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ABSTRACT: Typhoon Fanapi (2010) made landfall in Hualien in Taiwan at 0100 UTC 19 September 2010 and left
Taiwan at 1200 UTC 19 September 2010, producing heavy rainfall and floods. Fanapi’s eyewall was disrupted by the
Central Mountain Range (CMR) and reorganized after leaving the CMR. High-resolution simulations (nested down to
1-km horizontal grid size) using the Advanced Research Weather Research and Forecasting (WRF) Model, one simulation
using the full terrain (CTL) and another set of simulations where the terrain of Taiwan was removed, were analyzed. Pre-
cipitation areas were classified into different subregions by a convective-stratiform separation algorithm to assess the
impact of precipitation structure on Fanapi’s eyewall evolution. The percentage of deep convection increased from 9% to
20% when Fanapi underwent an eyewall reorganization process while departing the CMR. In the absence of terrain, mod-
erate convection occupied most of the convective regions during the period when Fanapi moved across Taiwan Island. The
low-level total vorticity stretching within the convective, stratiform, and weak-echo regions in the no-terrain experiment
were of similar magnitudes, but the total vorticity stretching within the convective region at low levels was dominant in the
CTL experiment. Total vorticity stretching in the region of deep convection increased after eyewall reorganization, and
later became stronger than that in the moderate convection region. In the absence of the CMR, total vorticity stretching in
moderate convection dominated. The total vorticity stretching within the deep convective region in the CTL experiment
played an essential role in the reorganization of Fanapi’s eyewall through a bottom-up process.

SIGNIFICANCE STATEMENT: When a tropical cyclone makes landfall on Taiwan Island, the Central Mountain
Range (CMR) usually disrupts the eyewall and changes the percentage of convective and stratiform precipitation areas.
Unlike most typhoons whose eyewalls are weakened after landfall, Typhoon Fanapi’s eyewall reorganized and the per-
centage of deep convection increased from 9% to 20% when Fanapi moved to the west side of the CMR. Understand-
ing how the terrain of Taiwan weakened the vortex circulation of Typhoon Fanapi during landfall and rebuilt
the vorticity and eyewall after landfall is important to improve the forecast of TCs with similar track and intensity in
the future.
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1. Introduction Convective-stratiform separation algorithms can be used to
distinguish convective from stratiform precipitation based on
the differences between rainfall rates, radar reflectivity, and
vertical velocity. Poujol et al. (2020) classifies the algorithms
based on structural and temporal characteristics. The former
uses strong positive spatial anomalies to identify the convec-
tive updrafts (e.g., Churchill and Houze 1984), while the latter
uses rainfall rate intensity threshold to separate the convec-
tive and stratiform regions (e.g., Tremblay 2005). Although
rainfall rates may not be highly related to microphysical pro-
cesses, temporal algorithms are commonly used for rain gauge

In the tropics, convective precipitation is frequently associ-
ated with strong vertical velocities (usually greater than the
terminal velocities of hydrometeors) and intense rainfall
rates. In contrast, stratiform precipitation is defined as a less
active precipitation area with widespread and weak vertical
motion (Houze 1997). For a typical tropical cyclone (TC),
there are many convective cells embedded in the primary
rainbands that spiral into the eyewall. The overturning flow
within the TC secondary circulation transports frozen hydro-
meteors (ice crystals or snowflakes) up to upper levels. Then
the ice particles descend to form stratiform precipitation data in poor-spatial-resolution cases. The texture algorithms

around the convective region (Atlas et al. 1963; Hence and that require high-spatial-resolution data like radar data or
Houze 2012). cloud-resolving model outputs are more reasonable.

The separation between convective and stratiform precipi-
tation is helpful to analyze the kinematic and microphysical
structures of convective cells embedded in stratiform clouds
and precipitation. In an observational study, Didlake and

@ Denotes content that is immediately available upon publica-  1qy17¢ (2013a) used a convective-stratiform separation algo-
tion as open access. . . . .

rithm on airborne Doppler radar measurements in Hurricane

Rita (2005) to compare the composite of three-dimensional
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FI1G. 1. Three nested domains (with the horizontal grid sizes of 9,
3, and 1 km) of the WRF Model used in this study. The 6-hourly
best track of Fanapi from the JTWC, starting from 1200 UTC 14
Sep and ending at 0600 UTC 20 Sep 2010 (large dots denote the
position at 0000 UTC), is indicated. Terrain height on the 9-km
grid is shaded. From Yang et al. (2018).

inner-core rainbands. They found that supergradient flows
that led to convergence and convective cell development were
essential for secondary eyewall formation. Rogers et al.
(2020) implemented a convective-stratiform separation algo-
rithm in airborne Doppler radar measurements of Hurricane
Hermine (2016). They found that low-level vorticity was
amplified through vorticity stretching and tilting processes in
deep convection, while the thermodynamic environment was
modified into one more favorable for moderate convection.
The large portion of moderate convection maintained the
mesoscale circulation structure with a broad area of enhanced
stretching and tilting to overcome the moderate vertical wind
shear at the early stage. In a modeling study, Rogers (2010)
applied a convective—stratiform separation algorithm on high-
resolution MMS5 model output to examine the interaction
between convection and the vortex and the evolution of verti-
cal mass flux during the rapid intensification of Hurricane
Dennis (2005).

