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ABSTRACT

Typhoon Morakot struck Taiwan during 6-9 August 2009, and it produced the highest rainfall (approaching
3000 mm) and caused the worst damage in the past 50 yr. Typhoon-monsoon flow interactions with meso-
scale convection, the water vapor supply by the monsoon flow, and the slow moving speed of the storm are the
main reasons for the record-breaking precipitation. Analysis of the typhoon track reveals that the steering
flow, although indeed slow, still exceeded the typhoon moving speed by approximately S km h™! (1 km h™' =
0.28 m s~ ") during the postlandfall period on 8 August, when the rainfall was the heaviest. The Cloud-
Resolving Storm Simulator (CReSS) is used to study the dynamics of the slow storm motion toward the north-
northwest upon leaving Taiwan. The control simulations with 3-km grid size compare favorably with the
observations, including the track, slow speed, asymmetric precipitation pattern, mesoscale convection, and
rainfall distribution over Taiwan. Sensitivity tests with reduced moisture content reveal that not only did the
model rainfall decrease but also the typhoon translation speed increased. Specifically, the simulations con-
sistently show a discernible impact on storm motion by as much as 50%, as the storms with full moisture move
slower (~5 km h™"), while those with limited moisture (=25% ) move faster (~10 km h™"). Thus, in addition
to a weak steering flow, the prolonged asymmetric precipitation in Typhoon Morakot also contributed to its
very slow motion upon leaving Taiwan, and both lengthened the heavy-rainfall period and increased the total
rainfall amount. The implications of a realistic representation of cloud microphysics from the standpoint of
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Effects of Asymmetric Latent Heating on Typhoon Movement Crossing Taiwan:

tropical cyclone track forecasts are also briefly discussed.

1. Introduction

Typhoon (TY) Morakot (TY0908) during 7-9 August
2009 (Fig. 1) was the most devastating typhoon to strike
Taiwan in recorded history, with a death toll of 757 and
direct damages over $110 billion [New Taiwan dollars
(NTS$); ~$3.8 billion (U.S. dollars); Chanson 2010; http://
www.hurricanescience.org]. Being merely an intermediate
tropical cyclone (TC) in core intensity (category 2 on the
Saffir—Simpson scale), Morakot did its destruction al-
most entirely due to the extreme rainfall that reached
2855 mm (over 4 days) rather than high winds (e.g.,
Hendricks et al. 2011). The record-breaking rainfall
caused flooding over nearly the entire southwestern
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plain and triggered numerous mudslides over the
mountains, where the tragic burying of Shiao-lin Vil-
lage on the morning of 9 August alone took nearly 660
lives (Figs. 2a,b).

In the aftermath of Morakot, the National Science
Council (NSC) of Taiwan organized an investigation
into this event. The preliminary report (Hsu et al. 2010)
and some other recent works listed several factors that
collectively contributed to the unprecedented, extreme
heavy rainfall during the period. These factors, some
quite unique or at least unusual, include the large-scale
monsoon gyre in which Morakot was embedded (e.g.,
Hong et al. 2010; Ge et al. 2010; Nguyen and Chen 2011);
a large TC size with strong outer circulation (e.g., Jou
et al. 2010); the slow translation speed near Taiwan (e.g.,
Hong et al. 2010; Chien and Kuo 2011; Wu et al. 2011; cf.
Fig. 1); the strong low-level moisture flux from the
southwest and asymmetric rainfall distribution (e.g.,
Chen et al. 2010; Kuo et al. 2010; Chien and Kuo 2011;
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FIG. 1. JTWC track of Typhoon Morakot (2009) and the two
domains used in this study. Locations of the TC center are in-
dicated by open circles each 6 h, and the dates are given at 0000
UTC and at the end points.

Hendricks et al. 2011; Liang et al. 2011); the large
moisture flux convergence and repeated formation of
slow-moving rainbands just upstream from southern
Taiwan (e.g., Chen et al. 2010; Kuo et al. 2010); and the
rainfall enhancement by the steep topography of Taiwan
(e.g., Ge et al. 2010; Hong et al. 2010; Wu et al. 2011;
Fang et al. 2011). All of these factors contributed to the
heavy rainfall for a lengthy period and consequently the
extreme rainfall accumulation (e.g., Jou et al. 2010; cf.
Fig. 2). Obviously, many of these factors are interrelated
with complex and nonlinear interactions. The focus of
this study is mainly on the linkages and feedbacks be-
tween the slow translation speed and asymmetric rain-
fall pattern, specifically during the postlandfall and
heavy-rainfall period on 8 August (cf. Figs. 1, 2).

Hong et al. (2010) examined the large-scale environ-
ment of Morakot and concluded that a monsoon gyre,
with a period of 10-30 days and about 4000 km in size,
propagated from the southeast toward the northwest
across the western North Pacific (WNP) in early August
2009 (their Figs. 3b—e). Thus, Morakot was subjected to
an easterly background flow when it approached Taiwan
on 5 August, but a relatively weak ambient flow oc-
curred near its landfall in Taiwan on 8 August. Similarly,
Ge et al. (2010), Wu et al. (2011), and Liang et al. (2011)
suggest that the early westward track and then a nearly
90° turn northward over 5-10 August (cf. Fig. 1) were
mainly determined by the interaction of Morakot’s cir-
culation with its larger-scale background. Recently,
Chien and Kuo (2011) analyzed the mean flow associ-
ated with Morakot and discussed the role of a weakened
steering flow in leading to the extreme rainfall. Later in
section 4b, their results will be compared with ours.
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Clearly, the unusually slow translation speed of Morakot
was a crucial key factor (Jou et al. 2010; Chien and Kuo
2011; Wu et al. 2011), especially on 8 August (in UTC)
when it was over the northern Taiwan Strait (only about
54kmh ' 1kmh =028 ms ' Fig. 1). During this
period, the rainfall intensity over southern Taiwan was
at a maximum (Fig. 2b). Chien and Kuo (2011) exam-
ined the relationship between rainfall, translation speed,
and TC intensity during both landfall and postlandfall
periods in 52 landfalling typhoons in Taiwan from 1977
to 2009. Here, the landfall period refers to the time when
the TC center is over Taiwan, and the postlandfall pe-
riod is defined as the interval for a TC to leave Taiwan
until 100 km offshore. They found that the typhoon-
induced total rainfall [summed over 25 Central Weather
Bureau (CWB) surface stations] is more related to the
TC translation speed (with an inverse relationship, i.e.,
slower-moving TCs bring more rain) rather than inten-
sity, and the excessive rain of Morakot occurred during
the postlandfall period (Chien and Kuo 2011, their Figs.
3 and 4). Considering the 18 strong rainfall (=2000 mm,
summed over 25 stations) typhoons from the dataset of
Chien and Kuo (2011), Morakot was among the slowest
TCs (lower left in Fig. 3a) during both landfall and
postlandfall periods (with the same definitions), espe-
cially the latter (cf. Fig. 1). During its postlandfall pe-
riod, Morakot produced far more rain than during the
landfall period and surpassed all other TCs since 1977
(Fig. 3b). Thus, the reason for the very slow motion of
Morakot after leaving Taiwan is of great importance from
the standpoint of both science and hazard reduction.

Another important feature of Morakot (2009) was its
asymmetric rainfall distribution (Fig. 4), which is linked
to the strong moisture supply from the southwest (Chen
et al. 2010; Kuo et al. 2010; Chien and Kuo 2011; Wu
et al. 2011; Hendricks et al. 2011). Rain rates derived
from the polar-orbiting Tropical Rainfall Measuring
Mission (TRMM) satellite observations on 6 and 8 August
are shown in Fig. 5. Reflectivity composites of vertical
maximum-echo indicator (VMI) from the operational
radars in Taiwan are shown in Fig. 6 at intervals of 6 or
12 h during 6-9 August. Whereas most of the deep
convection was concentrated in the southern and east-
ern quadrants of Morakot, the regions northwest of the
center were mostly clear. Two persistent rainbands, one
nearly east-west oriented across southwestern Taiwan
and the other north—south aligned along the windward
slopes of southern Central Mountain Range (CMR) on 8
August (Figs. 6e-i), were largely responsible for the
extreme rainfall (cf. Fig. 2, also Kuo et al. 2010).

