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Abstract Typhoon Saola affected Taiwan from July 30, 2012, to August 03, 2012. It started in a
northwestward track, and it was weakening to Category 1 storm and had a sharp cyclonic deflection track
when it was about to made landfall in Taiwan on August 02. After the deflection, the typhoon moved
northward and then northwestward across northern Taiwan. The cyclonic southward deflection and the
northward motion constituted 12 h of looping motion which increase both the typhoon duration time
and the rainfall in northeastern Taiwan. This research is to study the looping motion by the Weather
Research and Forecasting model for this very weak typhoon. The model is able to reproduce the looping
motion similar to that of observation. The model shows a strong asymmetry of precipitation and cross-
mountain downslope wind near the typhoon center while the typhoon track is looping toward the
southwest. The potential vorticity (PV) tendency diagnosis confirms that diabatic heating and downslope
wind vertical stretching are the major contributors to tropical cyclone southwestward motion, rather than
the commonly referred channeling effect. The asymmetric rainfall disappears when the tropical cyclone
starts moving northward in its end-stage of looping. The northward motion is dominated by horizontal
advection of PV tendency. The results highlight the influence of convection and downslope wind near
steep terrain on the initial southward motion in the looping track. The model sensitivity study indicates
that a large part of track uncertainty resides in the interaction of model internal dynamics and model
cloud microphysics.

Plain Language Summary Typhoon Saola, a weak Category one storm, affected Taiwan
from July 30, 2012, to August 03, 2012. This northwestward moving typhoon experience a sharp cyclonic
deflection motion when it was about to made landfall, and then move northwestward across northern
Taiwan. The cyclonic southward deflection and the northward motion constituted 12 h of looping motion
which increase both the typhoon duration time and the rainfall in northeastern Taiwan. Our numerical
simulation reproduces the looping motion similar to that of observation. The model simulates, in general
agreement with the observations, a strong asymmetry of precipitation and cross-mountain downslope
wind near the typhoon center while the typhoon track is looping toward the southwest. The asymmetric
rainfall disappears when the tropical cyclone starts moving northward in its end-stage of looping. We
demonstrate that diabatic heating and downslope wind vertical stretching are the major contributors

to tropical cyclone southwestward motion, rather than the commonly referred channeling effect. The
horizontal advection of potential vorticity tendency then dominates for the northward motion in the
end-stage. The model sensitivity experiments indicate that a large part of track uncertainty resides in the
interaction of model internal dynamics and model cloud microphysics.

1. Introduction

Typhoon Saola (2012) formed as a tropical depression at 13.6°N, 127.3°E on July 27, 2012, and intensified to
a tropical cyclone (TC) within a day. The Joint Typhoon Warning Center (JTWC) named it Typhoon Saola
(2012) at 06 UTC on July 28. It strengthened to a Category 2 typhoon at 00 UTC August 01 and weakened
again to Category 1 on the same day. Figure 1 shows the lifetime trajectory of Typhoon Saola (2012). The
TC moved toward the northwest after it formed and affected Taiwan from July 30 to August 03. It deflected
cyclonically while approaching Taiwan, made a loop, and turned back to the northwestward path after Au-
gust 02. Several TCs have occurred in the past that had similar “cyclonic looping” tracks, including Typhoon
Polly (1992), Typhoon Haitang (2005), Typhoon Krosa (2007), and Typhoon Sinlaku (2008). Most of the
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Figure 1. Lifetime trajectory of typhoon Saola (2012) by Joint Typhoon Warning Center best track. The color code
shows the intensity (Saffir-Simpson Hurricane Wind Scale) of tropical cyclone.

typhoons mentioned are strong storms of Cat.3 or above. Forty-nine out of 84 landfalling TCs have this kind
of deflection track from 1960 to 2010, and only seven of them have complete looping motions (see Figure
1 and Table 1 of Hsu et al., 2018). The translation speeds of typhoons with a looping track before making
landfall are usually slower than those of other typhoons (Hsu et al., 2018). Su et al. (2012) reported that
this type of looping motion could lengthen the duration and lead to extreme rainfall before typhoons make
landfall. An interesting feature to note is that Typhoon Soala (2012) is the weakest in intensity and possesses
a pronounced looping track.

Typhoon track deflections can be caused by interactions between typhoon circulation and Taiwan topogra-
phy through several mechanisms. For example, the blocking effect (Lin et al., 1999, 2005) or the channeling
effect (Huang et al., 2011; Jian & Wu, 2008; Wu et al., 2015; Yeh & Elsberry, 1993) can alter the wind flow
between typhoon and topography, producing an asymmetric near-shore southward deflection of the TC
motion. The advection flow vectors, according to the model simulations, then rotate cyclonically to cause
the looping track. The underlying mechanism of such a rotation, however, has not been studied compre-
hensively. Moreover, if the channeling effect is to dominate the looping, the looping tracks would occur in
the central or southern part of the east coast as the CMR is much higher in the central part of the east coast.
The typhoon cases studied for the channeling effect are most of the strong typhoon types. For example, the
channeling effect in the Super typhoon Haitang (2015) was studied by Jian and Wu (2008). The channeling
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effect may not be pronounced in a weak storm. Yeh et al. (2012) revealed that the secondary vortex induced
by the typhoon and Taiwan topography can also contribute to a looping track of Typhoon Haitang (2015).
Huang and Lin (2018) conducted a series of idealized numerical experiments by using a dry and hydrostatic
fluid to explore crucial nondimensional parameters for typhoons with a looping track. They showed the
typhoons with a looping track that favors the conditions of the slow movement, strong orographic blocking,
and strong TC vortex.