The studies mentioned above show the multitude of ways
that precipitation structure and evolution can impact TC
structure. Another example where precipitation may affect
TC structure is through the disruption and subsequent reorga-
nization of a TC eyewall upon encountering terrain. Typhoon
Fanapi (2010) made landfall in Hualien (over the east coast
of Taiwan) at 0100 UTC 19 September and left Taiwan at
1200 UTC 19 September 2010, producing heavy rainfall and
floods. Fanapi’s eyewall was broken down by the Central
Mountain Range (CMR) of Taiwan while the TC vortex cir-
culation was over Taiwan Island. When Fanapi moved to the
western side of the CMR, its eyewall reorganized and heavy
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FIG. 2. (a) TC Fanapi’s tracks from the CWB best track analysis
(black), the CTL (red), NTR (blue), and NTW (orange) experi-
ments. Big dots along the track indicate the 6-hourly TC center
positions, and small dots along the track indicate the 3-hourly
TC center positions. The green triangles indicate the locations
of ground-based radars (RCHL, RCCK, RCMK, RCCG, and
RCKT). The shaded area indicates the terrain height of CMR.
Time series of (b) minimum sea level pressure and (c) maximum
surface wind in for CTL (red), NTR (blue), and NTW (orange)
experiments.

rainfall accumulated in southwestern Taiwan. This reforma-
tion process is in contrast to most typhoons, whose eyewalls
remain disorganized and weaken after landfall.

Eyewall reorganization processes of Typhoon Fanapi
(2010) were documented by both radar observations and
high-resolution model simulations. Liou et al. (2016) used an
advanced technique called the Wind Synthesis System using
Doppler Measurements (WISSDOM) to retrieve the three-
dimensional wind field during the period of eyewall recon-
struction. Typhoon Fanapi (2010) is a unique typhoon case in
which dual-Doppler radar observations from two Doppler
radars (one ground-based operational radar and one mobile
research radar) were available to document the kinematic and
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FIG. 3. The plan view of radar-observed precipitation-regime classification at 2-km height using the convective—
stratiform separation algorithm. The TC symbol indicates the location of the typhoon center.

precipitation structure within Fanapi’s inner core, and vorti-
cal hot towers (VHTs) over land were documented for the
first time in the literature. Yang et al. (2018) conducted a
high-resolution WRF Model simulation (with finest horizon-
tal grid size of 1 km) to compare the VHTs over the open
ocean and over land. The VHTs over land had weaker maxi-
mum updrafts (7-8 m s~!), narrower diameters (7-11.5 km),
and shallower depths (6.5-9 km) than those over the ocean.
The VHTs moved toward the CMR along the spiral rain-
bands and transported vorticity-rich air from lower levels to
middle levels. Therefore, Fanapi underwent a bottom-up
eyewall reorganization process, which is uncommon in the
literature for landfalling typhoons. Most studies on VHTs
were performed using airborne or spaceborne instruments
for oceanic TCs, but Liou et al. (2016) and Yang et al.
(2018) are some of the relatively few studies to examine the
role of VHTs in TC eyewall reformation under the influence
of terrain from observational and modeling perspectives.

In this study, two main scientific issues are addressed to
examine the impacts of the CMR on landfalling Typhoon
Fanapi: 1) Does the presence of the CMR play a key role in
the eyewall regeneration for Fanapi? 2) How is eyewall regen-
eration related to the change of precipitation regime and vor-
ticity forcing for Fanapi? The methodology of this study is
presented in sections 2 and 3 discusses the precipitation
regions of Typhoon Fanapi. A vorticity budget to determine
the dominant vorticity generation processes and the associ-
ated precipitation types to understand the reformation pro-
cess is given in section 4. Concluding remarks are in section 5.

2. Methodology

A control (CTL) simulation with the full complex CMR
topography and two sensitivity experiments with no Taiwan ter-
rain were conducted by using the Advanced Research Weather
Research and Forecasting (WRF) Model (ARW-WREF v3.3.1;
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FIG. 4. Asin Fig. 3, but for the CTL experiment. The inner circle indicates the radius of 100 km from the TC center,
and the outer one indicates the radius of 300 km from the TC center. Radius of maximum wind (RMW) is indicated
by the thick pink contour. Two boxes in (c) indicate the horizontal positions of two vertical cross sections shown in

Fig. 16.

Skamarock et al. 2008). The CTL simulation, which ran from
0000 UTC 18 September to 0000 UTC 20 September 2010, cap-
tured the breakdown and reorganization of the eyewall of
Typhoon Fanapi. The horizontal grid sizes of the triply nested
grid were 9, 3, and 1 km. A total of 55 eta levels are imple-
mented in the vertical direction. The European Centre for
Medium-Range Weather Forecasts/Tropical Ocean Global
Atmosphere (ECMWF/TOGA) analysis datasets with 1.125°
horizontal grid spacing were used as the initial and boundary
conditions. The boundary conditions were updated every 6 h.
Figure 1 shows the three nested-grid domains. Physical
parameterization schemes used in the model include the
Grell-Dévényi ensemble cumulus parameterization (Grell
and Dévényi 2002), the double-moment Morrison micro-
physics parameterization (Morrison et al. 2005; Morrison
and Gettelman 2008), Rapid Radiative Transfer Model
(RRTM) longwave radiation parameterization (Mlawer
et al. 1997), Dudhia (1989) shortwave parameterization,

and the Yonsei University (YSU) planetary boundary layer
parameterization (Hong and Pan 1996). Note that the
cumulus scheme is used in the 9-km grid only, because the
grid sizes of the 3- and 1-km grids are fine enough to explic-
itly resolve convection. Details of the simulation verifica-
tion were presented in Yang et al. (2018).

To determine whether the stronger vortex circulation in the
no-Taiwan-terrain (NTR) run (compared with the CTL run)
plays an important role in the upward transport of positive
vorticity by stronger convection (to be discussed in section 4),
a no-terrain-weak experiment (NTW) with a warmer, drier,
and weaker TC inner core is created from the CTL run. Inside
the inner core (with radius of less than 100 km) for this NTW
experiment, temperature is increased by 2 K below 850 hPa,
moisture is reduced by 10% below 700 hPa, and wind speed is
reduced by 30% below 200 hPa. Hydrostatic balance is
imposed vertically, and gradient-wind balance is imposed hor-
izontally to require the balance between wind and mass fields.
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FIG. 5. As in Fig. 4, but for NTR experiment.