When asymmetric with respect to the center, latent
heating (LH) from convection near the core region is
known to affect TC motion although its impact is usually
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FIG. 2. (a) Total accumulated rainfall (mm; color) over Taiwan and (b) histogram of hourly rainfall (mm h™; bars, red/green for above/below
20 mm h ') and accumulated rainfall (mm; blue curve) averaged among all stations inside the box shown in (a) from 0700 LST 6 Aug to 0600
LST 10 Aug 2009 (95 h, from 2300 UTC 5 Aug to 2200 UTC 9 Aug 2009); both courtesy of Dr. L. Feng of the Taiwan Typhoon and Flood
Research Institute (TTFRI). The 24-h period of heaviest rainfall on 8 Aug (in UTC) and the time of Shiao-lin catastrophe are indicated in (b).

less significant than those of advection processes (e.g.,
Willoughby 1992; Wang and Holland 1996). The convective
heating can modify potential vorticity [(PV) or relative
vorticity] tendency and thus influence TC motion through
the advection of symmetric PV by heating-induced asym-
metric flow and by direct generation of PV tendency by
asymmetric heating, which shifts the TC toward the region
of maximum LH (e.g., Chan 1984; Fiorino and Elsberry
1989; Wang and Holland 1996; Wu and Wang 2001; Chan
et al. 2002). The effects of asymmetric LH on TC move-
ment have previously been simulated by Wu and Wang
(2001) for idealized cases and further estimated by Chan
et al. (2002) for real cases using satellite cloud images and
prescribed vertical heating profiles. While Chan et al. (2002)
propose that the effects of asymmetric LH can be more
important in slow-moving TCs, such impacts and their de-
tails in real TC cases have yet to be clearly demonstrated.

The overall rainfall distribution associated with a TC
in Taiwan has traditionally been viewed as controlled
mainly by the TC track, as topographic uplift plays an
essential role in rainfall production (e.g., Chang et al.
1993; Wu and Kuo 1999). In the case of Morakot, the
persistent asymmetric rainfall pattern (Figs. 4-6) com-
bined with the turning of the storm toward the north-
northwest led to the heaviest rain to its rear on 8 August,
when the TC was over the northern Taiwan Strait and
moved the slowest (cf. Figs. 1-3).

The question addressed in this study is whether Mor-
akot’s movement was also, in turn, affected by the
rainfall and associated LH during this period besides a
weakened steering flow; that is, did a significant inter-
action occur between the track and asymmetric rainfall
such that the LH feedback caused the TC to further slow
down upon leaving Taiwan? Thus, the hypothesis is that
an additional motion vector (toward the south-southeast/
southeast) is produced by the asymmetric and persistent
heating (which may be locally enhanced by the high terrain
of CMR) and opposes the steering flow (toward the north-
northwest) as Morakot was leaving Taiwan, as illustrated in
Fig. 7. Thus, the combined motion vector would lead to
a slower speed toward the north-northwest on 8 August,
and thus lengthening the period of heavy rainfall. In this
study, numerical simulations of Morakot will be used to test
our hypothesis through a series of sensitivity experiments.

In section 2, the dataset, numerical model, and meth-
odology used in this study are described. The model
simulation over the 4-day period when Morakot affected
Taiwan are presented and validated, and the sensitivity
tests on the effect of LH for a 2-day period upon Mor-
akot’s departure are described and discussed in section 3.
Further discussion of the model results on the LH effects
and additional tests, steering flow analysis, and diagnosis
on TC motion are presented in section 4. Finally, the
conclusions are given in section 5.
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FIG. 3. Scatterplots of (a) translation speed (m s~ ') and (b) total rainfall amount (mm) after
landfall vs during landfall periods from 18 strong-precipitation (=2000 mm during and after
landfall) typhoons in Taiwan since 1977. The total rainfall is summed over 25 CWB surface
stations. The landfall (postlandfall) period is defined as the time from entering to exiting
Taiwan (from leaving the coast to a distance of 100 km offshore from the coastline). Different
colors denote typhoons [or tropical storm (TS)] of different intensity on the Saffir—Simpson
scale (with a maximum sustained wind speed of 64-118 km h™! for TS, and 119-153, 154-177,
178-208,209-251, and =252 km h ™! for category 1-5 hurricanes, respectively). In (b), solid and
dashed lines denote the mean ratio and one standard deviation, respectively.
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2. Data and model experiments
a. Data and methodology

The observations used in this study to examine the
evolution and structure of Morakot (2009) and to vali-
date model simulations include the following: The track
and basic TC information from the CWB and the Joint
Typhoon Warning Center (JTWC); visible (VIS) and

infrared (IR) cloud imagery and blackbody brightness
temperature Tgp data (every 1h) from the geosta-
tionary Multifunctional Transport Satellite (MTSAT);
rain rates derived from the polar-orbiting TRMM sat-
ellites; and radar reflectivity VMI composites (every 1 h).
Hourly observations from over 400 gauges of the Auto-
matic Rainfall and Meteorological Telemetry System
(ARMTS; Hsu 1998) during 6-10 Aug 2009 are used to



3176

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 69

30°N

10°N [z

25°N

TR
7 ~‘
: sl TR
110°E  115°E  120°E 125°E 130°E

BN e —— e e
-84 -72 60 48 -36 -24 -12 O

125°E  130°E

£ - y B i
10°E  115°E 125°E  130°E
NS i o B e
-84 72 60 -48 -36 -24 -12 0

o

FIG. 4. The Japanese geostationary MTSAT IR blackbody brightness (cloud-top) temperature Tgg (°C) distri-
butions at (a) 0730 and (b) 1930 LST 7 Aug and at (c) 0730 and (d) 1930 LST 8 Aug 2009. Solid dots denote the center
of Morakot. Notice the asymmetric cloud pattern and rainfall around the TC during the period.

validate model rainfall over Taiwan. Several of these
datasets have been shown in Figs. 1-7.

To substantiate the model sensitivity tests, steering
flow calculations are compared with those by Chien and
Kuo (2011) in section 4b using three gridded datasets
from two operational centers. In addition to the European
Centre for Medium-Range Weather Forecasts (ECMWF)
Year of Tropical Convection (YOTC) analyses, the Na-
tional Centers for Environmental Prediction (NCEP) fi-
nal analysis at 1° and the ECMWEF Tropical Ocean Global
Atmosphere (TOGA) advanced analysis at 1.125° latitude/
longitude resolutions are examined at 6-h intervals. In
section 4c, a simple diagnosis on TC motion is presented
from the perspective of TC kinematics in a quasi-
Lagrangian framework using the model simulations.

b. Description of the CReSS model

The Cloud-Resolving Storm Simulator (CReSS)
model version 2.3 used in this study is a nonhydrostatic,

fully compressible, cloud-resolving model developed at
the Hydrospheric Atmospheric Research Center of Nagoya
University, Japan (Tsuboki and Sakakibara 2002, 2007).
This model employs a terrain-following vertical coor-
dinate defined as { = z,{z — z,(x, y))/[z/ — z5(x, y)], where
z, and z, are heights at the model top and surface, re-
spectively. Prognostic equations for 3D momentum (u,
v, w), pressure p, potential temperature 6, and mixing
ratios of water vapor ¢, and other hydrometeors g,
(where x denotes a species) are formulated. To properly
simulate clouds at high resolution, an explicit bulk cold
rain (mixed phase) scheme based on Lin et al. (1983),
Cotton et al. (1986), Murakami (1990), Ikawa and Saito
(1991), and Murakami et al. (1994) are used without any
cumulus parameterization (Table 1). Six species (water
vapor, cloud water, cloud ice, rain, snow, and graupel)
with microphysical processes of nucleation (condensa-
tion), sublimation, evaporation, deposition, freezing,
melting, falling, conversion, collection, aggregation, and
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FIG. 5. TRMM precipitation radar (PR) rain rates (in. h~'; color, scale at bottom) overlaid on MTSAT VIS (when available) or IR cloud
imagery of Typhoon Morakot at (a) 0426 UTC 6 Aug, (b) 2057 UTC 6 Aug, (c) 0411 UTC 8 Aug, and (d) 2043 UTC 8 Aug 2009. The time
closest to TRMM PR data and type of MTSAT cloud imagery are labeled at the top-left corner of each panel (all panels from the Naval

Research Laboratory).

liquid shedding are included (Tsuboki and Sakakibara
2002). Subgrid-scale turbulent mixing is parameterized
using 1.5-order closure with turbulent kinetic energy
(TKE) prediction (Tsuboki and Sakakibara 2007), and
planetary boundary layer (PBL) processes are param-
eterized following Mellor and Yamada (1974) and
Segami et al. (1989). Momentum and energy fluxes and
radiation at the surface are also considered with a sub-
strate model (Kondo 1976; Louis et al. 1981; Segami

et al. 1989), but the effect of cloud on longwave radia-
tion is neglected.

