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Abstract

The central theme of this study is to investigate the impacts of terrain-induced flow
on the inner-core evolution of a tropical cyclone (TC) tracking northward along
Taiwan's eastern coast. Typhoon Chanthu (2021) underwent rapid intensification (RI)
and rapid weakening (RW) within the 24-hour analyzed period near Taiwan, posing
challenges for intensity forecasts. Its intensification, characterized by a significant
increase of 18 m st at 3 km altitude within 11 hours and pronounced wavenumber-1
asymmetry in eyewall convection, was thoroughly observed by Taiwan's dense radar
network. These comprehensive observations provide a valuable opportunity to explore
the central theme of this study and the vortex initialization issue for such an extremely
compact TC through radar data assimilation in numerical model simulation.

To address the challenge of recovering aliased Doppler velocities caused by strong
TC winds, this study proposes a vortex-based Doppler velocity dealiasing (VDVD)
algorithm specifically for TCs. The algorithm employs an inner-outer iterative
procedure, adjusting the reference vortex structure using the ground-based velocity
track display (GBVTD) technique, and utilizing the GBVTD-simplex algorithm for
center correction. Both the VDVD and a local dealiasing method, also developed in this
study, were applied to the aliased Doppler velocities. These methods effectively

corrected the velocities and ensured the data were suitable for accurate analyses.
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Radar analyses for Typhoon Chanthu suggest that radar-derived meso-p scale

vertical wind shear (VWS), which aligns better with the observed rotation of eyewall

asymmetry, is more representative than meso-o scale VWS when terrain-induced

forcing predominates. Further examination of the radar-derived VWS indicates that the

VWS profile provided a more favorable environment for typhoon intensification.

Observational analyses reveal that Chanthu's RI was influenced by three factors: 1)

terrain-induced boundary inflow from the south of the typhoon; 2) upshear-left-pointing

low-level mean flow; and 3) weak upper-level VWS.

To explore effective methods for initializing a compact TC vortex like Chanthu in

numerical models, two radar data assimilation strategies were compared. The VRC

experiment, which assimilates Doppler velocity interpolated onto the model grid,

showed better consistency with radar observations regarding intensity change and

eyewall evolution. In contrast, the VRP experiment, which assimilates thinned radar

data in original coordinates, exhibited eyewall asymmetry dominated by a

wavenumber-3 structure, differing from radar observations. However, the weak VWS in

the VRC experiment, inconsistent with observations, hinders investigating

intensification mechanisms. Future enhancements like increasing horizontal and vertical

resolution are recommended to better capture meso-f scale features and assess the

major mechanisms driving Chanthu's intensification.
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Chanthu under the moderate shear environment. The black curved arrow indicates
the main flow of the TC. The black thin arrows passing through the southern tip of
Taiwan indicate the TDF in the boundary layer. The blue, green and gold horizontal
arrows indicate the mean flow at 3, 5 and 8 km, respectively. The gray, cyan and
orange arrows vertically intersect the horizontal layers and point towards the
southeast, indicate the deep-, lower-, and upper-layer meso-f VWS, respectively.
The horizontal length of the arrows represents the magnitude of the VWS. The circle
indicates the TC inner-core region, which is separated into DL, UL, UR and DR

quadrants under the shear-relative framework. ..........ccccocvviiiiiniiiiii s 139
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1. Introduction

Taiwan is a mountainous island characterized geographically by the Central

Mountain Range (CMR), which stretches south-north across most of Taiwan with the

highest peak at approximately 4000 m. Consequently, as tropical cyclones (TCs)

approach or move across Taiwan, terrain-influenced circulation frequently causes many

unique features, such as extreme rainfall (Yang et al. 2008; Yang et al. 2011a,b; Yu and

Cheng 2013; Wu 2013; Huang et al. 2014), the confluence of TC and secondary

low-pressure circulation (Lee et al. 2008), track deflection/loop (Yeh and Elsberry

1993a,b; Jian and Wu 2008; Lin et al. 2002; Huang et al. 2011; Yeh et al. 2012; Hsu et al.