Topographic vorticity stretching by the cross-mountain flow is another mechanism that affects the motion
of the approaching vortex other than blocking and channeling (Kuo et al., 2001). The other way of gener-
ating the asymmetric vorticity or PV thus affects the typhoon motion through the diabatic heating effect
(Fovell et al., 2009, 2010, 2016; Fovell & Su, 2007). Fovell and Su (2007) used idealized model simulations to
show that the sensitivity of the convection process is non-negligible and can cause a huge divergence on ty-
phoon track forecasts with different cumulus schemes or cloud microphysics processes. On the other hand,
Hsu et al. (2013, 2018) showed the asymmetric convection that phased locked with the CMR and wavenum-
ber-1 (WN1) component significantly affects the typhoon translation speed and direction. Previous studies,
such as Chen et al. (2017), Tang and Chan (2014, 2015, 2016), and Wang et al. (2012, 2013) also studied the
similar effect of asymmetric convection induced by the Taiwan topography. It has been discussed in many
studies that the vorticity budget analysis or the potential vorticity (PV) tendency diagnosis is a useful diag-
nosis to explain the model results (Hsu et al., 2018; Huang & Lin, 2008; Lin et al., 2016; Lin & Savage, 2011;
Liu et al., 2016).

As Typhoon Saola (2012) approached the terrain, despite it is a Cat. 1 weak storm, the composite radar
reflectivity also showed significant asymmetric convection structures (Figure 2). The convection on the
windward side to the north of the storm and the very weak convection zone to the south of the storm are
clearly seen during the period of storm southward deflection (Figures 2b and 2c). The weak convection
zone is caused by subsidence and flow across the CMR. The convection asymmetry to the north of the storm
weakens in Figure 2d when the storm is in the last stage of looping with northward motion. Since the storm
is of Cat. 1 intensity, the channeling effect may be less contribution for the pronounced southward deflec-
tion compared to that of a strong vortex like Typhoon Haitang (2015). It is possible that this asymmetric
convection may cause uneven diabatic effects and affect TC movements. This type of TC track variation may
occur in less than 6 h but is crucial in determining the TC landfall position and associated rainfall maxima
in Taiwan. Understanding the mechanism and variation source of the looping track is conductive to disaster
prevention operation. This study examined the mechanism of Typhoon Saola’s (2012) looping track near
Taiwan. The numerical experiments and PV tendency diagnosis method are described in Section 2. Sec-
tion 3 discusses the results of simulation experiments and PV tendency diagnosis. The sensitivities of cloud
microphysics schemes are discussed in Section 4 and conclusions are drawn in Section 5.

2. Numerical Experiments and Diagnosis Method
2.1. Model Settings

In this study, we use the Weather Research and Forecasting (WRF) model, version 3.8.1 (Skamarock
et al., 2008), to simulate Typhoon Saola (2012). We use a single domain centered at 23.23°N, 122.55°E with
a horizontal resolution of 3 km (601 X 601 grids). The model top is set at 10 hPa with 41 vertical lay-
ers. The 30-arc-second (approximately 1 km) Global Multiresolution Terrain Elevation Data (Danielson &
Gesch, 2011) (GMTED2010) is used for model topography in this study. The land-use data come from the
21-class IGBP moderate-resolution imaging spectroradiometer (MODIS) 30-arc-second spatial resolution
data set (Friedl et al., 2010). The initial and lateral boundary conditions used in WRF simulations are the 6
hourly, 1° x 1° NCEP Final Analysis (FNL) data from the Global Forecast System (NCEP, 2000). The simu-
lations began at 1800 UTC on July 30, 2012, and ended at 1800 UTC on August 02, 2012, for a total of 72 h
with time steps equal to 20 s.