In the CReSS model, the Arakawa-C staggered and
Lorenz grids are used in the horizontal and vertical with
no nesting (or domain movement). A time-splitting scheme
(Klemp and Wilhelmson 1978) is adopted to integrate fast
and slow modes separately for computational efficiency,
with the filtered leapfrog method (Asselin 1972) and the
implicit Crank—Nicolson scheme for the integration at
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FIG. 6. Radar VMI reflectivity composites (dBZ) in the Taiwan region at (a) 1200 UTC 6 Aug, (b) 0000 UTC 7 Aug, and every 6 h from (c)
1200 UTC 7 Aug to (1) 1800 UTC 9 Aug 2009. Scales are shown on the right.

large (Ar) and small time steps (A7), respectively (Table 1).  ¢. Experiment design and sensitivity test

The CReSS model has been used to study various types

of convective systems and TCs (e.g., Wang and Huang A total of 19 CReSS model experiments (Table 1)
2009; Wang et al. 2011; Akter and Tsuboki 2012). have been carried out with the same grid size of 3 km
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FIG. 7. Schematic of the hypothesis of this study, in which the arrows represent TC motion
vectors induced by the steering flow and other effects (purple, toward the north-northwest), by
the latent heating (LH; black, toward the south-southeast), and the combined effect (red, to-
ward the north-northwest at a reduced speed). The red dot near 24.5°N, 120.5°E marks the TC
center of Morakot upon leaving Taiwan, and the thick dotted and dashed lines enclose the area
of asymmetric rainfall, mostly to the south and east of the TC center, from the radar VMI

composite at 0800 UTC 8 Aug 2009.

and 50 vertically stretched layers with the model top at
25 km (the minimum Az at the bottom is 100 m). For 13
runs, the ECMWF YOTC project’s (e.g., Waliser and
Moncrieff 2007; Moncrieff 2010) 6-h analyses at a reso-
lution of 0.25° latitude/longitude at 20 pressure levels are
used as the initial and boundary conditions (ICs/BCs).
The first experiment, which is a 4-day control run (CTL1,
domain 1 in Fig. 1) starting from 0000 UTC 6 August 2009
with a horizontal grid of 576 X 480 points, closely re-
produces the evolution and structural characteristics
of Morakot over the period when it affected Taiwan.
Therefore, it is considered that the BCs from the ECMWF
YOTC gridded analyses have well resolved both the large-
scale environment and the outflow of Morakot. At the
lower boundary, terrain heights at about 900-m horizontal
resolution and weekly sea surface temperature (SST) at
1° X 1° resolution (Reynolds et al. 2002) are provided.
For all the runs, outputs were produced every 30 min
(Table 1).

A series of 12 runs is then carried out with a domain of
480 X 480 grid points for 2 days starting from 0000 UTC
8 August 2009, which includes the second control run
(CTL2, domain 2 in Fig. 1). Two effects are tested through
CTL2 and the other 11 sensitivity tests (Table 2): latent

heating and Taiwan topography. The effect of LH is
examined by altering the water vapor in the ICs/BCs to
100%, 50%, 25%, and 0% of the original values. The
Taiwan terrain is changed to 100%, 50%, or 0% of the
real height (fixed at 10 m for the last case). The 12 com-
binations are labeled as RO1-R12 (Table 2), with R0O1
being the control (CTL2). Whereas the moisture content
is directly linked to the LH effect associated with a TC,
some other factors, such as convergence and instability,
may also contribute. The sensitivity tests with reduced
vapor amounts can be viewed as if the TC occurred in a
drier environment, while those with no initial moisture are
quite similar to dry or fake-dry runs commonly used (e.g.,
Gall 1976; Mullen and Baumhefner 1988; Kuo et al. 1996).

To further confirm the robustness of our sensitivity
test results, another six runs are conducted using the
NCERP final analysis at 1° X 1° resolution (at 26 levels)
and the Japan Meteorological Agency (JMA) regional
analyses at a resolution of 0.25° longitude X 0.2° latitude
(at 21 levels, both every 6 h) as ICs/BCs, with otherwise
identical strategy and configuration to RO1-R03 (start-
ing from 0000 UTC 8 August for 48 h). These additional
tests are named as NO1-NO3 (using NCEP data) and
J01-JO3 (using JMA data).
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TABLE 1. Summary of CReSS model configuration of domain and basic setup, physics, and numerical methods used in CTL1 and CTL2.
Time integration schemes can be classified as horizontal explicit (HE), vertical explicit (VE), and vertical implicit (VI). An asterisk means
that the vertical grid spacing Az of CReSS is stretched (smallest at the bottom), and the averaged spacing is given in the parentheses.

Domain and basic setup

CTL1

CTL2

Projection

Grid size (x, y, z)

Grid dimension (x, y, z)
Domain size (x, y, z)
Topography and SST
ICs/BCs

Initial time

Integration length
Output frequency

576 X 480 X 50

96 h (4 days)
30 min

Model physics
Advection and diffusion
Cloud microphysics
Cumulus parameterization
PBL parameterization
Surface processes
Soil model

None

Numerical methods
Time steps
Integration method

1728 km X 1440 km X 25 km
Real at (1/120)°,
ECMWF YOTC analyses (0.25° X 0.25°, 20 levels, 6 h)
0000 UTC 6 Aug 2009

Lambert conformal, center at 120°E, secant at 10° and 40°N
3 km X 3 km X 100-745 m (500 m)*

480 X 480 X 50
1440 km X 1440 km X 25 km
and weekly mean at 1° resolution

0000 UTC 8 Aug 2009
48 h (2 days)
30 min

Both fourth-order in horizontal and vertical
Bulk cold rain scheme (mixed phase with six species)

1.5-order closure with TKE prediction
Energy and momentum fluxes, shortwave and longwave radiation
41 levels, every 5 cm to 2 m deep

At =58, A1 =25s
Filtered leapfrog for At (HE-VE), leapfrog and Crank—Nicolson for A7 (HE-VI)

3. Model results
a. 4-day control run (CTLI)

The capability of the CReSS model to realistically
simulate the entire event of TY Morakot will be first
verified using the various datasets listed in section 2a.
Tracks from JTWC, from the ECMWF YOTC analysis,
and from the CReSS model simulation in CTL1 (from
0000 UTC 6 August to 0000 UTC 10 August) are com-
pared in Fig. 8. The TC locations at each time in the
model simulations are manually determined using both
the pressure and wind fields near 1.4 km (level 7) over
ocean/low terrain or at 3.2 km (level 12) while crossing
the CMR. For analysis data, low-level (850-700 hPa)
centers are used. Both the JTWC and ECMWF YOTC
tracks indicate the slow moving speed (about 5 km h™')
of Morakot upon leaving Taiwan on 8 August 2009.
However, larger differences exist during Morakot’s pas-
sage across Taiwan and at 0000 UTC 8 August when
the YOTC analysis has the position at a lower latitude
(Fig. 8). Perhaps because the CTL1 experiment employs
the ECMWF YOTC analysis as ICs/BCs (section 2c and
Table 1), the simulated TC track follows that of YOTC
closely. Nonetheless, the tracks in CTL1 and JTWC never
differ by more than 120 km during the entire 4-day pe-
riod, even during Morakot’s landfall in Taiwan. It is im-
portant that the model reproduces the slow translation
speed of Morakot on 8 August 2009 for the correct

simulations of rainfall maxima and distribution (to be
shown shortly). Furthermore, the sensitivity tests to be
discussed in sections 3c and 3d would not be as mean-
ingful if the model had not been able to realistically sim-
ulate the evolution of TY Morakot, and particularly its slow
moving speed near Taiwan.

