VOLUME 37 WEATHER AND FORECASTING DECEMBER 2022

REVIEW

A Decade after Typhoon Morakot (2009): What Have We Learned about
Its Physics and Predictability?

C

CHUNG-CHIEH WANG,* HUNG-CHI KUO,” YU-HAN CHEN,” SHIN-HAU CHEN,* AND KAZUHISA TSUBOKI

& Department of Earth Sciences, National Taiwan Normal University, Taipei, Taiwan
° Department of Atmospheric Sciences, National Taiwan University, Taipei, Taiwan
¢ Institute for Space-Earth Environmental Research, Nagoya University, Nagoya, Japan

(Manuscript received 9 December 2021, in final form 21 August 2022)

ABSTRACT: Typhoon Morakot struck Taiwan during 7-9 August 2009 and became the deadliest tropical cyclone (TC)
in five decades by producing up to 2635 mm of rain in 48 h, breaking the world record. The extreme rainfall of Morakot
resulted from the strong interaction among several favorable factors that occurred simultaneously. These factors from large
scale to small scale include the following: 1) weak environmental steering flow linked to the evolution of the monsoon gyre
and consequently slow TC motion; 2) a strong moisture surge due to low-level southwesterly flow; 3) asymmetric rainfall
and latent heating near southern Taiwan to further reduce the TC’s forward motion as its center began moving away from
Taiwan; 4) enhanced rainfall due to steep topography; 5) atypical structure with a weak inner core, enhancing its suscepti-
bility to the latent heating effect; and 6) cell merger and back building inside the rainbands associated with the interaction
between the low-level jet and convective updrafts. From a forecasting standpoint, the present-day convective-permitting or
cloud-resolving regional models are capable of short-range predictions of the Morakot event starting from 6 August. At
longer ranges beyond 3 days, larger uncertainty exists in the track forecast and an ensemble approach is necessary. Due to
the large computational demand at the required high resolution, the time-lagged strategy is shown to be a feasible option
to produce useful information on rainfall probabilities of the event.

KEYWORDS: Extreme events; Hurricanes/typhoons; Monsoons; Rainfall; Mesoscale forecasting;
Numerical weather prediction/forecasting

1. Introduction Sandy (2012) in the United States (e.g., McTaggart-Cowan
et al. 2007; Blake et al. 2013; Galarneau et al. 2013), and
Typhoon (TY) Haiyan (2013) in the Philippines (Soria et al.
2016). In Taiwan, such threats tend to occur only for intense
TCs of particular track types, i.e., those TCs that approach
Taiwan’s low-lying plains from the southwest or move to a
specific spot just to the northwest of the northern tip of the
island. If the TCs do not make landfall, they maintain their
strength and strong winds can blow directly onshore over
flat low-lands. Because of these special conditions, TC-related
wind damage events are less frequent in Taiwan. For most of
the TCs that approach Taiwan from the east, the CMR con-
tributes to increased rainfall on the windward side through up-
lifting (and decreased rainfall on the leeside), but the high
terrain also reduces the TC intensity prior to and during land-
fall (e.g., Liou et al. 2016). Thus, in many circumstances, some
areas, mainly the leeside, are protected from wind damage by
the topography of Taiwan.

During 7-9 August 2009, Taiwan was hit by TY Morakot
(2009), which became the deadliest TC on record since 1959,
with casualties of nearly 700 [source: Central Weather Bureau
(CWB) of Taiwan]. Reaching 2635 mm in 48 h (and 2855 mm
in 4 days, Chanson 2010), the rainfall brought by Morakot broke
@ Denotes content that is immediately available upon publica- many local records (Hsu et al. 2010; Wang et al. 2015). The high
tion as open access. . . . . .

death toll in Taiwan was mainly caused by a single devastating
landslide at around 0610 LST 9 August (LST = UTC + 8 h)
Corresponding author: Chung-Chieh Wang, cwang@ntnu.edu.tw that buried the entire village of Shiao-Lin, which is located in a

Due to its location in the paths of tropical cyclones (TCs)
in the western North Pacific (WNP), Taiwan is struck by
3.6 typhoons per season (Wang 1989; Wu and Kuo 1999).
Mainly due to the steep topography, in particular the Central
Mountain Range (CMR) and the Snow Mountain Range
(SMR,; Fig. 1a), TCs can bring heavy to extreme rainfall amounts
to Taiwan. Thus, flash floods, inundation, landslides, and debris
flows constitute the major hazards from TCs in Taiwan. As the
monsoon is also active in the WNP and East Asia (e.g., Ding and
Chan 2005; Wang 2006; Zhou et al. 2011), extreme rainfall can
occur when a TC interacts with the monsoon to enhance the
moisture supply or lengthen the duration of heavy rainfall and
thus the impacts from that rain.

In heavily populated, low-lying coastal regions around the
world that encounter TCs, the gale-force winds and storm
surge are major threats that cause great damage (Marks and
Shay 1998; Emanuel 2005; Rogers et al. 2013). Some notewor-
thy examples are Cyclone Nargis (2008) in Myanmar (Webster
2008; McPhaden et al. 2009), Hurricanes Katrina (2005) and
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FI1G. 1. (a) The topography (m; color) of Taiwan and the locations of rain gauges (dots) during TY Morakot (2009).
The red dots depict those damaged by Morakot, and the two major mountain ranges CMR and SMR are marked.
(b) Distribution of total (5 day) accumulated rainfall (mm) in Taiwan from 5 to 9 Aug 2009 [Source: Central Weather
Bureau (CWB)]. The dotted box indicates the averaging region used in Fig. 9.

valley in the southern CMR. This landslide was due to the fail-
ure of a blockage that formed upstream earlier by mudslides
from prolonged heavy rainfall (Petley 2010; C.-W. Chen et al.
2013; Wu et al. 2014). After Morakot, the Taiwan government
launched a major effort to investigate the event and understand
the reasons for its occurrence (Hsu et al. 2010; Lee et al. 2011;
Wu 2013).

Approximately 75 papers have been published in the open
literature on various aspects of TY Morakot (2009), including
reviews by Hsu et al. (2010), Lee et al. (2011), and Wu (2013).
In Lee et al. (2011), TY Morakot (2009) was termed a
“perfect storm” due to its record-breaking rainfall in Taiwan
(also Kuo et al. 2012). As the three reviews only referenced
studies published up to 2011, it appears to be a suitable time
now to provide a comprehensive review on TY Morakot
(2009) in terms of what we have learned about the physical
processes occurring on a variety of scales from large to small,
and on the interactions across the scales. The first part of this
review will be on the physics and dynamics of Morakot with
particular emphasis on more unique or significant aspects of
TY Morakot compared to more typical TCs in the Taiwan
region.

The second part of the review is on the predictability of
Morakot (2009) from the perspectives of numerical weather
prediction and hazard reduction. First, a discussion is pro-
vided to answer the question whether the present-day models
are capable of predicting the Morakot event? The answer is a
resounding “yes.” Then, an intercomparison of the setups and
configurations of the numerical experiments will be used to
isolate the model characteristics that contribute to the improved
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forecasts. A discussion on the reasons for the improvement are
provided. Some modeling studies not focused on understanding
the physical mechanisms are also reviewed in the second part of
the paper. While attempting to be as comprehensive as possible,
it is inevitable that some studies might be left out.