The WREF physics include the Yonsei University planetary boundary layer scheme (Hong et al., 2006), re-
vised MM5 similarity surface-layer scheme (Jiménez et al., 2012), unified Noah land surface model (Tew-
ari et al., 2004), and Rapid Radiative Transfer Model for General Circulation Models longwave and short-
wave radiation parameterizations (Iacono et al., 2008). The microphysics in the control run is the Goddard
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Figure 2. Composite radar reflectivity of Typhoon Saola (2012) from Taiwan Central Weather Bureau's Quantitative Precipitation Estimation and Segregation
Using Multiple Sensor (QPESUMS) system at (a) 1410 UTC on August 1, 2012, (b) 1730 UTC on August 1, 2012, (c) 1810 UTC on August 1, 2012, and (d) 0050

UTC on August 2, 2012.

scheme (Tao et al., 1989, 2016). A series of microphysics sensitivity experiments have been conducted using
Thompson (Thompson et al., 2008), Morrison (Morrison et al., 2009), WDM6 (Lim & Hong, 2010), WSM6
(Hong & Lim, 2006), and Lin (Chen & Sun, 2002) schemes (Table 1). Among the six microphysics schemes,
the Goddard, Lin, and WSM6 schemes are single-moment schemes, and the Thompson, Morrison, and
WDMB6 schemes are double-moment schemes. The mass of six classes of hydrometers, namely water vapor,
cloud water, cloud ice, rain, snow, and graupel, are involved as predictive variables in the Lin scheme. The
Goddard scheme has relatively smaller particles for graupel and more large particles for hail. In addition,
the saturation condition is different from the Lin scheme. Furthermore, WSM6 is based on the Lin scheme,
except that it modulates the ice-phase behavior and sedimentation rate for graupel. The double-moment
scheme predicts both the number concentration and the mixing ratio of hydrometers. For example, WDM6
is the double-moment version of WSM6 and also predicts the number concentration of clouds and rain.
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Table 1

The Thompson scheme predicts the number concentration of ice and

List of Experiments, Model Settings, and Track Characteristics rain, and the Morrison scheme predicts the number concentration of ice,

Name

Microphysics

Looping Southward deflection snow, rain, and graupel.

CTRL
THOM
LIN
WSM6
MORR
WDM6

Goddard
Thompson
Lin
‘WSM6
Morrison

WDM6

Y Y
2.2. Potential Vorticity Tendency Diagnosis

Wu and Wang (2000, 2001) proposed that a storm dominated by its sym-
metric circulation will move to the maximum in the azimuthal WN1
component of PV tendency in a fixed frame. The storm motion is corre-
lated with the WN1 components as Equation 1.

z z Z Z Z
Z Z < < =

(ap] _ ¢ R . 0om O

a ) T Yoy’
Here P is PV and the subscript “s” and “1” denote the symmetric and WN1 components, and C,_ and C,are
the scalar speeds in the east and north directions, respectively. The left-hand side of Equation 1 represents
the WN1 component of net PV tendency, or the contribution to the WN1 PV tendency from horizontal ad-

vection (HA), vertical advection (VA), and diabatic heating (DH) terms, expressed as Equations 2-5.

(Z_f]l _ (1) +(va), + (DH), @

HA =[-V-V,P], (3)

VA = {—wa—P}, @

0z

DH = {iw ~(Qq)} (5)
P

where the [.] denotes the deep layer average over some region centered at the storm, V and w are hori-
zontal and vertical velocities, respectively; V, and V, are horizontal and three-dimensional gradient op-
erators, respectively; p is density; Q is the diabatic heating rate, and ¢ is the three-dimensional absolute
vorticity. Wu and Wang (2000, 2001) showed that the scalar speeds C, and C, can be determined by
applying regressions between the WN1 PV tendencies and symmetric PV gradients in x and y directions,
as Equation 6.

{EEL . =
o )\ ar ), c oy J\ar ),

C, = N O e S (6)