A buffer zone existed between the TC inner core and the
radius of 1000 km; outside the buffer zone, all meteorological
variables are the same as those in the CTL experiment. This
NTW run started at 2100 UTC 18 September and ended at
0600 UTC 20 September 2010.

Figure 2a shows the best track analysis of Typhoon Fanapi
from the Central Weather Bureau (CWB; black), and the sim-
ulated tracks from the CTL (red), NTR (blue), and NTW
(orange) experiments. When Typhoon Fanapi approached
the CMR, both the observed and the simulated CTL tracks
had obvious southward deflections. In contrast, the NTR and
NTW experiments showed east-west tracks with no obvious
deflection, as expected if there were no mountains in Taiwan
Island (Yeh and Elsberry, 1993a,b; Huang et al. 2011; Wu et al.
2015). The green triangles indicate the locations of the
ground-based radars (RCCK, RCHL, RCMK, and RCCG)
operated by the CWB and Republic of China Air Force
(ROCAF), which provided the observed precipitation

structures for TC Fanapi. The intensity of Fanapi became
stronger in the absence of the CMR, as shown in NTR and
NTW runs (Figs. 2b,c)

To classify different precipitation regimes, a convective—
stratiform separation algorithm (Churchill and Houze 1984;
Steiner et al. 1995; Yuter and Houze 1995; Didlake and
Houze 2013a) is employed on the radar data at 2-km height.
The separation technique is based on the radar reflectivity
that exceeds a certain threshold (Z,, + AZ.. or 42 dBZ)
determined by the background radar echo (Zy,). The convec-
tive center criterion (AZ,.), introduced by Yuter and Houze
(1995), is shown in Eq. (1), where the coefficient a = 9 and
b =45 are taken from Didlake and Houze (2009). The convec-
tive radius (R; in units of kilometers) which depends on Zy, is
given by Eq. (2):

Z
AZ = acos(l T bg), 1)

b 2
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FIG. 6. Asin Fig. 4, but for NTW experiment.
05, Zog < 20dBZ, 3. Precipitation regions of Typhoon Fanapi
B Zyg — 20 Figure 3 shows the plan view of radar-observed (OBS)
R=105+ 3'5( 15 ) 20=Zy, < 35dBZ, ) precipitation-regime classification at 2-km height using the
4, Zyg =35dBZ. convective-stratiform separation algorithm during the period

Following previous studies (Tao and Jiang 2015; Fritz et al.
2016; Rogers et al. 2020), the convective regions are further
stratified into deep, moderate, and shallow convection. This
stratification is based on the height of 20-dBZ echo top, with
echo-top heights greater than 10 km classified as deep convec-
tion (DC), those with echo-top heights between 4 and 10 km
classified as moderate convection (MC), and those with echo-
top heights under 4 km classified as shallow convection (SC).
In nonconvective regions, the areas with radar echo less than
20 dBZ are the weak-echo region (WE), and the areas
with radar echo greater than 20 dBZ are the stratiform region
(ST).

when Typhoon Fanapi passed through the CMR. The reflectivity
data from RCCK, RCHL, RCMK, RCCG, and RCKT radars
are all included (see their locations in Fig. 2). Figure 3a shows the
deep convection (DC) region scattered on the southwestern part
of Taiwan at 0500 UTC. As Fanapi passed through the CMR,
the percentage of deep convection increased in the southwest
part of Taiwan (Fig. 3c at 1100 UTC) and later decreased after
Fanapi moved into the Taiwan Strait (Fig. 3d at 1400 UTC). The
moderate convection (MC) covered most of the radar-observed
areas. The area between two rainbands was identified as strati-
form precipitation. Note that the limited radar observed range
was due to the algorithm that determined the precipitation type
by reflectivity at 2-km height and echo-top height.
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FIG. 7. The area percentages (%) of (a) deep convection (DC) and moderate convection (MC), (b) only deep con-

vection (DC), and (c) only moderate convection (MC) within the inner core (with the radius less than 100 km) during
the 8-h time period when TC Fanapi moved across the CMR. The dot along each curve indicates the time when the
TC center is located at the foothill in the western slope of the CMR. (d) As in (b), but for the regions restricted to the
area over land with the vertically averaged updrafts (from the surface to 12 km) greater than 0.5 m s~ . Numbers at

the top of (d) indicate number of grid points used in the calculation of area percentage at each hour.

Figure 4 shows the plan view of precipitation-regime classi-
fication at 2-km height from the CTL simulation using the
convective-stratiform separation algorithm. Figures 5 and 6
present the corresponding results from the NTR and NTW

simulations, respectively. The inner circles in Figs. 4, 5, and 6
indicate the radius of 100 km, and the outer circles indicate
the radius of 300 km from the TC center. The CTL simulation
shown in Fig. 4 captured the increase of deep convection

TABLE 1. The percentages of different precipitation regions from radar observation. Time 7 indicates the time when TC Fanapi’s
center left the CMR.