The central mean sea level pressure (MSLP) and
maximum surface wind simulated in CTL1 are also
compared with the observations in Fig. 9. The JTWC has
estimated a more intense TC than in the ECMWF
YOTC analysis before landfall in Taiwan (6-7 August),
but a weaker intensity after about 1800 UTC 7 August
due to a rapid intensity drop during landfall (Fig. 9; cf.
Figs. 1,8). In contrast, the TC only weakens slowly in the

TABLE 2. Sensitivity test experiments and their labels for dif-
ferent combinations of reduced water vapor amounts (in ICs/BCs)
and reduced terrain heights of Taiwan. The top-left experiment
(RO1) is the control test (CTL2). The same model setup is used for
all tests, which start from 0000 UTC 8 Aug 2009 for 48 h (right half
in Table 1). For tests with 0% topography, a flat terrain over Tai-
wan of 10 m is used.

Water vapor amount

Terrain height 100% 50% 25% 0%
100% RO1 RO2 RO3 RO4
50% RO5 RO6 RO7 RO8
0% (10 m) R09 R10 R11 R12
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FIG. 8. The predicted track each 3 h for the CTL1 experiment from 0000 UTC 6 Aug 2009
(for 4 days) of the CReSS model simulation, compared with the 6-h JTWC positions and 6-h
positions derived from the ECMWF YOTC analyses that are labeled at 0000 UTC each day,
with a key position indicated at 1200 UTC 8 Aug. Different symbols (see box on right side) are

plotted each 12 h for ease of comparison.

ECMWF YOTC analysis near and after landfall. As
might be expected due to the 3-km resolution, the CReSS
simulation CTL1 produces a stronger TC by about 7-
10 hPa and 14-25km h™! (~4-7 m s™ ') than in the
YOTC analysis on 8 August, although the intensity
trends are similar. As a result, the TC strength in CTL1
is close to the JTWC estimate prior to landfall but re-
mains stronger near 8 August (Fig. 9). The local speed
up due to high resolution with complex terrain (e.g.,
Miller and Davenport 1998) may have also contributed
to the stronger surface winds in the model compared to
the JTWC. Notice that the TC intensity trend in CTL2
from 0000 UTC 8 August is also similar to thatin CTL1.
Overall, the model simulations of TC intensity are
considered to be reasonable.

The model-simulated horizontal winds and pressure
atabout 1.4 km and rain rates from CTL1 at 2100 UTC 6
August (Fig. 10a) and 0200 UTC 8 August (Fig. 10b) can
be compared directly with the TRMM rain rates in Figs.
5b,c. On 6 August when Morakot was still about 150 km
east of Taiwan, the asymmetric rainfall and rainband
structure are both well captured. On 8 August when
Morakot had moved offshore from Taiwan (Fig. 10b is
about 2 h earlier than Fig. 5c), the model is able to sim-
ulate key features of the asymmetric structure, including
the intense rainband near the southern tip of Taiwan and
three relatively dry regions near the TC center, and

northern and eastern Taiwan (cf. Figs. 6f, 8). The CTL1
model-simulated column maximum mixing ratio of total
precipitating hydrometeors (rain, snow, plus graupel) every
12 h from 1200 UTC 6 August to 1200 UTC 9 August
2009 (except every 6 h on 8 August) is shown in Fig. 11,
which can be compared with the radar VMI reflectivity
composites in Fig. 6. Comparison of these two figures
confirms that the model reproduces the persistent asym-
metric rainfall structure associated with Morakot through-
out this period, as well as the general location of rainbands
and heavy rainfall over and surrounding Taiwan.

The total (Fig. 2a) and daily rainfall distributions
(Figs. 12b-d) over Taiwan observed by the rain gauge
network (Fig. 12a) are used to validate the 4-day CTL1
model run (Figs. 12e-h). With nearly identical accu-
mulation periods, the model-simulated total rainfall in
CTL1 (Fig. 12e) agrees very well with the observations
(Fig. 2a) in both pattern and amount, including a peak
value slightly over 3000 mm over the southern CMR.
The 24-h daily accumulated rainfall from 7 to 9 August
(in LST) in the model (Figs. 12f-h) also compares fa-
vorably with the observations (Figs. 12b—d). Notice the
local maxima over the mountains in northern (near
24.5°N) and central Taiwan (near 23.5°N) on 7 August
(Figs. 12b,f), the large rainfall amounts over the south-
ern plain areas west of CMR (although somewhat
underpredicted) on 8 August (Figs. 12c¢,g), and the
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F1G. 9. Comparison of CTL1 (thick black, from 0000 UTC 6 Aug) and CTL2 (thick gray, from
0000 UTC 8 Aug) simulated (a) central MSLP (hPa) and (b) maximum surface (10-m) wind
speed (m s~ ') with values from the JTWC best track (solid line with open circles) and from the
ECMWEF YOTC analyses (gray dashed, from 5 Aug).

details between the maxima over central and southern
Taiwan on 9 August (Figs. 12d,h). However, the model
seems to overpredict the rain along the ridge of the
southern CMR at 22.3°-22.8°N. Other mesoscale
models, including the Weather Research and Fore-
casting Model (WRF), also have this tendency for the
Morakot case (e.g., Nguyen and Chen 2011, their Figs.
12 and 18; Fang et al. 2011, their Figs. 1 and 4). It is noted
that few rain gauges exist in this remote region of the
southern CMR (Fig. 12a), so the model tendency to

overforecast rainfall here remains uncertain and requires
further study.

The hourly rainfall simulated in CTL1 (Fig. 13a) av-
eraged over the rectangular region in Fig. 2a may be
compared with the observed evolution in Fig. 2b. For
this region of heaviest rainfall, the CReSS model re-
produces the rainfall evolution quite well, especially
during the heaviest rain over 0600-1800 UTC 8 August,
when Marokot was leaving Taiwan (Figs. 2b, 13a, and cf.
Figs. 1, 8). As discussed earlier, such a realistic rainfall
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FIG. 10. Model-simulated rain rates (mm h™'; color, scale on right), and pressure (hPa; contours) and wind barbs (full barb =10 m s )
at z = 1397 m from CTLI1 at (a) 2100 UTC 6 Aug and (b) 0200 UTC 8 Aug, and from CTL2 at (c) 0430 UTC and (d) 2130 UTC 8 Aug

2009.

evolution over the CMR would not be possible without
a successful simulation of storm track.

b. 2-day control run (CTL2)

Because the hypothesis in this study is that the latent
heating associated with the heavy rainfall during 8
August when Morakot was over the Taiwan Strait con-
tributed to its slow motion, the sensitivity tests are per-
formed only for 2 days from 0000 UTC 8 August 2009
(Table 1). In all of these tests, the TC starts from the
same location with the identical initial vortex structure
and experiences nearly the same ambient flow at least
during the early stages of the simulation, which is the
period of greatest concern.

As listed in Table 1 (right half), the domain of CTL2
control run, with grid dimensions of 480 X 480 X 50, is
centered on Morakot as it entered the Taiwan Strait (cf.
Figs. 1, 8). Recall that the trends in central MSLP and
maximum wind in CTL2 are very similar to those in
CTL1 (Fig. 9). Thus, although close to that in the YOTC
analysis, the predicted TC intensity in CTL2 is also
stronger than in JTWC for similar reasons as discussed
earlier. The simulated rain rates in CTL2 at 0430 and
2130 UTC 8 August (Figs. 10c,d) compare well with the
TRMM observations (Figs. 5c,d), in that the model is
able to reproduce the asymmetric rainfall pattern and
rainband structure, including the general locations of
the outer rainbands (also cf. Figs. 6f,h,i). Likewise, the
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FIG. 11. Model-simulated column maximum mixing ratio of total precipitating hydrometeors (g kg ', rain + snow + graupel) in CTL1
every 12 h from (a) 1200 UTC 6 Aug to (c) 1200 UTC 7 Aug, every 6 h from (d) 0000 UTC 8 Aug to (h) 0000 UTC 9 Aug, and at

(i) 1200 UTC 9 Aug 2009. Scales are shown on the right.