2 p
n [ OF n [ OF
i=1| I_ =1 "y I_

The speeds C, and C, thus form a vector representing the magnitude and direction of storm motion or the
WN1 contribution to the HA, VA, and DH terms. Notice that the DH term in Equation 5 is usually signif-
icant in a TC environment, but Equation 6 implies only the asymmetric part of WN1 that cooperates with
the symmetric PV gradient can contribute to the TC motion. The DH contributions to the positive WN1 PV
tendency do not necessarily directly point to the rainfall maxima region in the storm. With PV tendency
generated by convection, negative (positive) PV anomaly is generated above (below) the heating peak. Thus,
the signs and the anomaly magnitude of the deep-layer averaged DH PV tendency depend on the peak
height of convection. When the convection peak height is low (high), the vertical averaged PV anomaly may
be negative (positive), as is discussed in Hsu et al. (2018). The rainfall maximum region thus may not nec-
essarily be the maximum positive PV anomaly region that contributes to the WN1 PV tendency. Note that
Equation 6 implies the storm motion affected by the diabatic heating anomaly and depends on the vortex
structure, which can be influenced by the TC-terrain interactions.
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The decomposition of PV tendency into symmetric and WN1 parts has been widely used to understand
the dynamics and physical processes that contribute directly to the storm motion (Cao et al., 2011; Chen
et al., 2017; Fovell et al., 2010, 2016; Hsu et al., 2013, 2018; Huang et al., 2017; Tang & Chan, 2014, 2015; Wu
& Wang, 2000, 2001). The validity of the diagnosis method lies in the smallness of the residual term which
is defined as the difference between the PV diagnosed track and the model simulated track. Studies have
shown that (HA),, (VA),, and (DH), add up reasonably well to the total WN1 PV tendency, which represents
the TC motion (Cao et al., 2011; Fovell et al., 2016; Hsu et al., 2013, 2018). There are, however, limitations of
the PV tendency method. The HA, VA, and DH terms can affect each other through the physical disturbance
caused by topography and provoke alternation in convection, reflected in DH, that further influence the
airflow encountering the terrain (Cao et al., 2011; Hsu et al., 2013, 2018). Thus, the PV diagnosis elucidates
the direct WN1 PV contribution to the storm track and the contribution may not necessarily imply a single
mechanism in absolute causal effect. In addition, the PV tendency terms can vary with height and time. Hsu
et al. (2013, 2018) indicate that deep-layer and temporal averaging over some area covering the storm, in a
way similar to the steering flow calculation, can reduce the residual magnitude and thus provides a useful
way of demonstrating how the WN1 component of HA, VA, and DH contribute to the model track motion.
This study employs this PV tendency diagnosis method to understand the PV contribution to the storm
track simulations. The vortex center is determined by the local minimum of 10-m wind circulation near
the location of the lowest sea-level pressure. The diagnostic analysis is obtained within a 40,000 km? square
horizontal area centered on the TC. Following Hsu et al. (2013, 2018), temporal and vertical averaging is
applied to our PV tendency analysis. According to our target storm motions, the PV budget terms are aver-
aged through 6-h and from 600-m to 10-km in height. These criteria are chosen empirically to involve the
symmetric and WN1 PV structures of the simulated Typhoon Saola horizontally and vertically.

3. Typhoon Saola (2012) Simulation
3.1. Overview

Figure 3a shows the hourly best track from the Central Weather Bureau (CWB) of Taiwan (red), and the
simulated hourly typhoon track (blue) from the control experiment (hereafter, CTRL). The simulated ty-
phoon centers are defined using the local surface wind minimum near the sea-level pressure minimum.
Figure 3b shows the time series of TC motion vectors. The simulated TC first moved toward the northwest
and started to deflect cyclonically toward Taiwan after 1200 UTC on August 01. It then made a cyclonic loop
between 0000 UTC to 0300 UTC on August 02 in the vicinity of Taiwan's northeastern coast (approximately
24°N, 122°E) and then moved northward. The simulated TC finally translated northwestward again after
1200 UTC on August 02 and passed over Taiwan. In general, our CTRL experiment reproduce the south-
ward deflection and the northward motion while approaching Taiwan. The simulated typhoon centers dur-
ing the southwestward motion period are only approximately 20-km east of the observation centers.

The observed and simulated 72-h (1800 UTC on July 30 to 1800 UTC on August 02, 2012) accumulated rain-
fall in Taiwan are shown in Figure 4a left and right, respectively. The rainfall maximum exceeds 1,500 mm
and occurs in Yilan County, the northeastern of Taiwan. This maximum rainfall has mostly occurred in the
windward side while typhoon is deflecting toward the southwest. With the reasonable simulated TC track,
the accumulated rainfall maximum and rainfall pattern are in general consistent with the observation,
except the southern mountain area. A larger simulated TC may cause massive rainfall in the southern
mountain area. Figure 4b shows the comparison of simulated time series minimum sea-level pressure (blue
line) with CWB observations. Typhoon Saola (2012) started to intensify at 0000 UTC on August 01, and the
minimum sea-level pressure reached 960 hPa from 0600 UTC to 1800 UTC on August 01. The typhoon in-
tensity decreased after 1800 UTC on August 01. The simulated minimum sea-level pressure shows a similar
trend, and the maxima intensity exceeds 935 hPa during this period. In general, the simulated TC is stronger
than the CWB records.

Figure 5 shows the simulated 3-hourly rainfall and 10-m winds. Four snapshots are chosen manually to
represent the rainfall pattern, while TC is in different movement characteristics. TC moves toward the
northwest in the beginning, and the rainfall mostly occurs on the left-hand side of the TC movement di-
rection (Figure 5a). The simulated TC starts to deflect cyclonically toward the west at approximately 24°N,
122.7°E. The maximum rainfall appears on the right-hand side of the TC movement direction (Figure 5b).
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Figure 3. (a) Weather Research and Forecasting control experiment simulated hourly typhoon track (blue line) and
Central Weather Bureau hourly best track (red line). Blue dots mark the simulated tropical cyclone (TC) positions every
6 h. (b) Time series of 3-hourly TC motion vectors from control experiment (CTRL). It also labeled the three stages
analyzed with the PV tendency diagnosis. (¢) Schematic diagrams of the corresponded simulated tracks (red) for three
diagnosis stages.