2018; Huang et al. 2020; Hsu et al. 2021), change in translation speed (Hsu et al. 2013),

eyewall reintensification or reformation (Liou et al. 2016; Yang et al. 2018; Lin et al.

2020), coastal barrier jet (Kao et al. 2019), foehn winds (Chang and Lin 2011), and

temporary intensification before making landfall with eyewall contraction (e.g., Jian and

Wu 2008; Chang et al. 2009a; Chang et al. 2019; Kao et al. 2019).

The mechanisms for TC asymmetric structures are frequently dominated by

environmental vertical wind shear (VWS), which is also highly connected to changes in

TC intensity (e.g., Frank and Ritchie 2001; Corbosiero and Molinari 2003; Chen et al.

2006; Riemer et al. 2010; Ryglicki et al. 2021). A strong environmental VWS is

considered a negative factor for TC intensification due to the vortex tilting and
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stabilization that it induces (DeMaria 1996). Additionally, the ventilation effect caused by

VWS, which includes radial and downdraft pathways (Alland et al. 2021a, b, 2022), also

exerts a negative impact on TC intensification. Meanwhile, TCs can still intensify under

low to medium VWS environments (Rios-Berrios and Torn 2017), even undergoing RI

through persistent convective bursts (CBs) in the inner-core region (Chen and

Gopalakrishnan 2015; Heng et al. 2020). The sheared TCs may tilt toward the downshear

side and consequently increase the eyewall convection asymmetry (Jones 1995; Frank

and Ritchie 1999, 2001; Reasor et al. 2013). Studies conducting model simulations also

indicate that the VW S-induced vertical differential advection to the vortex leads to ascent

on the downshear side and descent on the upshear side (Jones 1995; Frank and Ritchie

1999, 2001). Therefore, the eyewall convection exhibits high wavenumber-1 asymmetry

with a reflectivity maximum on the left-of-shear side.

A sudden change in the orientation of the eyewall wavenumber-1 asymmetry of TCs

may be attributed to shifts in the direction of the VWS. Previous studies have extensively

discussed the impact of terrain on the surrounding flow of TCs. Huang et al. (2019)

indicated that TC tracks can be influenced when they are located within the typical

distance range of 100 to 300 km from terrain. Simulations by Yeh and Elsberry (1993a, b)

demonstrated that TC deflections occur when storms are approximately 200 km away

from the terrain due to modifications in the mean steering flow induced by topographic
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barriers. Tang and Chan (2014, 2015) proposed that the presence of terrain can induce the

formation of gyre pairs, leading to gyre-associated flow near the TC center that can

influence the TC track prior to landfall. Wu et al. (2015) and Huang and Wu (2018)

defined asymmetric flow as the mean state within a 50-km radius around the TC center,

examining both the deep-layer mean and vertical distribution of asymmetric flows. Their

findings revealed that as TCs approached Taiwan at a distance of approximately 200 km,

terrain-induced asymmetric flows were primarily initiated below 625 hPa, while changes

in the flow above this level were found to be insignificant. This suggests that

terrain-induced flow can modulate the direction and magnitude of low-level flow,

consequently modifying the VWS as well. Accordingly, estimating VWS that can

properly capture the scale of environmental forcing where TCs are embedded is critical

(Wong and Chan 2004; Reasor et al. 2009; Reasor and Eastin 2012; Reasor et al. 2013;

Boehm and Bell 2021).

Under the shear-relative framework, a TC can be separated into downshear-left (DL),

upshear-left (UL), upshear-right (UR), and upshear-left (UL) quadrants to discuss the

inner core convective features induced by the VWS. The relative direction between the