2. Review on the dynamics and physics of Morakot
(2009): A perfect storm

For an extreme event like TY Morakot (2009), which was
estimated by Chu et al. (2011) to have a return period of at
least around 100 years for southwestern Taiwan, it is antici-
pated that a greater number of factors or ingredients must
have interacted in a manner much more favorable than occurs
with typical or ordinary TCs. Indeed, many studies have in-
vestigated these favorable factors ranging from large to small
scales, including the interactions among them.

The infrared (IR) cloud imagery from the geostationary
Multifunctional Transport Satellite (MTSAT) and the 850-hPa
geopotential and wind fields from the National Centers for
Environmental Prediction (NCEP) final analysis (FNL) at
1200 UTC 7 August 2009 are presented in Fig. 2. These anal-
yses are about six hours before landfall in Taiwan, which is in-
dicated by the best track from the CWB in Fig. 2a. After
Morakot reached tropical storm (TS) intensity on 3 August, it
moved almost due west to approach Taiwan but then turned
toward the north-northwest during 7 August (Fig. 2a). Such a
sudden change in track is typically accompanied by slow TC
translation, as it indicates a shift in the large-scale steering flow
(Wu et al. 2011; Chien and Kuo 2011). For TY Morakot (2009),
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FIG. 2. (a) The CWB best track of TY Morakot (2009) overlaid with MTSAT IR cloud imagery
at 1200 UTC 7 Aug 2009. The TC positions are given every 6 h (labeled at 0000 UTC), with inten-
sity based on 10-min-averaged wind speed at 10-m height (on the Saffir—Simpson scale) shown in
color. (b) The NCEP FNL analysis of geopotential height (gpm; contours) and horizontal winds
[m s~ full (half) barb = 10 (5) m s~ !, wind speed shaded] at 850 hPa at 1200 UTC 7 Aug 2009.

its track change and slow motion near Taiwan were closely
linked to the evolution of a monsoon gyre (Lander 1994) that
was 4000 km in size at the intraseasonal time scale and included
two other TCs (Goni and Etau) besides Morakot (Fig. 2). While
Morakot never reached category 2 on the Saffir—Simpson scale,
it moved very slowly as it impacted Taiwan during 7-9 August,
and thus produced peak rainfalls of 1663 mm in 24 h, 2635 mm
in 48 h, and 2748 mm in 72 h (Hsu et al. 2010; Wang et al.
2015). The 48-h total exceeds the world record of 2493 mm
(Burt 2014; World Meteorological Organization World Archive
of Weather and Climate Extremes: http://wmo.asu.edu/#global).

In one of the earliest studies on Morakot, Hong et al. (2010)
applied wavelet analysis and demonstrated that the cyclonic gyre
at submonthly time scales propagated from southeast to
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northwest toward Taiwan at about 5 m s~ ' during early
August 2009 (Figs. 3a—c), which led to Morakot being embed-
ded in an easterly steering flow after formation. As the gyre
continued to propagate northwestward, its center became col-
located with Morakot (at synoptic scale) around 8 August (cf.
Fig. 3a and Fig. 2a), which led to a weak steering flow for the
storm. However, the gyre contributed to a strong surge in
westerly to southwesterly flow toward southern Taiwan during
and following 7 August. The moisture-laden southwesterlies
impinging on southern Taiwan were most evident on 8 August
(Fig. 3c), and was superposed and enhanced by waves at time
scales beyond one month (Fig. 3d, also Chen and Shih 2012;
J.-M. Chen et al. 2013). This surge of southwesterly flow led to
the northward turn of Morakot.
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FIG. 3. (a)-(c) ECMWEF-YOTC (0.25° X 0.25°) 10-30-day time-filtered wind and moisture anomalies at 850 hPa
(top labels on the color scale), centered on (a) 31 Jul, (b) 5 Aug, and (c) 8 Aug 2009, respectively. The center of the
submonthly circulation is marked by a red “X,” and the red dashed arrow in (b) indicates its propagation direction.
(d) As in (b), but for the 40-50-day perturbation on 5 Aug 2009 (bottom labels on the color scale). All panels are

adapted from Fig. 3 of Hong et al. (2010).

In Wu et al. (2011) and Liang et al. (2011), Morakot was
also found to be influenced by intraseasonal oscillations: its
northward turn near Taiwan was likely caused by the TC in-
teracting with a gyre at the quasi-biweekly (QBW) time scale
(10-20 days) in the lower troposphere, similar to as depicted
in Figs. 3a—c. Using numerical experiments, Liang et al. (2011)
showed that without the QBW flow, a sharp northward turn
similar to what occurred in the observations and in a control
(CTL) experiment does not occur. Nor does the westward
movement occur prior to landfall without the synoptic-scale
(<10 day) flow (Fig. 4a, also Huang et al. 2017). Additional sen-
sitivity tests in which the topography of Taiwan was reduced
and removed confirmed that the topography had only a minor
effect on the track (Fig. 4b, Liang et al. 2011). Therefore, the
track of Morakot was mainly influenced by the background
steering flow. Wu et al. (2013) found that such interactions of
synoptic disturbances with the background gyre, including a
gyre with a time scale > 20 days such as the Madden—Julian
oscillation (MJO) in some cases, can account for the sudden
track change of many TCs in the WNP (see also Liang and Wu
2015; Huang et al. 2017). Among other factors, trough interac-
tions during extratropical transition can also cause changes in
TC tracks (e.g., Archambault et al. 2013; Evans et al. 2017), but
they tend to occur near midlatitudes under a faster moving
speed, so are less relevant to Morakot. The slow translation of
TY Morakot (2009) as it passed over Taiwan (cf. Fig. 2a), over
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a duration estimated to be 64 h by Chien and Kuo (2011), has
been identified by many studies as a key factor contributing to
the extreme rainfall of Morakot, if not the most important
factor (also Yen et al. 2011; Wang et al. 2012).

Linked to the evolution of the background monsoon gyre
and the overall slow motion of TY Morakot (2009) near
Taiwan, the southwesterly flow surge (cf. Fig. 3c; Hong et al.
2010; J.-M. Chen et al. 2013) counteracted the initial easterly
background flow and thereby led to the northward turn. In ad-
dition, the southwesterly surge enhanced the low-level mois-
ture supply (=16 g kg~ over 950-700 hPa; C.-Y. Lin et al.
2011) to such an extent that it surpassed all other TCs with a
similar track since at least 1977 (Chien and Kuo 2011; also Ge
et al. 2010; Nguyen and Chen 2011; Yu and Cheng 2013;
Huang and Chao 2013; Y.-H. Chen et al. 2017). As Morakot
was impacting Taiwan, the strong southwesterly flow con-
verged with the northwesterly flow around the TC at low lev-
els over the southern Taiwan Strait to form a primary
rainband that was highly asymmetric with deep convection es-
pecially to the south of the TC center, as shown in Fig. 5 and
many observational studies (e.g., Chen et al. 2010; Jou et al.
2010; Wei et al. 2012). While this persistent, asymmetric rain-
fall pattern was also consistent with the northerly vertical wind
shear (VWS) of about 5 m s~ (Corbosiero and Molinari 2002;
Chien and Kuo 2011; Wang et al. 2012), the inner core of
Morakot was weak and the rainbands were largely collocated
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FIG. 4. Simulated tracks of TY Morakot with marks every 12 h
from 1200 UTC 5 Aug to 0000 UTC 10 Aug 2009 in six sensitivity
experiments: (a) CTL (control), NO-QBW (no QBW-scale flows),
NO-SYN (no synoptic-scale flows), and ONLY-MJO (no QBW-
or synoptic-scale flows, i.e., only MJO-scale flows) in initial fields,
and (b) CTL, T100 (terrain of Taiwan limited to 100 m), and
OCEAN (Taiwan replaced by ocean), respectively. All other settings
in sensitivity test experiments are identical to the CTL (adapted
from Figs. 8b and 10b of Liang et al. 2011).
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with the outer circulation far from the center (Fig. 5, also
Chen et al. 2010; Hall et al. 2013). This atypical structure was
likely also linked to the low-frequency background gyre
(Hong et al. 2010; Wu et al. 2011), which enhanced the south-
westerly flow and its associated moisture supply (Chien and
Kuo 2011; Nguyen and Chen 2011). During 8-9 August when
Morakot was slowly moving away from Taiwan, the rainbands
also expanded outward in conjunction with the topographic
effect (Wu et al. 2011). In addition to the east-west-oriented
(E-W) rainbands roughly parallel to the low-level flow, a
north-south topographically forced rainband also formed and
persisted along the windward (western) slopes of the CMR
(ct. Figs. 1a and 5, also Liou et al. 2013). The terrain effect of
Taiwan will be further discussed later.