Furthermore, the convection extends to the windward side of northeastern Taiwan. A surface warming area
is associated with a local low in the southwest of the TC center (not shown). The cyclonic deflection track
as well as the rainfall distribution and surface warming characteristics are in agreement with the idealized
experiments conducted by Hsu et al. (2018). The convection in the north of the TC center becomes weak,
and the convection pattern becomes more symmetric near the typhoon center while TC is in the stage of
looping motion (Figure 5c). TC moves toward the north after the looping motion. The rainfall maximum
appears in the west of the TC center during this period (Figure 5d).

The simulated maximum radar reflectivity is shown in Figure 6. Moreover, the simulated maximum radar
reflectivity indicates the same asymmetric distribution with the rainfall pattern (Figures 6a and 6b). The
radar reflectivity in the north of the TC center becomes stronger while the TC is approaching Taiwan. The
distribution of radar reflectivity near the TC center becomes symmetrical when the TC is forming a loop
(Figure 6c). After the looping track, a large radar reflectivity occurs in the west of the typhoon center.
Overall, the asymmetric pattern is more significant in observations (Figure 2b). A notable weak band of
radar reflectivity exists across the mountain and extends to the south of the typhoon center. Furthermore,
these characteristics were observed in many typhoons with cyclonic deflection tracks near Taiwan (Hsu
et al., 2018).

3.2. Potential Vorticity Tendency Diagnosis Results

Plenty of westward cyclonic deflection track typhoons deflect toward the left-hand side of TC moving di-
rection (deflect to the southwest) before landfalling Taiwan. To analyze the entire stages of looping motion,
three 6-hourly periods are chosen to obtain the PV tendency diagnosis according to simulated track char-
acteristics (Figure 3b). The sequential PV tendency terms every 12 min are averaged for 6 h for temporal
smoothing. In the first period, TC moves toward the northwest before cyclonic track deflection (hereafter,
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Figure 4. (a) Seventy two hour accumulated rainfall from 18 UTC on 30 July to 18 UTC on 02 August of Weather
Research and Forecasting (WRF) control experiment (right) and observation rainfall (left) from Central Weather Bureau
(CWB), WRA stations, and rain gauge data (totally 567 stations). (b) 3-hourly minimum sea-level pressure from WRF
control experiment (blue) and CWB best track data (red).

stage 1). In the second period, TC experiences a cyclonic track deflection toward the southwest near Taiwan
(hereafter, stage 2). Furthermore, this period is the first half of the looping motion in our simulation. In the
third period, TC moves toward the north after the cyclonic track deflection near Taiwan (hereafter, stage 3),
which is also the last half of the looping motion. The vortex following averaged rainfall rate and symmetric
PV component during the three stages are shown in Figures 7a-7c, respectively. The rainfall maximum oc-
curs on the left-hand side of the TC track in stage 1 (Figure 7a). The rainfall maximum becomes significant
on the right-hand side of the TC track during stage 2 (Figure 7b). In stage 3, the convection asymmetry
begins to weaken, and massive rainfall is located at the left-hand side of the TC motion (Figure 7c).

Figure 7 also shows the PV tendency diagnosis results in three stages with the TC motion vectors contrib-
uted by (HA), (blue), (VA), (green), (DH), (red), and total (HA + VA + DH),, gray) PV tendencies. The
TC translation speed (black) was calculated using the linear direction between the first and last TC centers
during the target period. Overall, the TC motions contributed by total WN1 PV tendencies represent the

HSU ET AL.

8of 17

85U8017 SUOWIWIOD BA 181D 8|ed!dde au3 Aq paueA0b 818 S0 1e YO ‘88N JO S9NJ Joj AJeJq 1 8UIIUO AB]IAA UO (SUORIPUOD-PUB-SWBYI0D A8 | 1M Alelq 1 jeullUo//Stiy) SUORIPUOD pue swie | 8L 8es *[202/S0/T0] uo Akeiqiauluo As|im ‘AiseAlun ueme L feuolieN Aq 06€7£0Ar0202/620T 0T/10p/Wod Ae|im Arq i jput|uo'sqndnbe//sdny woy pepeojumoq ‘2T ‘TZ0Z ‘96686912



A )
I Journal of Geophysical Research: Atmospheres 10.1029/2020JD034390

ADVANCING EARTH
AND SPACE SCIENCE

(@) 2012-08-01_1436 UTC  (b) 2012-08-02_0036 UTC

26N I ay—— i 26N —
,‘%1377'/—*/;‘/” ) P o — ]
I /" > L
Fi ‘
25N ,,!,I,‘,,I,’,J,;,, L 25N 47\
LV
Vo
[
xll‘ K 2
24N ~~x~1~1~1'1' L Dol e PYINIE NN
L. | ) ;
Vo ! i
\\v\ o ’ f/
FRAINY 5 ' : - /
23N 1L L Vst e - 23N (AP ]
NERR //y'////,
vV : - - =~ ‘ ‘ ‘
NG - MR N, |  s
VA A AN L~ NN\ WY
NN - S o q S
22N A 4 N A NN 22N - S
NONONONN N NN - , N D e iy
\\\\\.}\\\\\\\.—-//;///// 1 |- ——"///v/v/v// s
119E 120E 121E 122E 123E 119E 120E 121E 122E 123E
(c) 2012-08-02_0336 UTC  (d) 2012-08-02_0736 UTC
26N - — 26N e - ‘
04 .
25N 25N ; . 4 L N
24N 24N
23N 47~ 23N - s !
///‘/5//;'
s/
SISy
29N - ooN 4~ -~ ~ =~ DS W IY VA
o x s
e
119E 120E 121E 122E 123E 119E 120E 121E 122E 123E