Time (UTC) Time Stratiform No/weak echo Shallow convection Moderate convection Deep convection
0500 T—-1h 18.25 38.26 0.08 36.18 7.23
0600 T 17.74 49.35 0.82 25.62 6.48
0700 T+1h 21.89 42.68 0.97 27.52 6.93
0800 T+2h 20.24 31.21 0.99 37.12 10.44
0900 T+3h 17.48 32.48 1.90 37.09 11.06
1000 T+ 4h 23.82 26.94 0.96 39.42 8.86
1100 T+5h 19.73 34.83 0.94 35.14 9.36
1200 T+6h 14.85 52.81 1.47 27.19 3.67
1300 T+7h 8.17 59.54 1.74 28.52 2.02
1400 T+8h 6.02 68.09 0.42 24.15 1.32
Avg 16.82 43.62 1.03 31.80 6.74
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TABLE 2. As in Table 1, but for the CTL experiment.

Time (UTC) Time Stratiform No/weak echo Shallow convection Moderate convection Deep convection
0500 T—-2h 37.52 24.56 0.68 24.79 12.44
0600 T—-1h 31.84 32.75 0.63 26.39 8.39
0700 T 29.47 42.23 0.26 20.40 7.65
0800 T+1h 22.48 44.22 0.29 24.82 8.19
0900 T+2h 20.00 43.22 0.14 19.17 17.46
1000 T+ 3h 18.49 44.19 0.57 17.12 19.63
1100 T+ 4h 20.09 41.74 0.34 15.04 22.80
1200 T+5h 16.38 56.78 0.68 11.70 14.47
1300 T+ 6h 16.58 58.23 1.60 12.10 11.50
1400 T+7h 12.87 58.72 2.45 18.80 7.16
Avg 22.57 44.66 0.76 19.03 12.97

(DC) prior to and at the time when the center was re-emerging
over water along the west coast of Taiwan Island (0800-1000
UTC), and the decrease of DC after the time when the
center made “seafall” on the Taiwan Strait (1400 UTC).
Note that the locations of the radius of maximum wind
(RMW) are added in Fig. 4. Before the eyewall reorganiza-
tion (0600 and 0800 UTC at Figs. 4a,b), most of the radar
echoes with deep convection (DC) and moderate convec-
tion (MC) occurred outside the RMW. After the eyewall
regeneration (at 1000 and 1400 UTC at Figs. 4c,d), more
DC radar echoes occurred inside the RMW, indicating a
higher heating efficiency for TC reintensification (Schubert
and Hack 1982). Also note that the use of a different micro-
physics scheme affects the partition of precipitation
regimes in Fig. 4. For example, another run with the
WDM6 microphysics scheme produced excessive DC and
insufficient MC and ST regimes (not shown). Because the
CTL run with the Morrison scheme produced the precipita-
tion structure in close resemblance to the observation [see
Fig. 4c in Yang et al. (2018)], we use the CTL result in this
study to discuss the vorticity budget. Note that although

microphysics schemes keep improving, there are still some
deficiencies in the parameterization.

The NTR experiment in Fig. 5, reflecting the absence of the
CMR, displayed a more symmetric and organized distribution
of deep convection (DC), moderate convection (MC), and
stratiform (ST) before and after moving over the Taiwan
Strait, compared to those in the CTL. The precipitation types
in the CTL and NTR simulations showed that the convective
cells are embedded within the inner-core rainbands, and the
outer rainbands are mainly classified as stratiform and weak-
echo region. Some studies documented that convective-scale
features varied with radius in tropical cyclones (Corbosiero
and Molinari 2002, 2003; Didlake and Houze 2013a,b). The
stratiform region was located in the outer rainbands with ice
particles injected from convective cells in the inner core.
Powell (1990) and May (1996) proposed that the stratiform
region containing active convective cells was different from
the downwind stratiform region. The difference between
stratiform regions with connected and separated convective
cells is another interesting topic and should be examined care-
fully in future studies. The distribution of precipitation type in

TABLE 3. As in Table 1, but for the NTR experiment.

Time (UTC) Time Stratiform No/weak echo Shallow convection Moderate convection Deep convection
0500 T-2h 33.92 32.55 1.85 19.23 12.44
0600 T-1h 31.64 36.26 2.25 19.29 10.56
0700 T 25.16 38.97 1.40 21.43 13.04
0800 T+1h 26.36 35.89 2.00 20.46 15.29
0900 T+2h 23.97 32.72 2.48 22.08 18.74
1000 T+3h 19.80 37.55 1.51 28.25 12.90
1100 T+4h 20.86 38.29 2.48 29.59 8.79
1200 T+5h 19.54 46.31 2.03 26.56 5.56
1300 T+6h 15.35 49.64 3.97 21.31 9.73
1400 T+7h 21.03 47.02 1.17 2223 8.56
Avg 23.76 39.52 211 23.04 11.56
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FIG. 8. Contoured frequency by altitude diagrams (CFAD; %) of vertical velocity within the TC inner core (with a
radius less than 100 km) in (a),(d) CTL experiment; (b),(e) NTR experiment; and (c),(f) the difference between CTL
and NTR experiments at (a)—(c) 0800 and at (d)—(f) 1000 UTC 19 Sep 2010.
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FIG. 10. CFAD of (top) vertical velocity and (bottom) radar reflectivity within the eyewall (with a radius between 50
and 100 km) in (a),(b) CTL experiment and (c),(d) NTR experiment at 1000 UTC 19 Sep 2010.

the NTW experiment (Fig. 6) is similar to that in the NTR
experiment (Fig. 5), except for a smaller percentage of deep
convection (DC) and a larger percentage of stratiform (ST)
and weak-echo (WE) precipitation.