CTL2-simulated column maximum mixing ratios of total
precipitating hydrometeors at selected times during 8-9
August 2009 (Fig. 14) also compare quite favorably with
the radar VMI reflectivity composites (Figs. 6e-i,k).
Notice especially the rainbands parallel over windward
slopes and roughly perpendicular to the southern CMR
on 8 August, which are essential to the prediction of
maximum rainfall.

The CTL2-simulated total and daily rainfall distribu-
tions (Figs. 12j-1) and hourly rainfall evolution averaged
over the rectangular area in the southern CMR (Fig. 13b)
are also compared with the observations (Figs. 12¢,d,i,
2b). Although the precipitation in CTL2 is slightly larger
than in CTL1 on 8 August (Figs. 13a,b and also Figs. 11d-g,

14), the overall evolution of TY Morakot is considered to
be well simulated in CTL2 (Figs. 9, 10c,d, 12j-1, 13b, 14).

c. Sensitivity tests on effects of moisture content

The TC tracks (near 1.4 km) for the sensitivity tests
RO1-R12 (where RO1 is CTL2, cf. Table 2) are plotted in
Figs. 15a—c. The focus here is whether discernible and
consistent differences in the tracks are predicted when
atmospheric moisture (and thus the LH effect) or the
terrain heights are gradually reduced. For the four ex-
periments using 100% terrain but different initial water
vapor amounts (RO1-R04, Fig. 15a), the TCs in the runs
with higher moisture content were predicted to move
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FIG. 12. (a) Terrain heights (m, scale on right) and distribution of rain gauges over Taiwan during the Morakot period. (b)-(d) Observed
daily rainfall (mm) for 7-9 Aug (0000-2400 LST), respectively. (¢) Model-simulated 4-day total rainfall (mm) during 0000 UTC 6-10 Aug
in CTL1. (f)-(h) Asin (b)—(d), but from CTL1 model simulation. (i) Observed and (j) model-simulated 48-h rainfall (mm) in CTL2 during
0000 UTC 8-10 Aug, and rainfall (k) during the first 16 h (08002400 LST 8 Aug) and (1) during 16-40 h (0000-2400 LST 9 Aug) in CTL2.
Scales are plotted to the right of each group with the same accumulation length.

more slowly over 0000-1200 UTC 8 August; that is, the
TC position in R01 (100%) remains closer than that in
R02 (50%), while those in R03 (25%) and R04 (no
moisture) are farther from the coastline by 1200 UTC.
After some slow looping motion, the R0O1 storm picks up
some speed during the next 12 h, but it is still the closest
to Taiwan at 0000 UTC 9 August (Fig. 15a). By contrast,
the TCs in R0O3 and R04 have moved the farthest
by 0000 UTC 9 August and made landfall over
China. Subsequently, all four storms begin to converge by

1200 UTC 9 August and have roughly the same trans-
lation speed through 0000 UTC 10 August (Fig. 15a).

In the RO5-RO08 sensitivity tests using 50% terrain, a
similar slower translation speed in the test with more
moisture is again evident during 0000-1200 UTC 8 August.
The ROS test with no initial water vapor has moved the
farthest and has made landfall in China at 0000 UTC 9
August (Fig. 15b). In the R09-R12 sensitivity tests using
0% terrain, a similar result is predicted with the speed
differences most evident during the first 12 h (Fig. 15c¢).
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F1G. 13. Histogram of hourly rainfall (mm, bars, gray/white for amounts above/below 20 mm, scale on left) over southern Taiwan (cf. box
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(a) CTL1 and (b) CTL2. The 24-h period on 8 Aug (in UTC) is marked by a pair of vertical arrows in both panels.

The summary of the track sensitivity to the initial the slowest motion and move more toward the north.
moisture content is that the net motion of all TCs is In contrast, the R03, R04, R07, R08, R11, and R12 tests
toward the north-northwest during 8-9 August. The with little or no initial water vapor tend to move more
RO1, R0O5, and R0O9 tests with full moisture content have  rapidly toward the northwest.
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FI1G. 14. As in Fig. 11, but from CTL2 at (a) 0200 UTC 8 Aug, and every 6 h from (b) 0600 UTC 8 Aug to (e¢) 0000 UTC 9 Aug, and at (f)
1200 UTC 9 Aug 2009. Scales are shown on the right.
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F1G. 15. Model-simulated tracks of Morakot (at low level near 1.4 km) from sensitivity tests (a) R01 (CTL2)-R04, (b) R05-R08, and (c)
R09-R12 in which the water vapor amounts and terrain heights are varied (see boxes at bottom) as described in Table 1, with ECMWF
YOTC track also plotted. Symbols for 1200 UTC 8 Aug and 0000 UTC 9 Aug are enlarged to highlight these critical times. (d) As in (a),
but for upper-level track near 6.1 km from 6-h positions. (e),(f) Asin (a), but from tests (e) J01-J03 (every 6 h, with track in JMA analyses

plotted) and (f) NO1-NO3 (with track in NCEP analyses plotted).

The low-level pressure fields at a height near 1.4 km
clearly indicate the differences in TC locations among
RO1 (CTL2), R0O2, and RO3 at 1200 UTC 8 August in
Figs. 16a—c, where the 16-h total rainfall distributions
over 0000-1600 UTC 8 August are also shown. Thus, the
effect of the slower translation speed of the storm in RO1
is evident. Azimuthal variations of the average rainfall
in 22.5° sectors within the 400-km radius from the TC

center for the same period in the sensitivity tests with
nonzero initial water vapor are shown in Fig. 17 to il-
lustrate the effect of moisture reduction on rainfall and
its asymmetry. In all tests with no initial moisture, such
as R04, no rain is predicted, so they are not included.
With close agreement with the observations (cf. Figs.
12¢,k, 16a), the largest and most narrow rainfall to the
south of the TC center is predicted with the largest
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FIG. 16. Model-simulated pressure (hPa; solid contour) at z = 1397 m at 1200 UTC 8 Aug and 16-h rainfall (mm) during 0000-1600 UTC
8 Aug 2009 in sensitivity test (a) RO1 (CTL2), (b) R02, (c) R03, and (d) R09. In all panels, the 1397-m terrain height contour is also drawn

(thick gray) and TC centers are marked by crosses.

asymmetry in RO1 (Fig. 17a). Very little asymmetry is
predicted for 50% water vapor (R02, cf. Fig. 16b) and
almost no asymmetry for 25% water vapor (R03, cf. Fig.
16¢). For the 50% terrain tests in Fig. 17b, the 100%
water vapor (R05) has a somewhat reduced and broader
rainfall distribution to the south, and again greatly re-
duced rainfall asymmetry for 50% (R06) and 25% water
vapor (R07). The no-terrain test (Fig. 17c) has an asym-
metry only for the 100% water vapor (R09). It is clear that
the rainfall asymmetry (and thus LH) is significantly af-
fected by the moisture content in our tests. Notice also the
slowest translation speeds are associated with the 100%
water vapor tests (RO1, R05, and R09) in Fig. 17. These

translation speed differences are summarized in detail in
Table 3. Significant reductions in translation speed occur
in the first 12 h as the storm is leaving the coast. The re-
duction in speed becomes much less consistent in the
second 12 h, and little effect continues on 9 August. These
translation speed reductions with the largest rainfall
asymmetries during 0000-1200 UTC 8 August (Fig. 17)
are in agreement with the hypothesis illustrated in Fig. 7.