05 1 3 5 10 30 50 70 90 110 130 150 170 190 210 230 250 (mm)

Figure 5. Weather Research and Forecasting-simulated 3-hourly rainfall and 10-m winds at (a) 1436 UTC on August
01, (b) 0036 UTC on August 02, (c) 0336 UTC on August 02, and (d) 0736 UTC on August 02.

simulated TC motions well among three stages. The residuals are relatively small compared to the TC mov-
ing vectors (see Figures 10c and 10f for the detailed residual analysis). In stage 1, the TC motion (black
vector, Figure 7a) is in agreement with the total PV tendency (gray vector, Figure 7a) in both direction
and magnitude. The (HA), component is —4.40 and 2.77 m s~ in x and y directions and is pointing to the
northwest. The (VA), component is 0.72 and —1.23 m s~ in x and y directions and provides the opposite
effect to the (HA), term. The (DH), component is relatively small in this period. The TC motion is mainly
contributed by the (HA), effect, which is dominated by the steering flow.

The asymmetric convection becomes more significant in stage 2. High rainfall areas are concentrated in the
north of the TC center and also in the windward side of northeastern Taiwan (Figure 7b). The (HA), term
remains pointing to the northwest but becomes smaller (—2.40, 1.34 m s! in x and y directions) than in
stage 1. The (VA), term is —0.61 and —0.70 m s™* in x and y directions and points to the southwest. The DH
term becomes significant in stage 2, which is 0.23 and —1.70 m s~! in x and y directions and pointing to the
south. The (DH), and (VA), effects contribute to the cyclonic deflection motion in this period. Our results
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Figure 6. Weather Research and Forecasting-simulated maximum radar reflectivity (dBZ) within vertical column at (a) 1436 UTC on August 01, (b) 0036 UTC
on August 02, (c) 0336 UTC on August 02, and (d) 0736 UTC on August 02.

are in agreement with those reported by Hsu et al. (2013, 2018). Shallower convection developed from the
bottom to approximately 4-km in height and is located at approximately 30-40 km east of the center. This
shallow convection provides negative heating in most of the troposphere compared with the relatively weak
convection in the south and east of the TC (not shown). In the end, this asymmetric heating structure in the
north of the TC leads to negative/positive DH WN1 structure in the north/south of the TC.
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Figure 7. Vortex-following composite fields of rainfall rate (shadings), vertical averaged symmetric PV [PVU] (contours) and the PV tendency diagnosis
tropical cyclone (TC) motion vectors in three time periods. (a) 1000 UTC on August 01 to 1600 UTC on August 01, stage 1. (b) 1812 UTC on August 01 to 0012
UTC on August 02, stage 2. (c) 0136 UTC on August 02 to 0736 UTC on August 02, stage 3. The corresponded tracks are denoted as red in the up-right corners
of each panel. The symmetric PV and WN1 PV tendency terms are averaged through 6-h and from 600-m to 10-km height within a 40,000 km? square area
centered on the TC. The vectors represent the TC motion contributed by WN1 of HA (blue), VA (green), DH (red), and total (gray) PV tendencies. Vector C
(black) represents the TC moving vector obtained by the TC centers.

The TC moves toward the north in stage 3. The significant asymmetric convection in stage 2 disappeared.
The larger rainfall area is located to the southwest of TC; however, it does not coincide with the area where
the large symmetric PV gradient exists (Figure 7c). The TC motion is mainly contributed by (HA), (0.14,
3.95 m s™!in x and y directions), whereas the WN1 of DH and VA terms are small during stage 3. We fur-
ther examined the time evolution of the area (24-24.7°N, 121.7-122.7°E) and vertically averaged horizontal
winds in lower levels (0-5.6 km) at the north of the TC (Figure 11, blue). The wind directions are in gen-
eral northeast during stage 1. The east wind components increase steadily in stage 2 and cause the rainfall
maxima in the windward side of northern Taiwan. After the cyclonic deflection motion, the easterly wind
component decreases rapidly. The circulation may be altered by topography, and the southerly wind com-
ponent becomes dominant during stage 3. Therefore, the convection in the windward side becomes insig-
nificant and reduces the WN1 asymmetries of DH distribution. Furthermore, the enhanced south wind may
increase the (HA), effect point toward the north during stage 3.