Figure 7 shows the time series of the relative proportion of
(Fig. 7a) the summation of deep and moderate convection,
(Fig. 7b) only deep convection, and (Fig. 7c) only moderate
convection in the radar data from the observation (OBS),
CTL, NTR, and NTW simulations within the TC inner core
(with radius = 100 km). Tables 1-3 show the detailed relative
proportions of precipitation type in the OBS, CTL, and NTR,
respectively. In Fig. 7a, both OBS and CTL show that the
summation of DC and MC decreased before TC Fanapi
passed through the CMR and then increased (from 30% to
50% in OBS and from 30% to 40% in CTL) afterward. In
comparison with the radar OBS, the CTL simulation overpro-
duced the percentage of deep convection and underproduced
the percentage of moderate convection (Figs. 7b,c). These
inconsistencies of deep and moderate convection between the
radar observation and CTL simulation may have resulted

from deep convective cells simulated in the numerical model
that were too strong and wide compared to observations.
Without the CMR, the NTR and NTW experiments had a
greater occurrence of moderate convection (more than 20%)
and a smaller occurrence of deep convection (less than 20%)
during the 8-h time period.

Figure 8 shows the comparisons of contoured frequency by
altitude diagrams (CFADs; Yuter and Houze 1995) of vertical
velocity within the TC inner core (with radius = 100 km)
between the CTL and NTR experiments at 0800 and 1000 UTC.
The downdrafts decreased in magnitude below 4-km alti-
tude while the distribution of updrafts remained almost the
same in the CTL experiment after TC Fanapi left the CMR
at 1000 UTC (Figs. 8a,d). On the other hand, for the NTR
storm, the downdrafts had little change but the strong
updrafts (with vertical velocities > 5 m s™') were not able to
reach altitudes of 10 km or higher (Figs. 8b,e). This fact indi-
cates that convection within the inner core of TC Fanapi
would weaken by 1000 UTC if the CMR were absent. The
CTL storm at this time had more updrafts at upper levels
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Fi1G. 11. As in Fig. 10, but for the eye region at 1000 UTC 19 Sep 2010.

(>6 km) and more downdrafts at lower levels (<4 km) than
those in the NTR storm (Figs. 8c,f). This is consistent with
Fig. 7d, which displays the statistics in the inner core but
over land with terrain-forced ascent, that showed more deep
convection occurring in the CTL at this time.

Figure 9 shows the comparisons of CFAD of radar reflec-
tivity between the CTL and NTR experiments at 0800 and
1000 UTC. The CFAD in the CTL experiment had an
increasingly diagonal slope of the mode above 6-km altitude
after Fanapi had moved across the CMR and was exiting
Taiwan Island (Figs. 9a,d). The CFAD in the CTL simulation
showed more convective characteristics with higher percent-
age of strong echo (30-40 dBZ) below 1 km at 1000 UTC.
Without the CMR, the frequency of strong radar echoes
(3040 dBZ) decreased at the middle levels (4-8 km) in
the NTR storm due to the weakening of Typhoon Fanapi
(Figs. 9b,e). Over most altitudes (below 10 km), the CTL
storm had more weak echoes (<25 dBZ) and fewer stronger
echoes (25-45 dBZ) than those in the NTR storm (Figs. 9c,f).
Above 10-km altitude, however, the CTL storm had more
strong radar echoes (>40 dBZ) than the NTR (Fig. 9f) at

1000 UTGC; this high-reflectivity values at upper level could
be a flaw from the microphysics scheme (Hence and Houze
2011).

After looking at the CFAD profiles averaged within the
whole inner core, now we can examine the CFAD profiles
representing several subregions (e.g., eyewall vs eye regions
and deep convection vs moderate convection regions). It is
clear from Figs. 10a and 10c that at 1000 UTC within the
eyewall region (50 < r < 100 km), the CTL experiment
displayed a higher percentage of updrafts at upper levels
(6-10 km) and downdrafts at lower levels (below 4 km),
compared to the NTR experiment. On the other hand, the
NTR experiment had a higher percentage of medium-
strength radar echoes of 3040 dBZ than the CTL experiment
(Figs. 10c,d). For the eye region (r < 50 km) at 1000 UTC, the
CTL experiment displayed a greater population of strong
updrafts (with peak intensity up to 10 m s~ ') at lower levels
(below 4 km) than those in the NTR experiment (Figs. 11a,c),
but the NTR run had a larger percentage of medium-strength
radar echoes of 30-40 dBZ at lower levels (below 2 km) than
those in the CTL (Figs. 11b,d).
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F1G. 12. CFAD of (top) vertical velocity and (bottom) radar reflectivity within the deep convection (DC) region in
(a),(b) the CTL experiment and (c),(d) the NTR experiment at 1000 UTC 19 Sep 2010.

Now let us compare the CFAD profiles between the deep
convection (DC) and moderate convection (MC) regions. For
the DC region at 1000 UTC, the CTL experiment displayed a
higher percentage of updrafts at upper levels (6-10 km) and
downdrafts at lower levels (below 4 km) than those in the
NTR experiment (Figs. 12a,c). For the radar reflectivity field
in the DC region (Figs. 12b,d), the NTR experiment had a higher
percentage of medium-strength radar echoes of 30-40 dBZ. Simi-
larly, for the moderate convection (MC) region at 1000 UTC, the
CTL run displayed a higher percentage of updrafts at middle lev-
els (48 km) and downdrafts at lower levels (below 4 km) than
those in the NTR experiment (Figs. 13a,c). For radar reflectivity
CFAD profiles, the CTL run had a similar profile to that of the
NTR (Figs. 13b,d).