d. Effects of Taiwan topography

The effects of Taiwan topography can also be exam-
ined by comparing the tracks in Figs. 15a—c with differ-
ent terrain heights. For the three sensitivity tests with
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FIG. 17. Total rainfall (mm) during 0000-1600 UTC 8 Aug 2009
averaged in 22.5° azimuthal sectors within a radius of 400 km from
the TC center in all sensitivity tests with reduced water vapor,
which are labeled (a) RO1-R03, (b) R05-R07, and (c) R09-R11 as
described in Table 2. The TC translation speed (km h™') during
0000-1200 UTC 8 Aug in these tests is also marked.
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full moisture content (R01, RO5, and R08), the model
TClocations are all very close at 1200 UTC 8 August. By
0000 UTC 9 August, even though the storm in RO1 is the
closest to Taiwan (i.e., has moved the slowest on aver-
age), the position differences are small. As indicated from
the rainfall asymmetries between R01 in Fig. 17a and R05
in Fig. 17b, the peak rainfall in southern Taiwan (to the
south-southeast of the TC center) is reduced with a lower
topography. It is believed, however, that a large part of
this asymmetry is also due to the interaction of monsoon
flow and typhoon circulation (e.g., Chien and Kuo 2011;
Wu et al. 2011); that is, Morakot was relatively large in
size and had an asymmetric rainfall pattern well before it
encountered the terrain of Taiwan (cf. Figs. 4-6). In the
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sensitivity tests with reduced terrain (Figs. 17b,c), the
decrease of rainfall over southern Taiwan is somewhat
compensated by an increase of rain on the leeside (east-
southeast to south-southeast, Fig. 16d). Hence, Taiwan’s
topography has a relatively smaller impact on the track of
Morakot than a reduced water vapor amount, although it
has a vital role in the local rainfall production as shown in
Figs. 16a,d (also Wu et al. 2002; Ge et al. 2010).

4. Discussion and diagnostics on TC motion
a. Discussion of model results and additional tests

The summary of translation speeds and directions for
the sensitivity tests (Table 3) indicates significant speed
differences during the first 12 h over 0000-1200 UTC 8
August but not in terms of the moving directions, which
are between north-northwest and north (cf. Figs. 15a,c).
Consistently, the TCs with 100% water vapor and the
largest LH effects (R01, R05, and R09) move at only about
5 km h™'. Anincrease in translation speed is predicted as
the initial moisture content is reduced by half (R02, R06,
and R10), and further to about 9-10 km h™ ! in tests with
little or no (0%-25% ) moisture (Table 3, left column).

As discussed earlier, the storm in R0O1 has increased
significantly in translation speed during the next 12 h
(1200-2400 UTC 8 August), but it remains closer to Taiwan
than those in R02-R04 because of its slow motion dur-
ing 0000-1200 UTC. In general, for 1200-2400 UTC, the
storms that still fit the relationship of a faster movement
with less rainfall to the south include R03 and R04, R06—
RO8, and R11 and R12 but not the others (Table 3,
middle column), so the results become inconsistent. The
reduced sensitivity of the TC track to moisture during
the second 12-h period on 8 August is likely due to at
least two reasons. First, the strong convection occurs
closer to the TC center before 1200 UTC. Wuet al. (2011)
indicates that the primary rainfall associated with Morakot
expanded outward with time and stayed over southern
Taiwan when the TC center moved northward during
the postlandfall period. Thus, the sensitivity of the storm
track to LH is reduced after 1200 UTC as the model TC
center moves farther away from the area of heavy rain-
fall, also in agreement with Wang and Holland (1996).
Second, it is also likely that the slow motion during 0000—
1200 UTC 8 August may have augmented the impact of
the LH effect as suggested by Chan et al. (2002), since
slower-moving rainbands may have generated stronger
and more effective local heating. On 9 August, the trans-
lation speeds are all around 10-11 km h™! in the same
direction regardless of the moisture amount or topog-
raphy (Table 3, right column) as the TC gradually weak-
ened (cf. Fig. 9).
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TABLE 3. Summary of TC translation speeds (1 km h™" = 0.28 m s~ ') and directions during two 12-h time periods on 8 Aug and the
24-h period on 9 Aug for the sensitivity tests RO1-R12 as described in Table 2. All entries are computed using the locations of TC center at
the two endpoints of each period (as in Figs. 15a—c). An entry of “N/A” indicates that the low-level TC center had disappeared during the

corresponding time period.

0000-1200 UTC 8 Aug (12 h)

1200-2400 UTC 8 Aug (12 h)

0000-2400 UTC 9 Aug (24 h)

Expt Speed (km h™ 1) Direction (°) Speed (km h™ 1) Direction (°) Speed (km h™1) Direction (°)
RO1 4.92 340 11.22 351 11.98 333
R02 8.14 335 10.20 355 10.04 345
RO3 9.48 324 8.14 332 11.60 343
RO4 9.75 329 9.59 345 N/A N/A
RO5 5.61 351 13.89 4 10.22 324
RO6 7.44 353 7.53 317 10.72 342
RO7 9.40 350 8.14 335 11.36 321
RO8 10.17 360 11.78 330 N/A N/A
R09 3.79 347 13.97 7 10.36 333
R10 6.47 360 10.99 327 10.43 339
R11 8.32 360 8.13 313 10.99 327
R12 8.32 360 10.74 321 N/A N/A

When the moisture content is decreased in the model,
two effects other than the reduction in asymmetric LH
need to be considered. First, the overall reduction of LH
(and rainfall, cf. Figs. 16, 17) also leads to a weakening of
the vertical coupling mechanism from deep convection,
and the upper- and lower-level TC vortices may become
decoupled and drift separately (e.g., Wang and Holland
1996; Wu and Wang 2001). Second, the different tracks
among the sensitivity tests can result in variations in the
mean (steering) flow. The mean ambient flow com-
puted from the 0.25° X 0.25° ECMWF YOTC analyses
within a radius of 700 km from the TC center (over
a circular area with equal weights) for the period
of 0000-1200 UTC 8 August (Fig. 18) indicates a rel-
atively strong southerly flow at low levels (about
5 m s ! near 850 hPa) and a weak northerly flow aloft
(<2 m s~ ! near 300 hPa). The vertical wind shear vector
thus pointed toward the south. Notice that the strongest
convection was mainly to the downshear left of the TC
(cf. Figs. 5c, 6e-g) and consistent with the findings of
Corbosiero and Molinari (2002, 2003). The stronger
southerly flow at low levels may contribute to a more
rapid northward movement of the TC seen in Figs. 15a,c
to some extent once it becomes decoupled from the
vortex aloft. The TC tracks determined from the upper-
level center near 6.1 km (Fig. 15d), nonetheless, again
show a faster motion in RO2 compared to RO1 when the
initial moisture content is reduced from 100% to 50%
(also Table 4). A similar relative displacement between
the upper-level TCs with respect to the low-level centers
is also maintained in R01 and R02 (Figs. 15a,d) during
0000-1200 UTC 8 August. In other words, the TC in R02
is still vertically coupled and the low-level storm does
not move significantly faster than the upper-level one

compared to the vortex in RO1, at least up to 1200 UTC 8
August (cf. Table 4). Only when the initial moisture
content is further reduced to 25% or less in RO3 and R04
does the upper-level vortex start to lag the low-level
center (Figs. 15a,d), which is clearly due to the much
weaker ambient flow near 400-500 hPa (cf. Fig. 18).
These changes in the TC movement indicate some ver-
tical decoupling of the vortex. Since the low-level vortices
in R03 and R04 maintain a more consistent behavior and
move only slightly faster than the TC in R02 (cf. Fig. 15a),
as would be expected from a further reduction of LH
asymmetry, the impact of vertical decoupling appears to
be stronger at upper levels. Compared to that in R0O1, the
TC in RO3 is also accompanied by a slight weakening in
the southerly deep-layer mean flow by 2.4 km h!
(0.67 m s~ ') during 00001200 UTC 8 August (Fig. 18).
Although small, this difference can also account for
a fraction of the slow motion of the upper-level vortex in
RO3 (and likely R04 as well).

