the terrain sensitivity experiments including
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FIG. 8. The simulated (a) intensity and (b) track of Typhoon
Morakot from 1200 UTC 5 Aug to 0000 UTC 10 Aug 2009. The
marks are at 12-h intervals.

T100 and OCEAN. Figure 8 compares the simulated
tracks and intensities in T100 and OCEAN with those
in CTL during the period from 1200 UTC 5 August to
0000 UTC 10 August. As expected, the TC intensities in
both terrain experiments are different from thatin CTL,
while the three simulations show a similar evolution in
intensity prior to 7 August. As suggested by Ge et al.
(2010), the lower the terrain height of Taiwan Island, the
stronger the intensity of Morakot after landfall.

Both of the simulated tracks in T100 and OCEAN do
not deviate significantly from that in CTL. As shown in
Fig. 8b, during the first 30 h the simulated Morakot takes
a cyclonic path similar to that in CTL. In the two exper-
iments a more abrupt northward turn occurs before
the TC makes landfall over Taiwan around 1200 UTC
7 August. In T100, the simulated typhoon approaches
Taiwan Island and then suddenly turns northeastward
off the eastern coast of northern Taiwan. The simulated
TC does not make landfall over Taiwan and makes its
first landfall on mainland China with the landfall loca-
tion about 100 km to the north of that in CTL. In
OCEAN, the simulated typhoon crosses northern Taiwan
after a northward turn around 1200 UTC 7 August and
then shows a track nearly identical to that in CTL over
Taiwan Strait. Although Taiwan Island affects the track, it
is clear that the sudden northward deflection of Morakot
is not directly a result of the influence of the island.
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However, as suggested by Ge et al. (2010), the influence
of Taiwan Island on the rainfall associated with Morakot
is clear. Figure 9 shows the simulated rainfall during
the whole 108-h simulation period in the 9-km domain.
While the maximum rainfall over 1600 mm is observed
in CTL, the simulated rainfall center moves eastward
to the eastern coast in OCEAN and over the ocean in
T100, respectively. The spatial rainfall distribution in
the 3-km domain in T100 and OCEAN shows the same
variations (not shown). The different rainfall distribu-
tions may be associated with the simulated track dif-
ferences. Hong et al. (2010) found that the combined
low-frequency and typhoon flows, which converged
and lifted by the Central Mountain Range, play an im-
portant role in the record-breaking rainfall associated
with Morakot.

c¢. Influence of multi-time-scale monsoon flows
1) SYNOPTIC TIME-SCALE FLOWS

The influence of multi-time-scale monsoon flows on
Morakot’s track is examined by comparing experi-
ments NO-SYN, NO-QBW, and ONLY-MJO with
CTL. Figure 10 displays the simulated intensity and
track in these experiments from 1200 UTC 5 August to
0000 UTC 10 August, suggesting the significant in-
fluence of multi-time-scale monsoon flows. In NO-SYN,
the TC reaches its peak intensity around 0000 UTC 6
August (Fig. 10a), when it moves very slowly in low-
frequency gyres (Figs. 2¢,d). Under the influence of the
steering flow associated with the low-frequency gyres,
the TC first moves northeastward, suddenly turns north-
westward at 0900 UTC 6 August, and then takes a
northwestward track by 1200 UTC 7 August. During
this period, the TC continues to weaken and maintains
merely tropical storm intensity. An abrupt northward
shift occurs around 1200 UTC 7 August, and the TC
generally moves northward after the sudden turn. The
simulated TC track is very similar to the cases discussed
by Carr and Elsberry (1995). They found that sudden
poleward track changes occur when a TC is embedded
in a monsoon gyre. The NO-SYN experiment suggests
that synoptic time-scale flows played an important role
in the westward movement before Morakot made landfall
over Taiwan.