The comparison of vertical profiles of mean environmental
conditions inside the TC inner core (within a 100-km radius)
between the CTL and NTR experiments is displayed in
Fig. 14. Figures 14a and 14d illustrate the vertical profiles of
relative humidity (RH) in the CTL and NTR storms, respec-
tively. It is shown that the inner core was much drier in the

CTL, due to strong subsidence on the lee side of the CMR.
When Fanapi’s inner core moved into Taiwan, evaporation
from falling hydrometeors cooled the air and added to the
forced descent on the lee side of the CMR, and the subsidence
drying dominated over the moistening from evaporation.
Figures 14b and 14e show a comparison of the vertical profiles
of mean temperature anomaly (departure from the area
mean) within the inner core (r =100 km) between the CTL
and NTR experiments. The positive temperature anomaly
occurred at lower levels (below 4-km height) at 0700 UTC as
the strong TC circulation hit the CMR, inducing deep convec-
tion to develop and increasing temperature anomaly by strong
latent heat release (Fig. 14b). On the other hand, the negative
temperature anomaly in the NTR experiment resulted from
the evaporative cooling induced by precipitation.

Figures 14c and 14f show the comparison of the vertical
profiles of mean equivalent potential temperature (6,; solid
line) and saturated equivalent potential temperature (6,q;
dashed line) inside the inner core (r =100 km) between the
CTL and NTR experiments. The inner core of the CTL storm
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FI1G. 13. As in Fig. 11, but for the moderate convection (MC) region.

at lower levels was more potentially unstable and much
drier than that in the NTR storm. Therefore, the CTL
storm had more deep convection, while the NTR storm had
more moderate convection. Similar enhancement of deep
convection in the TC inner core over the rugged terrain is
also found in Geerts et al. (2000) for Hurricane Georges
(1998; see their Figs. 7 and 10). This relationship between
stability and humidity profiles and the prevalence of deep
convection for Typhoon Fanapi (2010) with a drier lower
troposphere, primarily due to terrain and evaporation-
induced subsidence, was different from the analysis results
of Hurricane Hermine (2016), which featured a tropical
cyclone in persistent vertical shear over the open ocean,
with no terrain interactions and a drier middle and upper
troposphere (Rogers et al. 2020).

Figure 15 shows the comparison of the thermodynamic pro-
files between the eye and eyewall region at 1000 UTC. For
the CTL experiment, the eye region is drier, has a stronger
upper-level warm anomaly, and a shallower potentially unsta-
ble layer than those in the eyewall region. In the absence of

the terrain effect (NTR experiment), the eye region is much
drier above 4 km than the eyewall region, the eye region has a
stronger warming in the troposphere (below 12 km) than the
eyewall region, and the eye region has a deeper potentially
stable layer at low levels than the eyewall region. These dif-
ferences in thermodynamic profiles between the eye and eye-
wall region are associated with the differences in convection
and precipitation (Figs. 10 and 11).

For the CTL simulation, the subsidence occurred when
Typhoon Fanapi moved across the CMR. The primary
rainband was established in the southern part of the TC
(Figs. 4c and 16b). The relative humidity increased in the
low levels due to precipitation evaporation. Terrain over
the CMR enhanced the updrafts on the windward side and
the thermodynamically unstable environment made the
deep convection stronger and more prevalent (Figs. 7b and
16a). However, for the NTR experiment, the absence of
extra water vapor supply at lower levels and less thermody-
namically unstable environment led to the dominance of
moderate convection (Fig. 7¢).
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FI1G. 14. The mean profiles of (a),(d) relative humidity (%); (b),(e) temperature anomaly (K); and (c),(f) equivalent
potential temperature (K; solid line) and saturation equivalent potential temperature (K; dashed line) within the inner
core (with a radius less than 100 km) in (a)-(c) the CTL experiment and (d)—(f) the NTR experiment at 0700 (black),
0900 (red), and 1100 UTC (blue) 19 Sep 2010.
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FI1G. 16. The storm structure of the CTL storm at 1000 UTC: (a) zonal and (b) meridional cross sections of vertical

velocity (colored), radar reflectivity contours of 20 dBZ (black), horizontal wind speed contours of 30 m s~

stretching contours of 1077

! (gray),

s~ 2 (red), and vorticity vectors along the cross section (blue). Each cross section is aver-

aged with a 0.5° width. The horizontal locations of two vertical cross sections are displayed in Fig. 4c.

4. Vorticity budget analysis

Following Yang et al. (2018), a vorticity-budget analysis is
employed in this study to examine the vorticity tendencies
contributed by different precipitation regimes in the inner
core of Typhoon Fanapi during its eyewall reorganization
period. The vorticity budget equation in a TC center-following
framework can be written as

6w u

"

aw Bv
9x E)z

o +(V Q) - V§+w2g

®)
or

TND + HAD + VAD = STR + TIL. 4)
The variable ¢ is the vertical relative vorticity and C is the
TC translation vector. The terms on the left-hand side of
Eq. (3) are local vorticity tendency (TND), horizontal
advection (HAD), vertical advection (VAD), respectively.
Terms on the right-hand side of Eq. (3) are stretching
(STR), and tilting (TIL), respectively. It is clear from
Egs. (3) and (4) that redistribution of the three-dimensional
vorticity is determined by the combination of HAD and
VAD. The generation or consumption of vorticity is con-
trolled by the STR and TIL.

Figure 17 displays the vertical structure of vertical relative
vorticity, the summation of STR and TIL, and the vorticity
tendency. For the CTL, Fanapi’s vorticity decreased as a
result of the weakening of the vortex circulation by the
obstruction of the CMR (Fig. 17a). Later, more positive vor-
ticity was formed by the STR and TIL forcings at lower lev-
els (Figs. 17b,c). There is a layer of anticyclonic tendency

above the cyclonic tendency near 1 km, and it is produced
by the upward transport of anticyclonic vorticity generated
by moderate convection. The westward tilt of the axis of
vorticity is evident in Fig. 17b; the area with vorticity greater
than 60 X 107> s ™! reached upward from 0600 to 1000 UTC,
a clear indication of the bottom-up process. On the other
hand, the vorticity structure was upright and remained com-
pact from lower to middle levels in the NTR simulation
(Figs. 17d-f).