VWS and low-level mean flow (LMF) is also one of the essential factors for TC

intensification. To investigate this issue during the tropical cyclogenesis stage, Rappin

and Nolan (2012) conducted a numerical simulation. They found that if the orientations
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of the VWS and LMF were counteraligned (i.e., the LMF is upshear-pointing), the
superposition of the TC main circulation and LMF induced a positive LMF anomaly and
further moistened the boundary layer on the left-of-shear side. The moistened air parcels
propagated cyclonically into the upshear region which promoted the axisymmetrization
of the convection. This pattern has the potential to mitigate the vortex tilt and contribute
to TC intensification. However, studies with opposite arguments have also been proposed.
Chen et al. (2019) conducted idealized simulations with fixed Sea surface temperatures
(SSTs) of 29.5 °C and 31.0 °C to investigate the effects of the direction of LMF under the
same VWS on changes in TC intensity. The experiment with an SST of 31.0 °C was
consistent with Rappin and Nolan (2012), but the experiment with an SST of 29.5 °C
revealed a different result: a DL-pointing LMF is favorable for TC intensification. Chen
et al. (2021) further used the European Centre for Medium-Range Weather Forecast
(ECMWF) ERAS reanalysis product (Hersbach et al. 2020) to examine the relationship
between intensity change and LMF direction based on 720 TCs from multiple basins, and
suggested that the DL-pointing LMF favors intensification.

In contrast to Rappin and Nolan (2012) and Chen et al. (2019), who initiated their
simulations with relatively weak initial vortexes (less than 20 m s '), Lee et al. (2021)
took a different approach by initiating their simulations with a strong vortex, starting at a

strength of 70 kt. In their idealized experiments, they imposed a consistent 7.5 m s VWS
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while manipulating the direction of the LMF. Results showed that the UL-pointing LMF

prompted fast intensification by enhancing surface heat fluxes on the downshear side.

These enhanced surface heat fluxes recovered the moist static energy of shear-enhanced

downdrafts within the boundary layer over the inflow area. This recovery process

prevents the TC eyewall from entraining low-energy air parcels. The convection in the

UL quadrant can be maintained by reducing the downdraft ventilation (Alland et al.

2021a, b, 2022; Fischer et al. 2023). Consequently, the enhancement of axisymmetric

heating benefits subsequent intensification.

According to the intensity data issued by the Joint Typhoon Warning Center

(JTWC), Typhoon Chanthu (2021) intensified into a typhoon on Sep. 7 at 0600 UTC

and reached its peak intensity with maximum sustained winds of 155 kts as it

approached the ocean adjacent to northeastern Luzon Island in the Philippines (Table 1).

Subsequently, it weakened slightly while passing through the Bashi Strait with a

northwestward trajectory. After recurving towards the southeastern offshore area of

Taiwan (Figure 1), its intensity further decreased to a maximum sustained wind of 130

kts. As Chanthu moved along and away from the east coast of Taiwan, intensity

estimates from the Central Weather Administration (CWA), Japan Meteorological

Agency (JMA), JTWC, and the Advanced Dvorak Technique (ADT) indicated that

Chanthu either maintained its intensity or gradually weakened (Table 1).
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During this period, Chanthu was sequentially observed by the Ken-Ting (RCKT),

Green lIsland (RCGI), Hua-Lien (RCHL), and Wu-Fen-Shan (RCWF) radars.

Conversely, radar data indicated that Chanthu underwent a remarkable intensification,

with an eyewall radius of 10-20 km, as it moved along the eastern coast of Taiwan at a

distance of 100—150 km from the coast. The average distance between RCKT to RCGI,

RCGI to RCHL, and RCHL to RCWF is approximately 100 km (Figure 1). This

distribution of radar stations provided essential data for high spatial-temporal resolution

analyses of the evolution of the TC inner core, including intensity changes and eyewall

asymmetry during its passage. Consequently, Typhoon Chanthu offered a valuable

opportunity to explore how the nearby terrain may have induced changes in TC

intensity and the vortex initialization issue for such an extremely compact TC.

In this study, radar observations of Typhoon Chanthu were utilized to investigate

the physical mechanisms underlying the dramatic changes in intensity and the evolution

of the inner core during its passage near Taiwan. Single- and multiple-radar wind

retrievals were performed to examine the evolution of the inner core structure and to

discuss the relationship between eyewall asymmetry and radar-retrieved VWS.