4. Sensitivities of TC Tracks to Cloud Microphysics

Because the looping track near the terrain is caused by convection, sensitivity experiments with differ-
ent cloud microphysics schemes are performed. The purpose of these experiments is to study the effect of
convection distribution on typhoon motion. Figure 8 shows the simulated typhoon tracks of CTRL and
experiments with Thompson (THOM, light blue), Lin (LIN, black), WSM6 (WSM6, gray), Morrison (MORR,
green), and WDM6 (WDMS, light green) schemes. Among all experiments, CTRL, THOM, LIN, and WSM6
show cyclonic deflection tracks while TC is approaching. In addition, WSM6-run makes landfall after the
cyclonic deflection, whereas the other three experiments move toward the north. By contrast, MORR and
WDM6 move nearly straight.

Figures 9a-9f shows the 6-hourly accumulated rainfall during stage 2. The blue crosses denote the TC
centers during this period. Similar simulated hours in WDM6 and MORR runs (Figures 9b and 9c) are
chosen for comparison because no cyclonic deflection tracks occur in these two experiments. An asym-
metric larger rainfall area is located north of the typhoon in CTRL, THOM, LIN, and WSM6 experiments.
Otherwise, MORR and WDMS6 runs do not have significant convections at the windward side of topography.
Figures 9g-9i further examine the rainfall distribution of CTRL, THOM, and LIN experiments in stage 3.
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The rainfall north of TC becomes weak, while the local rainfall maximum

25N

23N

21N

appears to the left-hand side of TC motion, which is located on the north-
eastern coast of Taiwan.

Figures 10a and 10b show that the WN1 PV tendency diagnosis results
from (HA), and the contributions from (DH), plus (VA), PV tendency
terms (DH + VA), in stage 2 for all sensitivity experiments, respectively.
All the HA PV tendencies contribute to the northwestward TC motions
and all the (DH + VA), terms pointing to the south. For the experiments
with apparently cyclonic deflection tracks and asymmetric convection
distribution, the HA term is smaller, and (DH + VA), is larger. CTRL and
WSM6 experiments have the most significant southward typhoon motion
components in (DH + VA),, followed by LIN and THOM, and the last
two are WDM6 and MORR. The results reveal that the cyclonic deflection
tracks in our experiments are associated with the asymmetric convec-
tion distribution and modify the TC looping southward motion through
(DH + VA), PV tendencies. The model cloud microphysics are sensitive

g_l‘f‘é?_ _ in producing asymmetric convection. Figures 10d and 10e show the PV

THOM tendency analysis in stage 3 for CTRL, THOM, and LIN experiments. The

LIN e results show that (DH + VA), is smaller compared with (HA),. The (HA),

:\Invgg;— effect dominates the TC motion and points to the north in this period.

. WDM6 Figures 10c and 10f show the normalized differences between the total

T - T PV tendencies (HA + VA + DH), and the simulated TC motion vectors.
121E 123E The normalization was done by scaling to the TC motion vectors. The re-

sidual terms may increase while the storm translation speed increased in

Figure 8. Simulated tracks of Typhoon Saola (2012) for the microphysics  stage 3. However, Figures 10c and 10f show that the residual terms in our

sensitivity experiments. The red line is Central Weather Bureau's best
track. The blue line is the hourly track of control experiment with Goddard
microphysics. Gray, black, light green, green, and light blue lines represent
the experiments with WSM6, Lin, WDM6, Morrison, and Thompson
microphysics, respectively. Three-hourly tracks of microphysics sensitivity
experiments are plotted for simplicity.

analysis are relatively small, and the total PV tendencies are acceptable to
represent the simulated storm motion.

The time evolution area-averaged lower-level winds of THOM (light blue)
and LIN (black) are similar to CTRL (blue) (Figure 11). Both experiments
showed that significant easterlies exist on the windward side near the
eastern coast of Taiwan during stage 2. The easterlies start to weaken and
veer to southerly in stage 3. The aforementioned procedure is consistent
with CTRL and reveals that the (HA), effect becomes important due to the change in wind direction north
of the typhoon during stage 3. After that, the intensified westerlies show that the TC was passing through
the analysis box and moves to the north.

5. Conclusions and Discussions

Typhoon track deflections often occurred in the northern part of Taiwan's east coast before making landfall.
Most of the deflected storms occurred with strong intensity (e.g., Hsu et al., 2018). Previous model studies
suggest that the strong vortex interacted with the topography favor the occurrence of southward deflection
track or looping track. These studies highlight the importance of the channeling effect that lead to the de-
flected southward movement. Typhoon Saola (2012), with a weak intensity of Cat. 1, experience a cyclonic
looping motion for 12 h while approaching the northeastern coast of Taiwan. The WRF model simulated
well the looping track of Typhoon Saola (2012). The PV tendency diagnosis analysis is conducted to study
the processes of the model's looping track. The residual term in the PV tendency diagnosis is very small and
thus rendering the validity of the PV tendency analysis to the looping track.