To analyze how the vorticity forcings from the STR and
TIL in different precipitation regions affected the recon-
struction of Typhoon Fanapi’s eyewall, contributions in dif-
ferent subregions were taken into account. According to
Stokes’s theorem, vorticity tendency contributions from
different precipitation regimes can be expressed as circula-
tion tendencies. Mathematically, for a horizontal wind vec-
tor V, the circulation of V along a closed contour C can be

expressed as
§V-dl=“ (VX V) - kdA,
c A

8C = [8A,

®)

or
(6)

where A is the horizontal area enclosed by the contour C, and
k is a unit vertical vector to the area element dA (Holton
2004). Thus, Stokes’s theorem states that the circulation (6C)
about any closed loop C is equal to the integral of the vertical
component of the vorticity ({) over the area (8A) enclosed by
the loop C, as indicated by Eq. (6).

Figures 18a and 18b show the vertical profiles of circulation
tendency from the STR within the convective region (CV),
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FIG. 18. The vertical profiles of circulation tendency (10™* km? s~ 2) for the STR term. The solid line indicates the
contribution by the convective region (CV), the dashed line is for the stratiform region (ST), and the dotted line is for
the weak- and no-echo region (WE). (a),(b) CTL experiment and (c),(d) NTR experiment. Times are (a),(c) 0800
and (b),(d) 1000 UTC 19 Sep 2010. Note that the size of each region is indicated in the panel legends; for example,

the size of convective region (CV) at 0800 UTC is 10 008 km>.

stratiform region (ST), and weak or no echo region (WE) in
the CTL at 0800 and 1000 UTC, respectively. At lower levels,
the STR in the convective region remained dominant, com-
pared to those in other precipitation regimes (Fig. 18a). When
Typhoon Fanapi underwent an eyewall reorganization pro-
cess (at 1000 UTC), the STR in the convective region
remained dominant at lower levels, but the STR in the strati-
form and weak-echo regions became smaller (Fig. 18b). For
the NTR experiment, the STR in the CV region became
weaker from 0800 to 1000 UTC (Figs. 18c,d).

Figure 19 displays the vertical profiles of circulation ten-
dency from the TIL within the convective region (CV), strati-
form region (ST), and weak or no echo region (WE) in the
CTL and NTR simulations. In the CTL, the TIL in convective
region became more positive in lower levels and oscillated in
the vertical at 1000 UTC (Figs. 19a,b). In the absence of
CMR, the TIL in the convective region oscillated in the

vertical with a slight weakening (Figs. 19¢,d). Despite the TIL
within the convective region being positive in the middle
levels (3-6-km height), the negative STR within the convec-
tive region canceled out the cyclonic contribution in the NTR
(Figs. 18c and 19c). Note that the increase of tangential wind
in the CTL experiment as the eyewall reorganized would
increase vertical wind shear in the boundary layer such that
the TIL became more positive in lower levels as the TC inten-
sity increased and its eyewall was reorganized.

Figure 20 shows the circulation tendency from the STR and
TIL terms in deep convection and moderate convection
regions. At 0800 UTC, the low-level STR and TIL in the mod-
erate convection region was greater than those in the deep
convection region in both CTL and NTR experiments
(Figs. 20a,c). Later at 1000 UTC, the STR in deep convection
became stronger in the CTL experiment (with the CMR ter-
rain) but remained secondary in NTR (without terrain). In
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FIG. 19. As in Fig. 18, but for the vertical profile of circulation tendency for the TIL term.

the CTL experiment, the STR and TIL in the deep convection
region increased, as a result of the decrease of moderate con-
vection and the increase of deep convection (Figs. 7b,c).
This indicated the terrain forcing in the deep convection
region coupled with a drier and more unstable environment
for the CTL simulation (Figs. 14a,c), compared to the NTR
experiment. From the comparison of Figs. 18c and 20c, it
indicates that the stronger negative circulation tendency in
the middle levels is because of the wider area of divergence
over the convective region with both deep and moderate
convection.

Because the NTR experiment had a stronger TC vortex
circulation and more intense convection without the disrup-
tion by the CMR, this might enhance the upward transport
of positive vorticity by strong convection. A no-terrain-
weak (NTW) experiment with a warmer, drier, and weaker
TC inner core is conducted, with the experiment setup
described in section 2. This NTW run has a track very simi-
lar to the NTR track (Fig. 2a) and its intensity is between

those of the CTL and NTR experiments (Figs. 2b,c). For
this NTW experiment, the STR in the convective region is
dominant (compared to stratiform ST and weak-echo WE
regions) and produces a positive vorticity tendency at low
levels (below 2 km), as displayed in Fig. 21a. The TIL in the
convective region is also dominant and produces negative
vorticity at middle levels (2-4 km; Fig. 21b). If the vorticity
forcing is decomposed into deep convection (DC) and mod-
erate convection (MC) components, then the positive vor-
ticity of the STR term at low levels (below 2 km) and
negative vorticity of the TIL term at middle levels (2-4 km)
are mainly determined by the MC component (Fig. 21c).
These results are similar to those in the NTR experiment
(see Figs. 18d, 19d, and 20d), albeit with different magnitudes.
Thus for the similar vorticity-budget balances between the
NTW and NTR experiments, it is implied that the NTR
experiment is still relevant in determining the vortex stretch-
ing in convection, even without the flow modification by the
CMR.
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FIG. 20. The vertical profiles of circulation tendency (10™* km? s~2) from (a),(b) CTL experiment and (c),(d) NTR
experiment. The solid red line indicates the stretching term in deep convection (STR DC), the solid blue line indicates
the tilting term in deep convection (TIL DC), the red dashed line indicates the stretching term in moderate convection
(STR MC), and the blue dashed line indicates the tilting term in moderate convection (TIL MC). (a),(c) 0800 and
(b),(d) 1000 UTC 19 Sep 2010. Note that the size of each region is indicated in the panel legends; for example, the
size of deep convection region (DC) at 0800 UTC is 2673 km?.