To further confirm the robustness of our results, six
additional tests are performed using gridded data from
JMA (the regional analyses) and NCEP (final analyses),
as described in section 2c. Named as J01-J03 and NO1-
NO3, respectively, these tests are otherwise identical to
RO1-RO3 (cf. Tables 2, 3) except for the data source of
ICs/BCs. Their main results following the same pro-
cedure are shown in Figs. 15e,f and Table 5. The tracks
are generally more toward the northwest, and both tests
using full moisture content (JO1 and NO1) yield a TC
translation speed near 9 km h ™! during 0000-1200 UTC
8 August. Although these experiments predict less of the
slow motion compared to RO1, the reduced moisture
tests do consistently show an increasingly faster trans-
lation speed during the first 12 h (Figs. 15e.f, Table 5).
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y Mean 850-200-hPa
vertical wind shear

FIG. 18. Hodographs of the mean flow (m s~') computed from
the ECMWF YOTC analyses over a circular area within the radius
of 700 km from the TC center during 0000-1200 UTC 8 Aug 20009.
Numbers indicate pressure levels (hPa) at nearby dots on the curve.
Mean 850-200-hPa vertical wind shear vector (dashed arrow) and
deep-layer mean wind vector (averaged over 3-7 km and the same
circular area with respect to TC) in RO1 and R03 (dotted arrows)
are plotted and labeled.

For this period, the speed differences are about 4.5 km h™*
between JO1 and J03 and 5.4 km h™! between NO1 and
NO3, both comparable to those between R01 and R03
(cf. Table 3). Between the full and 50% moisture tests,
where the TC vortices are vertically coherent and intact
(not shown), the corresponding speed increase is 2.6
(from JO1 to J02) and 4.3 km h™! (from NO1 to N02) and
a similar behavior also occurs during 1200-2400 UTC 8
August (Table 5). It is noted that a minimum translation
speed of near or over 10 km h™! on 8 August is also ob-
tained in the control runs of several previous studies on
Morakot using NCEP analyses (e.g., Liang et al. 2011;
Huang et al. 2011; Yen et al. 2011).

Thus, the robustness of our predictions with the
ECMWF YOTC fields is confirmed and the changes
in LH asymmetry indeed account for most of the dif-
ferences in translation speeds in Fig. 15 (and Tables 3, 5).
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It is therefore concluded that the track of Morakot
in the first 12 h upon leaving Taiwan was indeed
influenced by the LH effect associated with asym-
metric rainfall, such that it moved more slowly than
might have been expected from the steering effect
(Fig. 7).

b. Steering flow analysis

Chien and Kuo (2011) analyzed the evolution of the
mean ambient (steering) flow of Morakot inside an an-
nulus between 300 and 700 km at five levels between
700 and 300 hPa (every 100 hPa) using the 0.25° X 0.25°
ECMWF YOTC analyses. Whereas the averaged steer-
ing flow was from the east and was weakening prior to
0000 UTC 8 August, the flow then changed to be from the
south by 0000 UTC 9 August (their Figs. 13 and 14a,b),
which is consistent with the track of Morakot (also Wu
etal.2011; Liang et al. 2011). During the transition period
on 8 August, the steering flow changes occurred mainly
at 300400 hPa, where weak northerly-to-northeasterly
winds were analyzed (also Fig. 18). Since a southerly
flow of about 9-18 km h™' was maintained at S00-700 hPa
(Chien and Kuo 2011), the deep-layer-averaged mean
flow was then from the south (cf. Fig. 18).

Similar calculations of the 700-300-hPa mean flow as in
Fig. 18 (over a circular area within 700 km) have been
made using ECMWF YOTC, ECMWF TOGA (1.125° X
1.125°), and NCEP analyses (Fig. 19). In agreement with
Chien and Kuo (2011), the deep-layer mean flow shifted
from easterly to southerly on 8 August (Fig. 19a), and
reached a minimum speed around 0000 UTC 8 August
(Fig. 19b). Note that the estimated mean flow speeds
vary from about 7.2 km h™! at 0600 UTC 8 August (cf.
Fig. 18) to over 11.5 km h™' at 0000 UTC 9 August.
However, the translation speed of Morakot was even
smaller during this period (Figs. 19a,b, cf. Fig. 1); that is,
the mean flow speed averaged over 0600-1800 UTC 8
August was about 9 km h™! and the translation speed of
Morakot was only about 5.5 km h™'. These calculations
are consistent with the tests RO1-R04 (Table 3, Figs.
15a—c), in which the TC translation speed is reduced to
5 km h~! after 0000 UTC 8 August with the full mois-
ture but was near 10 km h™ ' with limited moisture. As

TABLE 4. As in Table 3, but for the summary of TC translation speeds (1 km h™! = 0.28 m s~ ') and directions determined using upper-
level centers near 6.1 km in RO1-R04.

0000-1200 UTC 8 Aug (12 h)

1200-2400 UTC 8 Aug (12 h)

00002400 UTC 9 Aug (24 h)

Expt Speed (km h™") Direction (°) Speed (km h™") Direction (°) Speed (km h™') Direction (°)
RO1 4.70 10 11.38 347 10.84 324
R02 7.40 360 11.29 317 11.19 335
RO3 3.79 347 11.02 337 10.96 332
R04 3.79 13 13.80 331 11.60 343
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TABLE 5. As in Table 3, but for the summary of TC translation
speeds (1 km h™! = 0.28 m s~ ') and directions during two 12-h
time periods on 8 Aug for the sensitivity tests JO1-J03 and NO1-
NO3.

0000-1200 UTC 8 Aug 1200-2400 UTC 8 Aug

Speed Direction Speed Direction
Expt  (kmh'') ©) (km h™ ") @)
Jo1 9.28 355 10.04 317
Jo2 11.88 339 12.74 291
Jo3 13.80 331 8.53 276
NO1 8.99 338 7.53 317
NO02 13.24 352 9.48 321
NO3 14.39 315 6.99 302

noted earlier, the differences in speed among J01-J03
and NO1-NO03 are also close to 5 km h™', although JO1
and NO1 admittedly capture less of the slow motion us-
ing JMA and NCEP analyses as ICs/BCs, respectively.

c¢. Diagnostics on TC motion

In this section, further diagnosis on the TC motion in
the sensitivity tests will be explored based on kinematics
of low pressure systems. Consider first the TC vortex
structure near 2.1 km (level 9) during 0000-1200 UTC 8
August in R01 (CTL2) and RO3 (Fig. 20). For the 25%
reduced water vapor test (R03), the model vortex
structure shows a steady degradation with time. Even
though the integration is only 12 h, such a weakening is
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anticipated since the latent heat release has been greatly
reduced and thus the vertical coupling mechanism is
almost missing in the model as discussed. Thus, a com-
parison between the vortices in RO1 and R03 can illus-
trate the reduced LH effect on the TC motion.

In a quasi-Lagrangian (QL) frame following the move-
ment of a pressure system, the total derivative 6Q/6t of an
arbitrary quantity Q can be expressed as

50 _90

+C-V, 0,
S5t ot n€

1)
where dQ/dt is the local tendency of Q in a fixed (Car-
tesian) frame, C = (c,, ¢,) is the motion vector in the x—y
plane at origin of the QL frame, and V,, is the horizontal
gradient operator. For a low pressure center (such as a
TC) where V,,p = 0 (or near 0), let Q = V,,p and 9°p/dxdy
can be assumed negligible. Substituting these relation-
ships into Eq. (1), C can be solved as

. - d(8pldt — aplat)/dx

o 9%plox? ’ ®
. = d(8plét — aplat)/dy
y azp/ayZ

Thus, Eq. (2) can be used to diagnose the motion of
a TC, such as Morakot, based on simple kinematics.

@ [
L e e TR L S N SR T BN SCNRIEN
L A AL BT RIS L
ECYOTCF *= = ™ 3 = & &% % ¢ 2 1 1 1 1 12
ECTOGAF = *= ™ > 5 5 &% &% % r % 1 1 1 1 1 12
NCEPf *m *m *wm * = = & 3§ 1 t 3§ t 3 t 3 1 1
1 " " 1 L L 1 " " 1 L 1
08/06 08/07 08/08 08/09 08/10
(b) 10
—t— FC-TOGA = ® =FEC-YOTC —e—cwb =--&=-JTWC <& NCEP
8
'.'g .
=
2 4
o
w
2

o
08/06 08/07

L]
08/09 08/10

FIG. 19. (a) Mean flow [full (half) barbs are 2 (1) m s~ '] from 300 to 700 hPa over a circular area
of radius 700 km from the three datasets compared with the motion vectors from center positions
of Morakot from two operational agencies (JTWC and CWB) at 6-h intervals during 0000 UTC 6—
10 Aug 2009. The 8-9 Aug period when Morakot clearly moved slower than the mean flow is
indicated by a dotted box. (b) As in (a), but the flow and moving speeds are plotted as curves.
Mean steering flow speeds obtained by Chien and Kuo (2011) are marked by crosses in (b).
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F1G. 20. Distribution of azimuthally averaged wind speed
(m s~ ') ataheight near 2.1 km with respect to radius from TC center
during 0000-1200 UTC 8 Aug 2009 in sensitivity test (a) RO1 and (b)
RO03. Thick dashed curves depict the radius of maximum wind.