Being unstable and rich in moisture, the southwesterly (to
westerly) flow impinged on the CMR for a long period of
time during Morakot, and its low-level (0.5-3 km) wind speed
was nearly proportional to the areal-mean rain rate in the
southern CMR, with a correlation coefficient R of 0.88 (Jou
et al. 2010; Feng et al. 2012). This relationship can be ex-
plained by Huang et al. (2014), who found that the precipita-
tion efficiency in this event was ~95% and almost all of the
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water vapor in uplifted air condensed and fell as precipitation.
This precipitation efficiency value was also significantly higher
than the values of ~60%-75% over the upstream ocean
(Huang et al. 2014), and was presumably higher than in most
other TCs near Taiwan. Thus, many studies (e.g., Chien and
Kuo 2011; Huang et al. 2011; C.-Y. Lin et al. 2011; Xie and
Zhang 2012) consider the concurrent large-scale surge in low-
level southwesterly flow and its convergence with the circulation
of TY Morakot (2009) as crucial to explaining the extreme rain-
fall of Morakot.

One of the most intriguing phenomena that stemmed from
the case of Morakot is perhaps the effect and feedback of
asymmetric latent heating (LH) on TC motion. Even though
the large-scale deep-layer steering flow weakened as Morakot
(2009) passed over Taiwan, gridded analyses indicate that the
southerly steering flow remained around 10 km h™! on 8 August
(Chien and Kuo 2011; Wang et al. 2012). However, Morakot
moved at only about 5-7 km h™! and nearly stalled upon exiting
Taiwan during this 24-h period (Fig. 2a), which is when the rain-
fall in the southern CMR was also the heaviest (Figs. 1a and 5;
Wang et al. 2012). As mentioned, the rainbands and deep con-
vection associated with TY Morakot (2009) were highly asym-
metric and were concentrated in the southern quadrants of the
storm during 8 August. Enhanced by the steep topography of
Taiwan, such an asymmetric rainfall and LH were first hypoth-
esized by Wang et al. (2012) to be the cause of the further
slowdown of Morakot on 8 August 2009 (Fig. 5b), and thus
were key factors that led to the extreme rainfall in southern
Taiwan. In sensitivity tests in which the moisture content (and
thus the LH effect) was reduced using the Cloud-Resolving
Storm Simulator (CReSS), Wang et al. (2012, their Fig. 15)
demonstrated that the stronger the asymmetric LH, the slower
the TC moved away from Taiwan during 0000-1200 UTC
8 August. More recently, Y.-H. Chen et al. (2017) computed
(azimuthal) wavenumber-1 (WN-1) potential vorticity (PV)
tendency in a TC-relative, quasi-Lagrangian framework (Wu
and Wang 2000) from a similar set of model sensitivity experi-
ments, and confirmed that the LH (or diabatic heating) effect,
with a large southeastward motion vector through PV genera-
tion, contributed to the slowdown of the departing Morakot
on 8 August (Fig. 6, also Huang et al. 2017). Furthermore, it
was mainly the E-W rainband that was collocated with a
strong PV gradient (Fig. 6a), rather than the north-south rain-
band on the windward slope, that contributed to PV genera-
tion to the rear of the storm that caused the additional
slowdown (Y.-H. Chen et al. 2017). Based on Chen et al.
(2010) and Wang et al. (2012), this E-W rainband lasted for
about 36 h (1200 UTC 7 August-0000 UTC 9 August) near
southern Taiwan. Thus, the interaction among the environ-
mental flow, TC track, its convection (if asymmetric), and the
topography can prolong the rainfall impact period under cer-
tain circumstances in Taiwan. Recently, a similar interac-
tion has also been shown to alter the structure of TS Kong-
Rey (2013) by Wang et al. (2021).

While the tracks of many TCs in the past were likely affected
by this asymmetric LH effect when they moved across Taiwan,
this phenomenon was first described after TY Morakot (Wang
et al. 2012, 2013a; Y.-H. Chen et al. 2017). Hsu et al. (2013)
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FIG. 5. Radar reflectivity vertical maximum indicator (VMI) composite (dBZ, scale on the right) near Taiwan, over-
laid with the ECMWE-YOTC 850-hPa horizontal winds [m s~ '; full (half) barb = 10 (5) m s™'] at (a) 0000 and
(b) 0600 UTC 8 Aug 2009. The TC center is marked by the typhoon symbol. The general flow direction is depicted by
the brown arrow lines in (a), and a schematic of the hypothesis of Wang et al. (2012) is shown in (b).

examined the translation speeds of 61 typhoons that made land-
fall on Taiwan from the east during 1960-2010, and the updated
results through 2015 from 67 TCs are shown in Fig. 7 (from
Su et al. 2017). For all TCs making landfall, their translation
speeds tended to accelerate before landfall and then decelerate
during the overland period and after departure (Fig. 7),
which the authors attributed to the convection (and PV gen-
eration) phase-locked to Taiwan’s topography. If the LH is
intense and persistent enough, the topography can act to
“attract” TCs and lengthen landfall duration. Hence, for
slow movers with heavy rainfall such as Morakot, the

(@)

9.1/291°

slowdown is more significant, which suggests a positive feed-
back between typhoon rainfall in southern Taiwan and du-
ration (red and blue curves, Fig. 7).

For the departure period of landfalling TCs, Y.-H. Chen
et al. (2017) demonstrated that the total rainfall in Taiwan
was highly correlated to the product of low-level southwest-
erly moisture flux upstream in the northern SCS and typhoon
impact duration. This high correlation is especially relevant
for TCs making landfall at 23°-24.5°N in the middle section of
Taiwan (including Morakot), with an R as high as 0.93 (their
Fig. 2b). The increased number of TCs with this type of track

(b) N
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Qs0
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FIG. 6. WN-1 PV tendency diagnostic results of typhoon motion (TM, black) and diabatic heating (DH) terms aver-

aged over 0000-1200 UTC 8 Aug from (a) CTL and T00 experiment in which the topography of Taiwan is flattened
(but the E-W rainband remains) and (b) CTL and Q50 experiment in which the moisture content is reduced by 50%
(but the north-south rainband remains). The TC center is at the origin. The translation speed (km h™') and direction
(degree) are labeled, and ATM and ADH denote the vector differences (dash arrows, CTL minus the sensitivity test)
(adapted from Fig. 7 of Y.-H. Chen et al. 2017).
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FIG. 7. Mean translation speeds (m s~ '; black curve) at 3-h intervals from 12 h before landfall
(“L”) to 12 h after departure (“D”) for 67 westward-moving TCs during 1960-2015 that made
landfall on the eastern coast of Taiwan and had a continuous track. The fast (green) and slow
TCs (red) are subgroups that had overland translation speeds above and below one standard de-
viation, respectively. The rainy cases (blue) are those having CWB gauge rainfall amounts over
1000 mm (summed over 21 manned stations) while over land. The number of cases is given in

the parentheses (adapted from Fig. 7 of Su et al. 2017).