Additionally, numerical model simulations with radar data assimilation were utilized to

explore effective methods for initializing such a compact TC in numerical models. This

dissertation extensively employs the findings and methodologies detailed in two key
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journal articles. Chapter 2 introduces a vortex-based dealiasing algorithm, primarily

based on the work presented in Chang et al. (2019), which is essential for improving

radar wind field analysis. Chapter 3 focuses on the radar analysis and discussion of the

rapid intensification of Typhoon Chanthu, as detailed in Fang et al. (2024). While most

of the content from these articles is used in Chapters 2 and 3, some of the content is also

incorporated into other chapters of this dissertation. Chapter 4 examines the methods for

properly initializing a compact TC vortex, such as Typhoon Chanthu, by utilizing

numerical model simulations with different radar data assimilation strategies. The final

Chapter presents the conclusions and suggests directions for future work.
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Table 1. The intensity of Typhoon Chanthu (2021) issued by CWA, JMA, JTWC and
estimated by ADT. The left and right columns under each official agency or objective

method represent the minimum central pressure (hPa) and maximum sustained wind (m

s, respectively.

UTC CWA IMA ADT JTWC
2021/9/10  00:00 925 53 935 55 940 54 928 69
03:00 925 53 935 55 919 64
06:00 915 58 925 55 913 67 916 75

09:00 915 58 920 55 885 78
12:00 915 58 910 60 885 78 911 77
15:00 915 58 905 60 881 80
18:00 915 58 905 60 880 80 902 80
21:00 920 55 905 60 880 80

2021/9/11 00:00 925 51 905 60 884 78 915 75
03:00 930 48 910 55 906 69
06:00 930 48 910 55 912 67 925 67
09:00 940 45 910 55 918 64
12:00 940 45 920 55 925 60 945 57
15:00 940 45 920 55 933 56
18:00 940 45 935 50 939 54 944 57
21:00 940 45 935 50 939 54

2021/9/12  00:00 940 45 935 50 944 51 948 54
03:00 940 45 940 50 944 51
06:00 940 45 950 45 943 51 943 54
09:00 940 45 955 45 91 42
12:00 945 43 960 40 961 42 949 49
15:00 950 40 960 40 960 42
18:00 950 40 960 40 967 38 953 46
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121.0°

Figure 1. Track of Typhoon Chanthu (2021) determined by the tropical cyclone eye
tracking (TCET) algorithm, overlaid with the distribution of ocean heat content (OHC)
from the National Centers for Environmental Information (NCEI) on 11 Sep. Track
covered by thick green, yellow, red and blue lines indicate the first intensifying (stage I),
second intensifying (stage II), peak (stage III), and weakening stages (stage IV),
respectively, as described in section 3.2. The numbers beside the tracks are the dates and
times in UTC. The radars, for which the abbreviations with the superscript of “R” or “V”
indicate the reflectivity or velocity, respectively, were used in this study for analysis. The
black triangle denotes the location of the Lan-yu station on Orchid Island.
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2. Vortex-based Doppler velocity dealiasing algorithm

Doppler radars measure the velocity of precipitation particles along the viewing
direction, and different flow patterns can be recognized from the signatures of the
Doppler velocity field by employing pattern recognition approaches (e.g., Donaldson
1970; Wood and Brown 1992; Brown and Wood 2007). One of the most obvious
characteristics observed in a Doppler velocity field for a vortex is a dipole signature.
These approaches aid forecasters in preparing more accurate and timely warnings and
short-term forecasts (Brown and Wood 2007).

To quantitatively retrieve winds from a single Doppler radar, many techniques
have been proposed based on flow characteristics such as linear wind fields (Lhermitte
and Atlas 1961; Waldteufel and Corbin 1979) and atmospheric vortices (e.g., Brown and
Wood 1991; Lee et al. 1999; Jou et al. 2008). These algorithms provide good
descriptions of weather events; however, applying these algorithms widely to all
weather systems is difficult due to various flow patterns. For retrieving and constructing
full three-dimensional wind fields, the multiple Doppler radar synthesis algorithms
remain the most reliable techniques, although the analysis domain is limited to a
particular region due to geometrical limitations (e.g., Lhermitte 1970; Frisch et al. 1974;
Ray et al. 1975; Shapiro et al. 2009; Liou and Chang 2009).