Recall the storm structure at 1000 UTC to the west of the
CMR as shown in the zonal and meridional cross sections of
vertical velocity, radar reflectivity, horizontal wind, and vorticity
vectors in Fig. 16. The radar echo top (as indicated by 20-dBZ
reflectivity contour) reached the 12-km altitude over the south-
ern and eastern part of Typhoon Fanapi. The strong vorticity
stretching (STR term in red contour) is mainly concentrated in
the TC inner core at lower levels. The low-level vertical shear
in horizontal wind (with maximum magnitude of 30 m s™* or
above) produced the horizontal vorticity vectors, which were
then tilted into the vertical direction by the convective updrafts
and downdrafts. Then the convective updrafts transport the vor-
ticity to middle and upper levels through the VHTs (see the
strong updrafts and positive vorticities in Fig. 16b).

Based on the above vorticity budget calculations, we pro-
pose the conceptual model of eyewall reorganization of
Typhoon Fanapi in two perspective views shown in Fig. 22
(from the southeast and northwest). When Typhoon Fanapi
passed through Taiwan Island, its eyewall was broken down
by the mechanical disruption from the CMR. The strong sub-
sidence that occurred on the lee (western) side of CMR pro-
duced a much drier environment, which is a top-down
process. The primary rainband in the TC vortex circulation
brought vigorous convection from the ocean (the Taiwan
Strait), which supplied abundant moisture at lower levels by
precipitation evaporation and moisture transport from the
oceanic airmass. As a result, the environment became moister
and convectively unstable. Deep convection region increased
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FIG. 21. The vertical profiles of circulation tendency (10~* km? s~ 2)
for (a) the STR , (b) TIL terms, and (c) their area-mean values
within the deep convection (DC) and moderate convection (MC)
regions for NTW experiment at 1000 UTC. (a),(b) The solid line
indicates the contribution by the convective region (CV), the
dashed line is for the stratiform region (ST), and the dotted line is
for the weak and no echo region (WE). The size of each region is
indicated in the panel legends.
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on the windward (western) side of CMR and produced verti-
cal vorticity through the STR and TIL terms within the
boundary layer, which is a bottom-up process. Finally, VHTs
transported positive (cyclonic) vorticity from lower to middle
levels to complete the eyewall reorganization process, and the
eyewall reorganization of Typhoon Fanapi (2010) is indeed a
coupling between the bottom-up (major) and top-down
(minor) processes.

5. Conclusions

In this study, three WRF simulations—one with the
full Taiwan terrain (CTL) and two without the Taiwan ter-
rain (NTR and NTW)—were analyzed. The convective—
stratiform separation algorithm developed by Didlake and
Houze (2009) was employed on the observed and simulated
radar reflectivity data to classify the precipitation regimes.
In addition to stratiform and weak-echo regions, the con-
vective region was further divided into deep convection,
moderate convection, and shallow convection by different
echo-top heights of 20-dBZ radar reflectivity (i.e., greater
than 10 km for deep convection, 4-10 km for moderate con-
vection, and lower than 4 km for shallow convection,
respectively). The percentage of deep convection increased
from 8% to 20% when Typhoon Fanapi had an eyewall
reorganization process in the CTL simulation. If the
Taiwan terrain were absent, moderate convection would
occupy most of the convective region. With the presence of
Taiwan terrain, precipitation evaporation and moisture
transport from the oceanic airmass on the windward side of
the CMR (south to the Fanapi circulation center) provided
abundant moisture in the boundary layer. The high equiva-
lent potential temperature air within Fanapi’s vortex circu-
lation reached the steep CMR terrain and then produced
deep convection, triggering VHTs in the southwestern part
of Taiwan.

To analyze the vorticity generation mechanisms in different
precipitation regions, a vorticity budget in a TC center-follow-
ing framework was used in this study. We found that, at the
beginning of Fanapi’s eyewall reconstruction, the positive vor-
ticity stretching in moderate convection was greater than that
in deep convection. Total vorticity stretching in deep convec-
tion then increased after the eyewall organization, and later
became stronger than that in moderate convection. The Cen-
tral Mountain Range of Taiwan played the key role in break-
ing down the eyewall through mechanical disruption, and
then rebuilding the eyewall through the enhancement of
upslope deep convection as Fanapi passed through the
terrain.

Finally, we should keep these caveats in mind that the diag-
nostics results presented in this study are based on model
simulations with typhoon track and intensity errors, model
deficiencies, and physics uncertainties. Typhoon Fanapi (2010)
is a rare case in the sense that observational data from multi-
ple Doppler ground-based radars are available to analyze the
eyewall reorganization and precipitation classification. In the
future, more TC cases should be examined in order to general-
ize the findings from this case to other TCs in mountainous
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FIG. 22. The conceptual model of eyewall reorganization of Typhoon Fanapi in two perspective views: (a) from the southeast and
(b) from the northwest. The black contour indicates the radar-echo isosurface of 20 dBZ, the thick gray arrow and “J” indicate the local
maximum tangential wind of Typhoon Fanapi, the red and orange contours indicate the stretching in deep and moderate convection, the
blue arrow indicates the tilting of the horizontal vorticity into the vertical direction, and the thin gray curved arrows indicate the vortical

hot towers (VHTs).

regions in the Atlantic Ocean and Indian Ocean or near
Australia.
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