Figure 11 shows the observed evolution of the 500-hPa
synoptic time-scale winds. An anticyclone formed
over the ocean to the east of the Philippines around
0600 UTC 2 August, which can be seen near the Phil-
ippines at 0000 UTC 4 August (Fig. 11a). At this time
Tropical Storm Goni was located to its west. A remarkable
feature is the nearly zonal synoptic wave train-like pattern
(Figs. 11a—), including Goni over Guangdong Province of
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China, Morakot (indicated with the closed dot), and
a cyclonic vortex (C) over the western North Pacific,
which developed into Tropical Storm Etau later. The
synoptic wave train-like pattern was maintained until
0000 UTC 7 August and strong northerly winds between
the anticyclone Al and Morakot reduced the northward
component of the steering flow associated with the low-
frequency gyres (Figs. 2c,d). The initial formation of A1l
may be due to the Rossby energy dispersion associated
with Goni.

Figure 12 shows the 700-hPa winds associated with
the simulated TC in NO-SYN. At 0000 UTC 6 August
(Fig. 12a), the simulated TC is embedded in a large
monsoon gyre about 200 km to the southeast of the gyre
center. It is initially steered by the southwesterly flow
associated with the monsoon gyre. It turns northwest-
ward at 0900 UTC 6 August when it is located to the east
of the gyre center (Fig. 12b). On early 7 August (Fig. 12¢),
the TC becomes concentric with the monsoon gyre and
a weak anticyclonic circulation can be found to the
southeast of the simulated TC. As suggested by Carr and
Elsberry (1995), the anticyclone results from the Rossby
wave energy dispersion associated with the monsoon
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FIG. 11. The 500-hPa 10-day high-pass filtered winds (m s~ ') at (a) 0000 UTC 4 Aug, (b) 0000 UTC 5 Aug,
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black dot and letters G and E indicate the centers of Typhoon Morakot, Tropical Storm Goni, and Tropical Storm

Etau, respectively.

gyre. As the TC coalesces with the monsoon gyre, the
enhanced southwesterly surge provides a northeastward
steering flow, leading to a northeastward deflection
around 1200 UTC 9 August (Fig. 12d).

2) LOW-FREQUENCY FLOWS

In NO-QBW, the intensity evolution of the TC is
similar to that in CTL, except with a stronger intensity
by 1200 UTC 7 August (Fig. 10a). The TC takes a cy-
clonic path similar to that in CTL before its landfall
(Fig. 10b). On early 6 August, it turns slightly to the
south of the track in CTL and makes landfall on Taiwan
around 1200 UTC 7 August, when the simulated TC
reaches its peak intensity. Then the TC moves slightly
northwestward and takes about 9 h to cross the island

with an overland track nearly parallel to that in CTL.
Compared to the TC track in CTL, the simulated TC in
NO-QBW does not make a northward deflection off the
eastern coast of Taiwan.

Figure 13 shows the 700-hPa winds associated with
the simulated TC in NO-QBW. At 1200 UTC 6 August
(Fig. 13a), strong winds (>25 m s~ ') appear on the
northern side of the TC without relatively strong south-
westerly winds over the Philippine Sea, which occur in
CTL (Fig. 7a). As the TC moves westward toward Taiwan,
the associated winds in its southern periphery gradually
increase, leading to a relatively symmetric wind struc-
ture (Fig. 13b). By 0000 UTC 8 August the comma-
shaped area of gale force winds (>17.5 m s~ ') that occurs
in CTL does not appear in this experiment (Fig. 13c).
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outline the monsoon gyre.

As a result, because of the absence of the strong
northward steering flow that results from the interaction
between the TC and the QBW-scale gyre in CTL, the
northward deflection that occurs around 1200 UTC
7 August in CTL is not observed in NO-QBW. During
the next 12 h (Fig. 13d), the southwesterly wind in the
southern periphery enhances sharply and extends to
the South China Sea. The enhanced southwesterly
winds result from the interaction between the simulated
TC and the MJO-scale gyre and turn the TC north-
ward around 1200 UTC 8 August (Fig. 2d). The TC
approaches the MJO-scale gyre center, leading to

enhancement of the southwesterly winds, which steer
the TC northward.