Whether utilizing single- or dual-Doppler wind retrieval analysis, one of the
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greatest challenges for both operational and research purposes is addressing the issue of
velocity aliasing (folding) in the Doppler radar velocity field. In radar observations, the
time interval between two successive pulses is referred to as the pulse repetition time
(PRT) and is denoted by T,. The Nyquist frequency can be represented by (2T5)71,
which is the highest frequency that can be unambiguously measured in the sampled
sequence. This is because samples of a signal with a frequency f > (2T;)~! have the
same time dependence as a signal with f < (2T,)~! (Doviak and Zrnic 1993). In
addition, the Doppler velocity V,; is proportional to the Doppler frequency f and can
be represented by
Ve=-L, (1)

where A is the wavelength. Therefore, the radar velocity is folded when the
Doppler frequencies exceed the maximum detectable frequency, resulting in Doppler
velocity aliasing. Fundamentally, the observed Doppler velocity V; and unfolded
velocity V,, can be expressed by

Vu=Va£2n XV, ()

where n is an integer (0, 1, 2,...) and V,, represents the maximum unambiguous

velocity, which is the Nyquist velocity.

In the dual-pulse repetition frequency (dual-PRF) technique, contiguous

atmospheric volumes are probed at two different PRFs, and the two resulting velocity

1
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estimates are further processed to extend the Nyquist velocity (Altube et al. 2017).

However, this technique can be compromised by various factors, such as strong

horizontal wind gradients or the spread of the Doppler spectrum (Jorgensen et al. 2000;

May 2001). Consequently, this procedure may lead to an increase in dealiasing failures

and significantly affect the quality of radial velocity fields (Jorgensen et al. 2000;

Altube et al. 2017). Furthermore, even if the radar operates in dual-PRF mode (Dazhang

et al. 1984; Frush 1991; Loew and Walther 1995; Jorgensen et al. 2000) or multiple-PRT

mode (Sirmans 1976; Zrnic and Mahapatra 1985; Tabary et al. 2006) to extend the

maximum unambiguous velocity, the velocity folding problem in Doppler velocity

observations remains unavoidable when observing very strong TCs and tornadoes.

Considering velocity based on upper air soundings or velocity azimuth displays

(VADs), numerous algorithms (e.g., Eilts and Smith 1990; Gong et al. 2003) have been

developed to adequately dealias the velocity for most weather events characterized by

relatively uniform flow or widespread precipitation. Gong et al. (2003) combined

gradient VAD (Tabary et al. 2001) and traditional VAD (Lhermitte and Atlas 1961)

methods in VAD wind calculations with aliased velocities, without relying on external

data. Zhang and Wang (2006) (hereafter ZW06) utilized the radial beam with minimum

wind shear as an initial reference based on azimuthal continuity to initiate a dealiasing

procedure in both clockwise and counterclockwise directions. However, dealiasing in
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isolated and nearby terrain regions often lacks sufficient valid data to apply the Doppler

velocity unfolding scheme effectively. Xu et al. (2011) proposed the AR-VAD-based

dealiasing method to eliminate or prevent false dealiasing, meeting the high-quality

standards and efficiency required for operational radar data assimilation. Nevertheless,

the VAD uniform-wind approximation becomes poor or even invalid for intense

rotational winds in a mesocyclone or hurricane core area, and for highly nonuniform

winds near a sharp front. Therefore, dealiasing situations in environments characterized

by high shear and curvature conditions, such as those in a mesocyclone and TC inner

core, raise uncertainties when using a uniform-wind-based approximation, significantly

reducing the performance of velocity dealiasing (ZW06; Xu et al. 2011).