Such a diagnosis is performed here for the R01 and R03
tests for all height levels. The results averaged through
the layer of 3-7 km and over 0000-1200 UTC 8 August,
and aggregated from 3- to 30-km horizontal resolution
to smooth out cloud-scale features are shown in Fig. 21.

For the full moisture RO1 test (Fig. 21a), the hori-
zontal Laplacian of p (Vip = 8°plox* + a*p/dy*) within
about 200 km from the TC center is mostly positive as
expected. The p tendency difference (6p/6¢t — dp/at) of
about 25 Pa (30 min) ! over 500 km in the numerator
in Eq. (2) has a clear dipole structure with positive
values to the north-northwest and negative values to
the southeast of the TC center. As Eq. (2) is intended to
apply at (or near) the TC center, the (smoothed) di-
agnostic motion vectors are only plotted within a radius
of 180 km. These vectors are generally pointed toward
the north-northwest at 3.6-10.8 km h™!, with a mean
value of 4.8 km h™! toward 341° (Fig. 21a). For the 50%
reduced moisture test in RO3 (Fig. 21b, cf. Figs. 16¢, 17a),
the values of V;p around the TC center are somewhat
reduced as expected from Fig. 20b. However, the p ten-
dency difference becomes larger [about 45 Pa (30 min) "
over 500 km], so the motion vectors are significantly
larger (roughly 7.2-18 km h™') toward the northwest,
with a mean value inside 180 km of 11.2 km h™' toward
319°. This faster motion in R03 is mainly caused by a
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nearly doubled gradient of p tendency difference in
magnitude, especially near the TC center. Since the LH
effect just to the southeast of the center in RO1 decreases
dp/at (becoming more negative) and raises the p tendency
difference (to near and above zero), this eventually
lowers the gradient of 8p/8t — dp/dt near the center (cf.
Fig. 21a). The larger vector in RO03 is also partially due to
the weaker values of Vzp surrounding the TC center.

The difference between the two (mean) motion vec-
tors in Figs. 21a,b is 5.8 km h™! at 125°, that is, toward
the southeast or the rear of the TC, which is considered
to mainly correspond to the (asymmetric) LH effect due
to the rainfall differences shown in Fig. 17a. Although
not examined here, it is likely that the slow background
flow during this period (e.g., Chien and Kuo 2011; Wu
et al. 2011) may have enhanced the impact of the
asymmetric diabatic LH effect as suggested by Chan
et al. (2002). Overall, the kinematic diagnosis of the TC
motion difference in Fig. 21 is quite consistent with the
asymmetric LH effect hypothesis (Fig. 7), as well as with
the results of sensitivity tests (sections 3 and 4a) and
steering flow analysis (section 4b).

5. Summary and conclusions

Typhoon Morakot (TY0908) struck Taiwan in early
August 2009, and it brought extreme rainfall of almost
3000 mm in southern Taiwan and caused the worst
damage in the past 50 yr. Typhoon-monsoon flow inter-
actions with mesoscale convection, the water vapor sup-
ply by the monsoon flow, and the slow moving speed
of the storm are considered to be the main reasons for
the record-breaking rainfall. In particular, the unusually
slow translation speed (only about 5 km h™!) toward the
north-northwest of Morakot on 8 August upon leaving
Taiwan was an important key factor for the extreme
rainfall, as the rain was also the heaviest during this pe-
riod. Since a persistent asymmetric rainfall pattern to
the south-southeast of Morakot existed due to the in-
teraction of the typhoon circulation with the monsoon
flow (and vertical wind shear), the slow speed on 8 August
is hypothesized to have a contribution from the latent
heating effect associated with the asymmetric rainfall.
Sensitivity tests with the CReSS model have been used
to test this hypothesis.

Using the ECMWF YOTC gridded analyses at 0.25°
and 6-h resolution as ICs/BCs, the CReSS model with a
grid size of 3 km and 50 levels is highly skillful in cap-
turing the structural characteristics and overall evolu-
tion of Morakot during 6-10 August 2009, including its
slow speed on 8 August. The rainfall simulation over
Taiwan also compares favorably with rain gauge data in
both amount and distribution. Sensitivity tests with
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FIG. 21. The 3-7-km vertically averaged Laplacian of p (10~ % Pa m™~2; color, scale on right), difference in p tendency in QL minus fixed
frame [8p/6t — dp/or; Pa (30 min)~*; thick contours, dashed for negative values], and diagnostic TC motion vectors C = (c,, ¢,) (m s,
reference vector plotted at bottom) after averaging within a radius of 180 km (dotted circle) and over the period 0000-1200 UTC 8 Aug
2009 for the (a) RO1 (CTL2) and (b) RO3 tests. These vectors are plotted in QL frame (x and y axes in km), and the TC center is depicted by
asolid circle at the origin. All variables have been aggregated from 3- to 30-km resolution on x—y plane to remove small-scale features, and

the motion vectors are further smoothed by a nine-point smoother 3 times.

different moisture content (100%, 50%, 25%, and 0%)
and with different Taiwan terrain heights (100%, 50%,
and 0%) have been carried out for the critical post-
landfall period of 0000 UTC 8-10 August. These tests
have consistent discernible differences in the motion of
Morakot during 0000-1200 UTC on 8 August due to the
moisture content variations. Specifically, the storms with
100% moisture content (and full LH effect) move the
slowest (~5 km h™') and those with reduced moisture
(25% and 0%) move much faster (~10 km h™"). Thus,
these tests suggest that the asymmetric LH effect con-
tributed to a slowdown of Morakot by about 5 km h™" (or
as much as 50%). A small portion of the slowdown may be
attributable to a weakening in the vertical coupling
mechanism and subsequently a faster advection by the
strong southerly flow at low levels. The speed differences
and the robustness of our results are further confirmed
through additional tests using JMA regional analyses
and NCEP final analyses for the ICs/BCs.

Analysis of the mean ambient (steering) flow within
a radius of 700 km of Morakot is carried out from three
datasets (ECMWF YOTC, ECMWF TOGA, and NCEP).
In general agreement with the results of Chien and Kuo
(2011), the estimated 700-300-hPa deep-layer mean
flow was indeed slow on 8 August, but it still averaged

about 9 km h™'. Thus, the synoptic steering flow ex-
ceeded the typhoon translation speed by approximately
4-5 km h™! during the postlandfall period, when the
extreme rainfall occurred in southern Taiwan. The speed
reduction calculated for the LH sensitivity tests is in
general agreement with this difference between the syn-
optic steering speed and the observed typhoon trans-
lation speed and is supported by a diagnosis of TC motion
based on simple kinematics of pressure systems. When
Morakot moved farther away and the asymmetric heating
decreased, the track differences among the tests become
smaller. Reduced topography sensitivity tests have a
smaller effect on the track compared to the moisture
tests. The rainfall was reduced in the southern CMR, but
the overall asymmetrical rainfall pattern that arises from
the interaction and convergence between typhoon cir-
culation and monsoon flow was maintained.

This study emphasizes the potential contribution of
asymmetric heating to the slowdown of typhoon motion
in the presence of complex terrain or in a monsoon en-
vironment. Consequently, all processes related to latent
heat release in the model, most importantly the cloud
microphysics, must be accurately represented for a suc-
cessful simulation (or prediction) of TC tracks, owing to
nonlinear feedbacks between the TC track and the
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rainfall distribution. Given the significant effects in the
case of Morakot, more study is recommended since it is
not uncommon for western North Pacific TCs to have
asymmetric rainfall patterns.
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