In ONLY-MIJO the TC intensifies slightly during the
first 12 h and then intensifies again after 1200 UTC
6 August (Fig. 10a). It attains its peak intensity of
48 m s~ ' at 0000 UTC 8 August because of the absence
of the influence of Taiwan Island. The simulated TC takes
a rather smooth west-northwestward track and makes
its first landfall on China mainland around 1200 UTC
9 August. Because of the slow-varying monsoon
trough, as shown in Fig. 2d, the TC is generally steered
by the southeasterly flows associated with the monsoon
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trough. This experiment also confirms the important
roles of the various time-scale flows in the movement of
Morakot.

4. Summary

In the second part of this study, the influences of multi-
time-scale monsoon flows on the track change and rain-
fall structure of Typhoon Morakot are investigated
through numerical experiments with the ARW-WRF
model, with a focus on how the multi-time-scale monsoon
flows affect the track change of Typhoon Morakot. The
effect of the Taiwan terrain is also examined in this study.

The control experiment can reproduce well the in-
tensity evolution, track changes, and rainfall distribution
of Typhoon Morakot. In particular, the model can cap-
ture the northward deflections and slowing down when
Morakot crosses Taiwan Island and the Taiwan Strait. In
agreement with the observed, the highly asymmetric

structure of the typhoon is reasonably simulated with the
maximum accumulated rainfall in southern Taiwan. In
agreement with Ge et al. (2010), the sudden northward
deflections of Morakot’s track is not directly due to the
influence of the island, while the terrain effect of Taiwan
Island is remarkable on the rainfall associated with
Morakot. The numerical experiments conducted with the
initial fields on the combination of different time scales
indicate that the synoptic-scale, QBW-scale, and MJO-
scale monsoonal flows play an important role in the record-
breaking rainfall event associated with Morakot.

It is found that prior to the landfall on Taiwan the
westward movement is closely associated with a nearly
zonal synoptic-scale wave train-like pattern, which con-
sists of Goni over Guangdong Province, Morakot, and
a cyclone over the northern West Pacific. The strong
northerly winds between the anticyclone between
Goni and Morakot reduced the northward steering
component associated with the low-frequency gyres,
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leading to Morakot’s westward movement directly
toward Taiwan.

The track change of Morakot in the vicinity of Taiwan
is closely associated with its interaction with the low-
frequency monsoonal flows. When Morakot approached
to Taiwan, it coalesced with a QBW-scale gyre. As a
result, the southwesterly winds were enhanced in the
southern periphery of Morakot, reducing its westward
movement and leading to the first northward deflection
in the track of the typhoon. As Morakot moved into the
Taiwan Strait, it merged with a large MJO-scale gyre
and made the second northward shift in its track. The
numerical experiments confirm that the coalescence of
a TC with a monsoon gyre can lead to sudden changes in
TC tracks, as suggested by Carr and Elsberry (1995).
This study agrees with Ko and Hsu (2006, 2009) that the
intraseasonal oscillation (ISO) flows are associated with
recurving TC tracks.

Typhoon Morakot formed in a large-scale monsoon
trough over the western North Pacific. Its cyclonic cir-
culation contained significant components of monsoon
flows on the MJO and QBW time scales when it merged
with the low-frequency gyres. The numerical experi-
ments confirm that the coalescence of Morakot with
low-frequency monsoon gyres enhanced the synoptic-
scale southwesterly winds on the southern side of Mor-
akot and reduced its westward movement, leading to an
unusually long residence time of the typhoon in the vi-
cinity of Taiwan. In addition, as suggested by Hong et al.
(2010), the overlaid southwesterly winds maintained the
primary rainfall area in southern Taiwan as the typhoon
center moved northwestward after its landfall on Taiwan.
In agreement with Ge et al. (2010), it is found that the
extreme rainfall event was closely associated with the
lifting effect of Taiwan’s terrain.
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