(making landfall in central Taiwan) since 1988 compared to
1960-1988 (from 2 to 15), in combination with a long-term
strengthening of the southwesterly flow (Y.-H. Chen et al.
2017), helps to explain the significant increase in TC rainfall in
recent decades over Taiwan (Su et al. 2012; Chang et al. 2013).

Because TY Morakot (2009) was moving slowly and had a
large size with a strong outer circulation about 150-300 km
from its center (Fig. 5), southern Taiwan was under the impact
of Morakot during most of 8-9 August (also Wu et al. 2011). To
examine how the rainfall in Taiwan would differ if Morakot
was smaller and had a weaker circulation, Wang et al. (2020)
applied the piecewise PV inversion technique (PVIT; Davis and
Emanuel 1991; Davis 1992) to produce a smaller/weaker TC
vortex in the initial field at 0000 UTC 7 August 2009. For cases
in which the inner-core PV was significantly reduced, the moist
southwesterly flow was able to form the convergence zone with
the TC circulation at smaller radii and impinge on Taiwan’s to-
pography earlier. With an increased LH effect in the inner core,
the model TC vortex tended to spin up (e.g., Smith et al. 2009),
make landfall earlier and exit later, and thus stay over Taiwan
longer. Thus, this model result was in agreement with vortex
kinematics and previous studies on asymmetric LH (e.g., Wang
et al. 2012; Hsu et al. 2013; Y.-H. Chen et al. 2017). The rainfall
in Taiwan was at least comparable to that in the control experi-
ment in which the TC was not modified. However, the rain in-
creased at smaller radii (roughly <250 km) in northern and
central Taiwan, and decreased at larger radii (=250 km) by up
to 40% over the mountains in southern Taiwan. Thus, affected
by its background gyre, the vortex structure of TY Morakot did
appear to considerably influence the total rainfall in southern
CMR.
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The steep and complex topography of Taiwan has long
been recognized to enhance rainfall amounts through forced
uplift at the windward slopes and thereby dictate the overall
TC-related rainfall distribution (Chang et al. 1993; Lin et al.
2001; Cheung et al. 2008; Yu and Cheng 2014) and for the
monsoon flows (Kuo and Chen 1990; Chi 2006). The terrain-
enhanced rainfall in Morakot included the moisture-laden
southwesterly monsoon flow impinging on the southern CMR
(cf. Fig. 1; Chien and Kuo 2011; C.-Y. Lin et al. 2011; Liou
et al. 2013; Yu and Cheng 2013; Huang and Lin 2014). The
contribution of Taiwan’s topography to total Morakot rainfall
has been assessed by several numerical sensitivity tests with
estimates as high as 50%-80% of the peak amounts (Ge et al.
2010; Fang et al. 2011; Huang et al. 2011; Wang et al. 2012;
Xie and Zhang 2012; Huang et al. 2014). Yu and Cheng
(2014) used Doppler radar observations and estimated that
about 57% of the total rainfall in Morakot was due to the oro-
graphic enhancement by the southern CMR. Although there
are differences in the estimates, Yu and Cheng (2013) argue
that the topography of Taiwan is the most influential factor
on the amount of rain produced by Morakot. However, note
that the role of the topography is similar to all TC rainfall in
Taiwan and not unique to Morakot (e.g., Wu and Kuo 1999).

During the Morakot event, TS Goni was over the northern
SCS (cf. Fig. 2). In the WNP, binary TC interactions (e.g.,
Fujiwhara 1921; Kuo et al. 2000; Wu et al. 2003; Hoover
and Morgan 2011; Jang and Chun 2015) are not uncommon.
Huang et al. (2011) and Huang and Chao (2013) investi-
gated whether Goni might play a role in strengthening and
channeling the southwesterly flow toward southern Taiwan.
Using data assimilation in the four-dimensional variational
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(4DVAR) analysis system (Zou et al. 1997; Zou and Xiao
2000) of the fifth-generation Pennsylvania State University—
National Center for Atmospheric Research (PSU-NCAR)
mesoscale model (MMS; Dudhia et al. 2005), the vortex of
Goni was removed from the initial field at 0000 UTC 6 August.
Without Goni, the model-simulated maximum 72-h rainfall (6-8
August) in southern Taiwan is reduced by about 25% (from
2323 to 1737 mm) compared to the CTL experiment (Huang
et al. 2011), in general agreement with the assessment by
Nguyen and Chen (2011). Xu and Lu (2014) had a similar esti-
mate with a roughly 1/3 reduction in the peak rainfall amount.
Among other factors influencing Morakot, L.-I. Lin et al. (2011)
examined the effect of a warm ocean eddy that Morakot
encountered (on 6 August) before making landfall in Taiwan.
They found that the eddy increased the air-sea enthalpy flux
supply by ~200% and contributed to about 10% of the rainfall.
In general, warm ocean eddies affect TCs more in intensity than
rainfall (e.g., Lin et al. 2009; Kuo et al. 2018).

The persistent and quasi-stationary E-W rainband over the
Taiwan Strait contributed to the total rainfall in the plains
over southwestern Taiwan (Wang et al. 2015), and such a sce-
nario can also impact coastal regions severely under suitable
conditions, such as in the case of Hurricane Harvey in 2017
(e.g., Fernandez-Caban et al. 2019; Zhang et al. 2019). Inside
this rainband associated with Morakot, vigorous convective
cells were observed to repeatedly form, evolve, and propagate,
with frequent cell merging, strengthening, and back-building
behavior (e.g., Doswell et al. 1996; Johnson and Mapes 2001;
Chen et al. 2010; Wei et al. 2014). After moving onshore, these
cells produced heavy rainfall and led to widespread flooding
over the southwestern plains of Taiwan (C.-Y. Lin et al. 2011;
Wang et al. 2015).

Wang et al. (2015) studied the convective-scale processes
and interaction between the updrafts of convective cells inside
this rainband and the background VWS. This VWS was asso-
ciated with a westerly low-level jet (LLJ) of about 45 m s !
near 1 km in height (also Wei et al. 2012), and thus had a hair-
pin shape in the hodograph. Below the LLJ, the interaction
would produce negative (positive) dynamic pressure pertur-
bations (p/) ahead and east (behind and west) of convective
updrafts, as is typically found in midlatitudes (Rotunno and
Klemp 1982; Klemp 1987). Above 1 km, the easterly VWS
would produce positive (negative) p/, perturbations east (west)
of the convective updrafts. As depicted in Fig. 8, this vertical
coupling of p/; patterns would generate an upward-directed
perturbation pressure gradient force that would lead to an
enhancement of updrafts to the rear (west) side, which would
tend to slowdown the propagation of mature cells. Such a
slowing of the propagation would promote merging with new
cells, low-level convergence, and convective back-building
(Wang et al. 2015). These convective-scale processes also tend
to enhance convective activity inside the rainbands and thus
rainfall accumulation.