To estimate the primary TC circulation, including the mean flow, axisymmetric

tangential and radial winds, and asymmetric tangential winds, from single Doppler radar

data, the ground-based velocity track display (GBVTD) technique was proposed as an

objective approach for TC circulation retrievals (Lee et al. 1999). Since the GBVTD

calculations are performed on a ring with a constant radius from the TC center, the

quality of the GBVTD-retrieved TC circulation strongly depends on an accurate center

position. Consequently, Lee and Marks (2000) proposed an algorithm using the simplex

method to objectively estimate the TC vorticity center by maximizing the

GBVTD-retrieved mean tangential wind. This method reduces uncertainties in
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estimating the TC center position and improves the quality of the GBVTD-retrieved TC

circulation (Lee and Marks 2000; Bell and Lee 2002, 2012).

Focusing on the vortex circulation such as that of TCs, Wang et al. (2012)

presented a gradient velocity track display (GrVTD) algorithm using aliased Doppler

velocity data, achieving comparable results for the circulation structure to those

obtained using the GBVTD algorithm based on manually dealiased Doppler velocity

data. Since GrVTD uses only the gradient of Doppler velocity to accomplish wind

retrieval, no dealiasing data can be extracted from the GrVTD algorithm, which could

limit downstream applications and analyses for single- or dual-Doppler wind retrievals

and radar data assimilations in real-time operations and research.

To enhance the accuracy of velocity dealiasing for TCs, this study proposes a

vortex-based Doppler velocity dealiasing algorithm (VDVD) by integrating the GBVTD

and GBVTD-simplex techniques with the Rankine combined vortex concept (e.g.,

Lemon et al. 1978; Wood and Brown 1992). The data and detailed methodology of the

VDVD algorithm are described in the following section. Sensitivity tests and

comparisons are provided in Section 2.2. The results and performance applications of

the VDVD algorithm are discussed in Sections 2.3 and 2.4.
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2.1. Data and Methodology
2.1.1 Radar data

Currently the Central Weather Administration (CWA) and the Air Force Weather
Wing in Taiwan operate a total of 10 weather radars (Figure 1): Wu-Fen-Shan (RCWF),
Ken-Ting (RCKT), Hua-Lien (RCHL), Chi-Gu (RCCG), Ma-Kung (RCMK),
Ching-Chuan-Kang (RCCK), Green Island (RCGI), Lin-Yuan (RCLY), Nan-Tuan
(RCNT), and Shu-Lin (RCSL). Most of the radars (RCCK, RCMK, RCGI, RCLY,
RCNT and RCSL) are operated in dual-PRF mode to increase the Nyquist
(unambiguous) velocities. In contrast, the Nyquist velocities of those radars operated in
single-PRF mode (RCWF, RCHL, RCCG, and RCKT) are less than 30.0 ms™! (Table

2), and velocity folding is a problem when measuring wind speeds of very intense TCs.

As a consequence, an inadequate Doppler velocity dealiasing process would
significantly raise the uncertainties of basic interpretations and downstream applications
of TCs such as Doppler velocity pattern recognition, single- and dual-Doppler wind
retrievals, and data assimilation. To improve the accuracy of velocity dealiasing for TCs
for the radar observational domain, a vortex-based Doppler velocity dealiasing
algorithm is proposed and discussed in the next section. The evaluation of the proposed
dealiasing algorithm utilizes data from two S-band radars: RCWF (dual polarization)

and RCHL (single polarization) (see Table 2).
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Table 2. Specifications of radar networks in Taiwan.

RCWF RCCG RCKT RCHL RCLY

Observation Range of

reflectivity/Doppler
460/300 460/190 460/150 460/190 200/200
velocity at 0.5 degrees

(km)
Elevation (m) 754 38 51 62 157
Wavelength (cm) 10 10 10 10 5
Polarization Dual Single Single Single Dual
Nyquist Velocity (m s™) 26.58 21.16 26.41 21.16 39.89
. 25.07°N 23.15°N 21.90°N 23.99°N 22.53°N
Location

121.77°E ~ 120.07°E  120.85°E  121.63°E  120.38°E

RCNT RCSL RCCK RCMK RCGI ISHI

Observation Range of

reflectivity/Doppler
. 200/200 150/150  300/150  300/150  400/200  400/250
velocity at 0.5 degrees