Three stages, before cyclonic deflection (stage 1), during cyclonic deflection and looping (stage 2), and after
cyclonic deflection (stage 3), are defined. Stages 2 and 3 constitute the looping period studied in the present
paper. In stage 1, the TC is far from Taiwan and moves toward the northwest. The TC motion is dominated
by the steering flow, which relates to the HA term contribution in the PV tendency analysis. The TC moved
southwestward in the looping track during stage 2. The rainfall to the north on the windward side of the
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Figure 9. The 6-h accumulated rainfall with typhoon centers (blue cross) during stage 2 of (a) WSM6, (b) WDMS6, (c) MORR, (d) CTRL, (¢) THOM, and (f) LIN
experiments. Similar model periods are chosen for MORR and WDM6 experiments for comparison. (g-i) show the 6-h accumulated rainfall during stage 3 of
CTRL, THOM, and LIN experiments, respectively.

typhoon at this stage is significant. The convection, however, is with a peak heating at a relatively low al-
titude below 500 hPa and the vertical averaged PV DH tendency is negative. To the south of the storm, the
convection is weak due to the downslope wind and the vertically averaged DH tendency is near zero. Thus,
the WN1 DH tendency is southward. In addition, a vertical stretching of PV is observed in the downslope
wind to the south of the storm. The downslope wind constitutes the WN1 VA tendency toward the south.
These asymmetric patterns of VA and DH contribute to the southward positive PV tendency and lead to
the cyclonic deflection southward motion during stage 2. In agreement with the weak intensity of Typhoon
Saola, our model analysis did not support the role of the channeling effect on the southward motion of
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Figure 10. PV tendency diagnosis of different microphysics sensitivity experiments during stages 2 (a-c) and 3 (d-f). (a, d) HA component. (b, ) DH plus
VA components. (c, f) Normalized differences between the total PV tendencies (HA + VA + DH), and the simulated tropical cyclone (TC) motion vectors.
Normalization was done by dividing the TC motion vectors. Blue, light blue, black, gray, green, and light green vectors represent the results of CTRL, THOM,

LIN, WSM6, MORR, WDMS, respectively.
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Figure 11. The time evolution of averaged horizontal winds over 0-5.6 km altitude and in the area of 24-24.7°N,
121.7-122.7°E for six microphysics sensitivity experiments.

the looping track. Our model result suggests that at stage 3, the easterly wind component decreases while
the southerly wind component becomes dominant in offshore northeastern Taiwan. The convections, in
general, become weaker to the north of the TC in stage 3, and the WN1 DH becomes weak. Moreover, the
downslope wind is weakened when the storm moves southward and the flow is more difficult to cross the
CMR. The DH and VA effects become insignificant during stage 3, and the WN1 HA effect leads the TC to
move northward in stage 3. Stage 2 cyclonic deflection and stage 3 northwestward motion constitute a 12-h
looping motion, which causes heavy precipitation in the northeast of the Taiwan area.

Our numerical experiments show that the WN1 diabatic convection process (DH + VA) affects the typhoon
path near the terrain in the northeast of Taiwan. The experiments show that TC's looping track simulation
is sensitive to the choices of model cloud microphysics schemes. The model sensitivity study indicates that
a large part of track uncertainty resides in the interaction of model internal dynamics and model cloud
microphysics. Our cloud microphysics sensitivity tests show that the track uncertainty can increase dra-
matically from 48 to 140 km during 00 UTC August 01 to 00 UTC August 02. This variation of TC track (w/
wo landfall) within 24-h could cause the landfall position shift from Yilan to Hualien County in Taiwan,
which results in a different topographic phase-locking rainfall distribution and also rainfall duration (Che-
ung et al., 2008; Hsu et al., 2013). The magnitude of the track uncertainty is in general comparable to that
of Fovell et al. (2010), which a span of 115 km track variations in 72 h can be produced by using different
microphysics schemes.

Our experiments with a single-moment type of microphysics simulate the looping track well and the dou-
ble-moment experiments fail to simulate the looping track. Since DH PV tendency is very important in the
southward movement of the looping track, it indicates that the microphysics affect the vertical diabatic
heating profile and the PV generation. The tendency of the number concentration and size parameter was
forced to be synchronized in single-moment microphysics. But, the tendency of these two parameters can
be in the different phases within the double-moment microphysics. Namely, it may be caused by the differ-
ent time-scale of diabatic heating process efficiency in these microphysics schemes. The detail of the mi-
crophysics analysis remains to be the challenge. Further experiments and diabatic budget analysis should
be conducted in the future. In recent years, more and more state-of-the-art radar data and techniques are
established in Taiwan. Radar reflectivity, radial wind, and even polarimetric variables, such as differential
reflectivity (ZDR), specific differential phase shift (KDP), and so on, can retrieval the high spatial-temporal
resolution of the hydrometers and dynamic structures in typhoons. These high-resolution data and numer-
ical experiments may help to improve our understanding of microphysics in the looping track predictions.
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