With much interest being given to the possible effects of
anthropogenic climate change on extreme weather events
(e.g., Knutson et al. 2010; Lackmann 2015), such a potential
influence on the Morakot rainfall was accessed by Wang
et al. (2019). Their CTL (Experiment E3A in Fig. 9a) was
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FIG. 8. Schematic of the distribution of dynamical pressure per-
turbations [indicated by “H” (“L”) for an anomalous high (low)]
inside a mature convective storm cell in an environment with west-
erly (easterly) vertical wind shear below (above) a westerly low-
level jet (LLJ). In the case of the east-west rainband associated
with Morakot, this configuration would favor slowdown of the
propagation speed of mature cells and favor new development on
the back side (adapted from Fig. 6 of Wang et al. 2015).

compared with a sensitivity test, in which they removed a
long-term anthropogenic signal that was estimated as the
mean difference between the historical and the all-natural
runs of 18 Coupled Model Intercomparison Project Phase 5
(Taylor et al. 2012) models for 1985-2005. This sensitivity
test indicates that Morakot in the modern climate might
have yielded 3%-4% more rain inside a radius of 300-500 km
from the storm center than its counterpart without the anthro-
pogenic change. Therefore, the anthropogenic effect is not
negligible, but a minor factor compared to those other fac-
tors reviewed above. This result is consistent with the study
by Chang et al. (2013).

Finally, the extreme rainfall from Morakot also represents
a unique opportunity to evaluate the accuracy of quantitative
precipitation estimates from different remote sensing plat-
forms. For example, S. Chen et al. (2013) suggest that all such
products at various spatial resolutions underestimate the ex-
treme rainfall of the event without additional correction from
in situ rain gauge measurements. The underestimation is rela-
tively small for ground-based radars (—18%) and the Tropical
Rainfall Measuring Mission Multisatellite Precipitation Anal-
ysis 3B42RT (—19%). However, underestimates from some
other satellite products are as much as from —30% to —60%
compared to rain gauge data (S. Chen et al. 2013; also Hong
et al. 2010; Liu et al. 2012; Zhou et al. 2015). Several methods
have been proposed to improve rainfall estimates from radars
using dual-polarimetric parameters (Liou et al. 2013) and sta-
tistical techniques (Kuo et al. 2014), or from satellite retriev-
als using analog to climatology (Liu et al. 2010), extrapolation
(Ebert et al. 2011), and classification of orographic and non-
orographic rainfall (Taniguchi et al. 2013).

From the above review, it is clear that several favorable and
important factors were present simultaneously and interacted
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FI1G. 9. (a) Histogram of observed (bars) and simulated 3-h rainfall (curves, all in mm) in three experiments by the
CReSS model (taken from Wang et al. 2012, 2019), averaged inside the box shown in Fig. 1b (22.8°-23.65°N,
120.6°-120.95°E), over the 96 h during 6-9 Aug 2009. The first letter “E” (“N”) in the experiment names denotes
EC-YOTC (NCEP FNL) analyses used as IC/BCs, the middle number indicates the date of, and the final letter “A”
represents 0000 UTC for the initial time. (b) As in (a), but for forecast and hindcast (“F” or “H” for the first letter in
names) results (from Wang et al. 2013b). The final letter “B” represents 1200 UTC for the initial time. The time of

the Shiao-lin catastrophe is marked in (a).

across the scales in synergy during TY Morakot (2009) to
cause the extreme rainfall in Taiwan. These factors and their
main interactions are summarized below and in Table 1, from
large to small scale but adjusted by their importance. First, as
Morakot moved across Taiwan, its background steering flow
weakened and shifted from easterly to southerly, when the
center of the monsoon gyre (intraseasonal time scale) became
collocated with Morakot (synoptic scale), leading to the TC’s
slow translation speed and long impact duration. Second, a
surge of low-level southwesterly flow, which was enhanced by
the southern part of the monsoon gyre, supplied abundant
moisture toward southern Taiwan and converged with TC cir-
culation. Third, asymmetric LH effect (at mesoscale) in primary

rainband (associated with the low-level convergence) south of
storm center led to a further slowdown of Morakot’s motion
during its departure on 8 August, when the rainfall in southern
Taiwan was the heaviest. Fourth, the steep mesoscale topogra-
phy of Taiwan was estimated to at least double the peak rainfall
amount from Morakot. Fifth, the large size of Morakot with
strong outer circulation could have contributed to an increased
rainfall in the southern CMR region. Sixth, the existence of TS
Goni to the west of Morakot played a role in strengthening and
channeling the southwesterly flow toward southern Taiwan.
Seventh, the mesoscale warm ocean eddy, over which Morakot
passed on 6 August, also contributed to the overall rainfall via
increased enthalpy flux. Finally, the frequent back-building and

TABLE 1. A summary of major factors and their cause and/or main effect (with major references) as reviewed in section 2.

Factor

Cause and/or main effect

Weak steering flow and slow TC translation
speed
Strong surge of low-level southwesterly flow

Collocation of background monsoon gyre on the intraseasonal time scale with
Morakot (Hong et al. 2010; Liang et al. 2011)
Enhanced by the monsoon gyre and supplied abundant moisture toward southern

Taiwan to converge with TC circulation (Chien and Kuo 2011)

Asymmetric LH effect south of Morakot’s
center
Topography of Taiwan

Caused further slowdown of Morakot during its departure on 8 Aug, when the rainfall
in southern Taiwan was the heaviest (Wang et al. 2012; Y.-H. Chen et al. 2017)
Estimated to at least double the peak rainfall amount from the storm (Ge et al. 2010;

Fang et al. 2011; Yu and Cheng 2014)

Large size of Morakot with strong outer
circulation
Existence of TS Goni
et al. 2011)
Warm ocean eddy before landfall
Back-building and cell merger inside the
E-W rainband of Morakot

Structural characteristics linked to background gyre and lengthened the heavy-rainfall
period in southern Taiwan (Wu et al. 2011; Wang et al. 2020)
Strengthened and channeled the southwesterly flow toward southern Taiwan (Huang

Contributed to rainfall through increased enthalpy flux (I.-I. Lin et al. 2011)
Due to interaction between convective updrafts and the westerly LLJ in the rainband
environment, and led to rainfall increase in southwestern Taiwan (Wang et al. 2015)
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merging behavior of convective cells inside the quasi-stationary
E-W rainband over the southern Taiwan Strait at the storm
scale, from the interaction between convective updrafts and the
westerly LLJ in the environment, also led to enhancement of
cells and thus rainfall in southwestern Taiwan. The first four
factors are particularly important, as the extreme rainfall on
8 August during the departure stage of Morakot was a result
of strong positive feedback and interaction among a weak
steering flow (for longer duration), strong low-level south-
westerly flow (for moisture supply), asymmetric rainfall and
LH (for further slowdown), and the topography of Taiwan
(for rainfall/LH enhancement).

3. Numerical simulations and forecast studies of TY
Morakot (2009)

In this section, the modeling and forecast studies of Morakot
are reviewed, including those that investigate the impact of dif-
ferent physical schemes or observational datasets in the data as-
similation (DA) system. First, to answer the question whether
the present-day models are capable of simulating the Morakot
event, the results from various studies are compared with the
observations of the peak accumulated rainfall amounts. How-
ever, even though the rain gauge network in Taiwan is quite
dense (about 450 sites, Fig. la), the sampling resolution over
the mountain interior in southern CMR is much lower than is
available from the evenly spaced model grids (e.g., ~2250 points
over Taiwan at Ax = 4 km). Thus, the observed maximum
rainfall measured by the rain gauge network likely repre-
sents a lower bound of the true value.

In Table 2, the model-simulated peak rainfall amounts
from the control (CTL) or “full-physics” experiments of vari-
ous studies are compared with the observation, along with the
basic information on model used, its configuration, initial and
boundary conditions (IC/BCs), initial time (), and accumula-
tion length. Here, only simulations using gridded analyses for
both IC and BCs are included, so that the track of Morakot is
reproduced reasonably well. Under such circumstances, it is ev-
ident that the majority of the models, including the Weather
Research and Forecasting (WRF) Model (Skamarock et al.
2005) in rows 1-3, 7-13, and 18; CReSS (Tsuboki and Sakakibara
2002, 2007) in rows 14-17; and the Coupled Ocean—Atmosphere
Mesoscale Prediction System (COAMPS)-TC (Hodur 1997;
Chen et al. 2003) in row 4; are capable of producing a peak rain-
fall amount (column 8) comparable to, if not slightly over, the
observed maximum (column 9). As examples, the observed rain-
fall histogram (every 3 h) averaged over the southern CMR box
in Fig. 1b are shown with histograms from three simulations
(Wang et al. 2012, 2019) in Fig. 9a, including one that starts as
early as 0000 UTC 3 August (E3A). These simulations can all re-
produce the Morakot rainfall event reasonably well.

Some models in Table 2 generate an amount well exceeding
the observation (e.g., Fang and Kuo 2013; Huang et al. 2014;
rows 1 and 7). However, whether they truly have an issue of
overforecasting remains to be clarified, given the observation-
model difference in sampling resolution as mentioned. The
models that do not predict a peak rainfall amount comparable
to the observed value (say, less than ~80%) tend to be more
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coarse in horizontal resolution and are not convective-permitting
models (e.g., 9-km WRF of Liang et al. 2011 in row 10; 15-km
MPAS of Huang et al. 2017 in row 6) or with a fine domain
smaller in size (e.g., Ge et al. 2010 in row 3; Huang and Chao
2013 in row 5). Clearly, an adequate resolution is necessary to
properly simulate the finer-scale processes identified to be im-
portant in Morakot, such as cloud microphysics, asymmetric
latent heat release, orographic effects, and VWS-updraft interac-
tion inside the rainbands. As Morakot was also a large storm, a
larger fine domain size is also helpful to better capture the cross-
scale interactions among the above factors and with their back-
ground features, such as the interactions with the monsoon gyre,
southwesterly flow, and Goni. Thus, the present-day state-of-
the-art regional models, when configured properly and provided
with IC/BCs at a sufficient quality, can certainly simulate and
capture the Morakot rainfall event in a realistic fashion.

Other modeling studies also conducted sensitivity tests to
determine and quantify the influence of model configurations
and various physical schemes on the rainfall of Morakot.
Hendricks et al. (2016) concluded that the extreme rainfall of
Morakot is reasonably predictable, although the choice of cloud
microphysics can affect the quantitative precipitation forecast
(QPF). However, the intensity and the track of Morakot are
more sensitive to the cumulus parameterization scheme than
cloud microphysics. Also, consistent with the discussion above, a
successful simulation requires a convective-permitting grid size
(also Hall et al. 2013), but a finer grid with Ax = 1.67 km offers
little additional benefit. Ming and Zhang (2016) found that
Morakot’s intensity and structure were sensitive to the surface
flux parameterization scheme, but its track was not so sensitive.

Similarly to Table 2, results on Morakot from forecast and
hindcast studies in which the BCs are from global model real-
time forecasts (and thus contain larger errors that limit fore-
cast accuracy) are summarized in Table 3. Most model deter-
ministic forecasts, including those made by the MMS5 in row 3
and the Advanced Regional Prediction System (ARPS, Xue
et al. 2000, 2001) in row 1, are capable of predicting realistic
peak rainfall amount as well if the lead time is short enough
(i.e., with a #y at or after 0000 UTC 6 August and forecast
range = 48 h). One exception is some runs in the Wu et al.
(2010) study (their Figs. 16-18), but those runs are not in-
cluded in Table 3. The other exception is the study of
Hendricks et al. (2011), in which the 5-km TC-following mesh
was small (925 km X 925 km) and the predicted translation
speed was too slow before and too fast after landfall, and conse-
quently the peak rainfall was only about half the observed
value. The authors attributed this deficiency to a predicted pre-
mature dissipation of Goni, an inaccurate interaction between
Morakot and the southwesterly monsoon, and the coarse grid
spacing that was inadequate to resolve the topography. Indeed,
given the large size of Morakot, the domain of Hendricks et al.
(2011) was likely too small to fully capture the key processes in-
volved. Later, Hendricks et al. (2016, cf. Table 2), with an en-
larged (and fixed) 5-km domain and an improved track
forecast, the COAMPS-TC model could more successfully sim-
ulate the Morakot event.

Some forecast and hindcast results with a #, between 0000 UTC
6 August and 1200 UTC 7 August from Wang et al. (2013b)
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are also shown in Fig. 9b. Using NCEP GFS analysis and
forecasts as IC/BCs, the peak rainfall occurred too early (dur-
ing 1200 UTC 7 August-0000 UTC 8 August) in association
with a track error being too fast when ¢, is on 6 August. In
these forecasts, even though the areal-averaged 3-hourly
peak rainfall in southern CMR can reach about 100-120 mm
and =60% of the observed value (~160 mm per 3 h), the
whole Morakot event would not last as long (Fig. 9b). In
the shorter lead-time forecasts executed during 7 August, the
errors in timing, duration, and (peak) magnitude of rainfall
would all be reduced considerably. In F6A that produced the
lowest peak rainfall amount in 48 h (among those shown), it
nevertheless reached 2/3 of the observed value (Wang et al.
2013b). As shown in Table 3, most studies examined heavy
rainfall accumulated over a period at least 24 h, which is rela-
tively long. When the categorical statistics are used (e.g.,
Schaefer 1990; Wilks 1995) beyond the range of about
1.5 days, the issue of double penalty (e.g., Ebert and McBride
2000; Davis et al. 2006) would severely penalize the models that
can predict the event magnitude, but too early (and/or too
short). That is, the penalty would be not only in space but also
in time (cf. Fig. 9b, also Fang et al. 2011), which is a situation
not ideal (and potentially misleading) for model verification
(e.g., Wang 2014). Due to the continuous improvement in
global models and the quality of their analyses/forecasts, the
lead time at which a good QPF can be produced for the major-
ity of typhoons can be expected to be longer (i.e., in an earlier
forecast) compared to that of Morakot (e.g., Wang et al. 2016).

There are also studies that discuss the various efforts to im-
prove the initial conditions in TC environment through DA
for TY Morakot (2009). Several types of observations and
their impacts have been investigated, including microwave ra-
diances from polar-orbiting satellites (Schwartz et al. 2012)
and the FengYun-3A (FY-3A) satellite microwave data (Yang
et al. 2013). The impact of assimilating dropwindsonde data
that were obtained in the Dropwindsonde Observations for
Typhoon Surveillance near the Taiwan Region (DOTSTAR)
program (Wu et al. 2005) at 0000 UTC 6 August for Morakot
in both the NCEP and the ECMWEF’s deterministic global
models was also investigated by Chou et al. (2011). The au-
thors found that TY Morakot was one of the worst cases be-
cause the dropsonde data had a negative impact on Morakot’s
track forecast mainly during the departure stage. This was in
contrast to an average improvement of about 10%-20% for
days 1-5 for all TCs studied, and the same dropsonde data in-
gested into the MMS5 3DVAR system were found by B. Chen
et al. (2013) to have some positive impact on simulated track
of Morakot within 36 h. Qin and Mu (2011) also found similar
improvements with MMS simulations using NCEP reanalyses
as first guess and BCs. In some sense, such different results
also indicate the importance of model resolution for predict-
ing the Morakot event.

Nguyen and Chen (2011) developed a dynamic initializa-
tion technique to spin-up the TC vortex by repeated model
integrations for short periods (of ~30 min) while being relo-
cated in the same time-invariant environment (at t,) for a
number of multiple cycles as needed. When applied to Morakot,
this technique was shown to generate a realistic TC that had
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characteristics consistent with its background flow, such as the
vortex wind asymmetry, and thus had certain advantages over
methods such as bogus vortex assimilation (e.g., Huang et al.
2011). Because this dynamic initialization technique would re-
quire additional computer time for operational use, Nguyen
and Chen (2014) subsequently revised the technique for better
efficiency, by inserting an artificial warm core to accelerate the
spinup process.

Because the uncertainty in Morakot’s track forecasts was
high at initial times prior to 0000 UTC 6 August 2009 (Yeh
et al. 2010; Wang et al. 2013b), an ensemble approach was
applied to assess its probability to strike Taiwan (e.g., Zhang
et al. 2010; Hamill et al. 2011; Fang et al. 2011; Xie et al.
2013). In general, the accuracy of the NCEP GFS ensemble
was lower than that of ECMWEF ensemble for the Morakot
event. These ensembles can benefit from a more advanced DA
system such as the ensemble Kalman filter (EnKF) method,
which Hamill et al. (2011) demonstrated would improve the
steering flow. Zhang et al. (2010) found that about 20% of a
60-member ensemble initiated at , = 0000 UTC 5 August pro-
duced a peak 3-day rainfall = 2000 mm, with an overall ensem-
ble mean of 1274 mm (their Fig. 1, cf. Table 3). At the range of
24-96 h, their ensemble results indicate a fair likelihood
(=30%-50%) for a large portion of Taiwan to receive =500 mm
of rainfall (Fig. 10a), and more importantly, some chance (about
10%—40%) of extreme rainfall exceeding 1500 mm to occur in
the southern CMR (Fig. 10b) for the period of 6-8 August.
Thus, Zhang et al. (2010) demonstrated the potential benefit of
ensemble-based analysis and forecasting using convective-
permitting models (Ax = 4.5 km) for the Morakot event in real
time, if sufficient computing resources are made available. For
the Fang et al. (2011, cf. Table 2) 32-member WRF ensemble
simulations from 0000 UTC 6 August, the mean and probabili-
ties of extreme rainfall were raised considerably (Figs. 10c,d)
compared to Zhang et al. (2010), although the lead time was
shortened by 24 h and the peak rainfall timing tended to be
slightly early. In addition, Fang and Kuo (2013) recommended
a combined low- and high-resolution (4 km) lagged ensemble
for improved efficiency in terms of computational resources.

Wang et al. (2022) recently also applied the time-lagged
strategy to produce ensemble QPFs for the Morakot event us-
ing the CReSS model, with Ax = 2.5 km (Table 3) and a con-
figuration identical to that of Wang et al. (2016). With one
run out to eight days (192 h) every 6 h, the temporal evolution
of heavy-rainfall probability could be examined. Wang et al.
(2022) found that most of the members initialized at and after
0600 UTC 6 August when the track errors became sufficiently
small, could capture the extreme rainfall of Morakot reason-
ably well, with a peak 48-h amount near or over 2500 mm. At
longer lead times, the predictability was limited by larger track
errors, and therefore a sharp increase existed in the derived
heavy-rainfall probabilities starting from 6 August, as shown
in Fig. 11. For model initialization times between 0000 UTC
6 August and 1200 UTC 7 August, =80%-90% of the runs
indicated a 48-h rainfall (for the target period starting from
1200 UTC 7 August) over 1000 mm in the southern CMR of
Taiwan (Fig. 11g), and =70% of them predicted in excess of
1500 mm in parts of the area (Fig. 11h). Note that even at
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FIG. 10. Probability distribution (%) of the 72-h rainfall (for 6-8 Aug) exceeding threshold values of (a) 500 and (b) 1500 mm, estimated
from the 60-member WRF ensemble initialized with EDA perturbations (f, = 0000 UTC 5 Aug). The observed rainfall areas reaching the
specified thresholds are depicted by thick solid contours (adapted from Fig. 7 of Zhang et al. 2010). (c),(d) As in (a) and (b), but for 24-h
rainfall (for 8 Aug) exceeding 500 mm in (c) and 96-h rainfall (for 6-9 Aug) exceeding 1500 mm in (d), estimated from the 32-member
WREF ensemble simulation (), = 0000 UTC 6 Aug). The observed rainfall areas are depicted by blue contours (adapted from Fig. 17 of

Fang et al. 2011).

1200 UTC 7 August (i.e., y of the last run used in Fig. 11),
the Shiao-Lin catastrophe would still be more than 1.5 days
away. Therefore, the time evolution of the probability from a
lagged ensemble may provide timely and valuable information
to the authorities for hazard preparation and mitigation. As the
computational cost of Wang et al. (2022) is estimated to be only
a fraction of those used in Zhang et al. (2010) and Fang et al.
(2011), the cost-effectiveness of the time-lagged method also
makes it a more feasible and affordable option at the present
time, at least until ample computational resources become avail-
able, in agreement with Fang and Kuo (2013).

In conclusion, the extreme rainfall of TY Morakot (2009) is
predictable with present-day models with an adequate resolu-
tion, at least at short range with a 7y on 6 August or later,
when the track errors are reasonably small for the complex in-
teractions and feedbacks among the background, southwest-
erly flow, asymmetric rainfall, and topography of Taiwan in
this case to take place in synergy. The above results are in
agreement with Wang et al. (2013b, 2022), Fang and Kuo
(2013), and Hendricks et al. (2016). While these studies were
all targeted on Morakot (2009), many of the findings may be
applicable to other WNP TCs.

4. Summary and conclusions

During 7-9 August 2009, TY Morakot struck Taiwan and
brought record-breaking extreme rainfall to the southern part
of the island, and especially over the interior of the CMR
(Fig. 1). The maximum rainfall amount was 1663 mm in 24 h
and 2635 mm in 48 h, and the latter rainfall exceeded the offi-
cial world record. The death toll of nearly 700 was largely
caused by a single massive mudslide, and thus Morakot be-
came the deadliest TC in Taiwan since 1959. In this paper,
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past studies of this category-2 but devastating “perfect
storm” in Taiwan are reviewed to examine key physical
mechanisms to answer the question “What have we learned
about TY Morakot (2009)” or “What was unique or special
about this storm?”

Multiple favorable factors have been found to occur simul-
taneously and interacted in synergy to bring about the ex-
treme rainfall of Morakot and its impacts in Taiwan. Among
these factors, the most important ones are:

e Slow translation speed: TY Morakot (2009) moved very
slowly across Taiwan and changed its course from west-
ward to almost directly northward (Fig. 2). At the large
scale, a preexisting monsoon gyre on the migrated north-
westward to become collocated with Morakot, and the east-
erly steering flow weakened and gradually changed to
southerly to contribute to the slow motion of Morakot near
Taiwan (Figs. 3 and 4).

e Strong surge of low-level southwesterly flow: The south-
westerly flow constituted the southern part of the monsoon
gyre (Fig. 3) and supplied a strong moisture flux toward
southern Taiwan that converged with the northerly TC
flow to lead to a persistent and asymmetric rainfall pattern
near southern Taiwan (Fig. 5).

e Asymmetric rainfall pattern and LH effect: The LH ef-

fect near southern Taiwan caused Morakot to further

slowdown as it began moving away from the island on

8 August, when the rainfall in the southern CMR was

the heaviest (Figs. 5, 6, and 9).

Steep topography: The topography of Taiwan was esti-

mated to at least double Morakot’s peak rainfall amount

compared to flat terrain. However, this is not a unique fac-
tor only in Morakot.
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FIG. 11. Probabilities of QPFs (%; color), valid for the 48-h period from 1200 UTC 7 Aug to 1200 UTC 9 Aug, from seven successive
time-lagged hindcasts with £y, between 1200 UTC 4 Aug and 0000 UTC 6 Aug to reach the thresholds of (a) 350, (b) 500, (c) 1000, and
(d) 1500 mm, respectively, during TY Morakot (2009). (e)-(h) As in (a)—(d), but from the seven hindcasts with #, between 0000 UTC 6
Aug and 1200 UTC 7 Aug 2009. The observed areas (over land) at each respective threshold are depicted by the thick black contours. For
each group, the weights assigned to each member are 1/28, 2/28, ..., 7/28, from the earliest to the latest, with a total weight of 1 (adapted

from Fig. 8 of Wang et al. 2022).

Tied to the topography, the phase-locked LH to/near the
terrain can act to “attract” TCs and lengthen the duration of
rainfall impact, which has been confirmed by climatological
analysis (Fig. 7). Indeed, the slow translation speed (and rela-
tively weak inner-core intensity) of Morakot (Figs. 2 and 5)
made it particularly susceptible to the LH effect associated
with the extreme rainfall. In summary, the Morakot heavy rain-
fall event, especially during the exit phase on 8 August, was a
result of strong positive feedback and interaction among a weak
steering flow (for longer duration), strong low-level southwest-
erly flow (for moisture supply), asymmetric rainfall and LH
(for further slowdown), and the topography (for rainfall/LH
enhancement). Whether the cause of the asymmetry is the
topography or not, special attention should be paid to such
a feedback mechanism in future TC cases in Taiwan to pro-
vide early warnings of heavy rainfall.

A few other factors have also been investigated and identi-
fied, and they include:

e The large size of Morakot with strong outer circulation: This
vortex structure of a TC over northern Taiwan could have con-
tributed to an increased rainfall in the southern CMR region.

¢ Existence of TS Goni to the west of Morakot: Goni is consid-
ered to have strengthened and channeled the southwesterly
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flow toward southern Taiwan, and is estimated to have con-

tributed about 25% of the peak rainfall of Morakot.
e Warm ocean eddy: The warm ocean eddy, over which
Morakot passed over on 6 August, is estimated to have con-
tributed about 10% to the rainfall via increased enthalpy flux.
Back-building and merging behavior of convective cells in-
side the quasi-stationary E-W rainband: The interaction
between the westerly LLJ in the environment and convec-
tive updrafts generated an upward-directed perturbation
pressure gradient force that led to an enhancement of up-
drafts to the rear (west) side and a slowdown of mature
cells (Fig. 8). This slowdown would promote merging of
mature cells with new cells, low-level convergence, and
back-building, and the enhancement of cells would increase
the rainfall over the plain areas in southwestern Taiwan
during Morakot. To properly simulate such interactions
among and within storm cells, a cloud-resolving capability
is needed (with Ax = 1-2 km in general).

In conclusion, many of the above factors identified to be
important in Morakot may also operate in other TCs and thus
contribute to increased rainfall in the WNP and perhaps in
TCs around the world, such as the effects by asymmetric LH
on storm motion. Islands and coastal regions with steep
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topography like Taiwan are particularly vulnerable to ex-
treme rainfall, such as the Philippines (e.g., Bagtasa 2017;
Macalalad et al. 2021), Vietnam (e.g., T.-C. Chen et al. 2017),
and Japan (e.g., Normile 2019; Titley et al. 2021) in the WNP,
as well as Hawaii (e.g., Cullinane 2018; Nugent et al. 2020),
India and Sri Lanka (e.g., Krishnamurthy et al. 2018), Mada-
gascar (e.g., Titley et al. 2021), La Réunion (e.g., Pohl et al.
2016), and many Caribbean islands (e.g., Beven and Blake
2015; Hartfield et al. 2018).

In the second section of this review, modeling studies, includ-
ing forecast and hindcast studies, were reviewed to understand
the predictability of Morakot from the standpoint of numerical
weather prediction and hazard reduction. The present-day state-
of-the-art regional models, configured properly and provided
with accurate IC/BCs, could certainly simulate the Morakot rain-
fall event realistically. For simulations that use analyses as
IC/BCs, the initial time can be as early as 3 or 4 August (Fig. 9a),
i.e., at least 4-5 days prior to the period of heaviest rainfall in
southern Taiwan. An adequate, at least convective-permitting,
resolution is necessary for the models to properly simulate most
of the finer-scale processes important in Morakot, such as cloud
microphysics, asymmetric latent heat release, and orographic
effects. A large-enough fine (or inner) domain size is also helpful
to better capture the significant cross-scale interactions among
these factors and with their background environment. Accord-
ingly, the above configuration is recommended for operational
use if such a capability has not yet been established.

However, for real-time forecasts that have larger errors in
the BCs at longer lead times, good forecasts of overall Morakot
rainfall can only be obtained at lead times within about 2 days.
To obtain forecasts with a longer lead time, the ensemble ap-
proach is recommended, and a more advanced DA method
could also improve the results. Overall, realistic QPFs can be
obtained prior to the Morakot event, even though it was one of
the more difficult cases with a relatively low predictability. The
combined use of time-lagged strategy in the ensemble has been
shown to increase the efficiency of computational resources and
provide valuable information on time evolution of rainfall prob-
abilities. With the recent improvements in global model fore-
casts, as well as improved resolution and inner-domain sizes of
regional models, an opportunity exists for improved QPFs for
TCs like Morakot (2009). On the other hand, given the above
deficit in the lead time to produce realistic QPFs for Morakot in
forecasts compared to simulations, how to improve the quality
of IC/BCs in global models appears to be an important but po-
tentially challenging task. As studies of Morakot on such as-
pects have been few (e.g., Xiang et al. 2015), much effort is
needed in the near future.

The present review has focused on the meteorological as-
pects of TY Morakot (2009). After the event, much work has
also been done in societal aspects to mitigate the disasters
such as Morakot (e.g., Chern 2011; Huang and Chang 2011;
WRA 2015), but these societal aspects are beyond the scope
of the present review.
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