(km)
Elevation (m) 292 298 48 203 284 533.5
Wavelength (cm) 5 5 5 5 5 5
Polarization Dual Dual Dual Dual Dual Single
Nyquist Velocity (m s™) 39.90 39.85 53.38 49.6 40.0 52.7
. 24.14°N  25.00°N  24.25°N  23.56°N  22.65°N  24.43°N
Location

120.58°E  121.40°E  120.63°E  119.63°E  121.48°E 124.18°E

2.1.2 Methodology

By combining the GBVTD and GBVTD-simplex techniques and profiles of the

Rankine-like vortex (e.g., Lemon et al. 1978; Wood and Brown 1992) for TCs, the

aliased Doppler velocity can be sequentially dealiased with the iterative procedures. In
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the VDVD algorithm, the radius of the maximum wind and the maximum velocity can

be estimated from the GBVTD technique, and the circulation center can be estimated

from the GBVTD-simplex technique. All the estimated information can then be applied

to the Rankine-like vortex to extend that wind model to a larger radius.

Based on the original designs of the GBVTD and GBVTD-simplex algorithms,

radar data should first be interpolated from raw data in polar coordinates (PPI, plan

position indicator) to Cartesian coordinates (CAPPI, constant altitude plan position

indicator) with the origin at the TC center. However, the aliasing points of the Doppler

velocity can spread vertically and horizontally during this interpolation process.

Additionally, even if a pre-dealiasing method is applied to eliminate contaminations

from aliased Doppler velocity (Wang et al. 2012), converting dealiased data from

CAPPI coordinates back to polar coordinates is irreversible. Consequently, the VDVD

algorithm is calculated in polar coordinates to prevent data contamination by aliased

velocity during interpolation into CAPPI coordinates.

The inner iterative loop of the VDVD algorithm is implemented to find a set of

(Vinax» Rmax) 10 describe the TC structure that is used as a reference to dealias the

Doppler velocity. However, an improper description of the TC structure (unrealistic

asymmetric components) can be introduced by a displacement of the TC center (Lee et

al. 1999), resulting in dealiasing failure. Therefore, the outer loop in the VDVD
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do0i:10.6342/NTU202403267



algorithm is designed to reduce the possibility of improper dealiasing induced by a
shifted TC center. An overview flowchart of the VDVD algorithm is shown in Figure 2,
and the default values or initial estimates of the empirical parameters and thresholds for
the VDVD algorithm are listed in Table 3. The VDVD steps and parameters are
described as follows:

1) Initially, estimate the vortex center (X°, Y°) with the origin at the radar site. At

any given n-th iteration, the vortex center is represented as (X", Y™).
2) Initially, estimate the radius of the maximum wind (RMW, RJ%>.) and the

maximum axisymmetric velocity (Vi2.). At any given m-th iteration, the RMW

and maximum tangential velocity parameters are represented as R,.5. and

Vo, respectively.
3) Create a Rankine combined vortex profile via Egs. (3) and (4) with
(X™, Y™, Voo, Ry and the predefined wind profile decay ratio (a).
Vi =Vmgigor S TSERL 0)

a

REmNT .
Ve =Voar (B292) ifr = R (4

where V; is the tangential velocity at radius .

4) Calculate the radial components of tangential velocities from step 3 in polar

coordinates that are used as the references of Doppler velocities. The observed

Doppler velocities are dealiased when the differences between the references of
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5)

6)

7)

8)

Doppler velocities exceed the criterion (1.5 times the Nyquist velocity) for
individual radar bins in polar coordinates. The unfolded velocity V;, can be
corrected from the observed Doppler velocity V; with Eq. (2).

Calculate the V,7y and R}7. using the GBVTD algorithm with the unfolded
Doppler velocity.

Verify whether the values between V2% and V™! and between RI:T. and
RE™=1 are identical. If yes, return to step 2 to continue the computation.

Use (X™,Y™) as the initial guess of the vortex center to calculate the new
estimated vortex center (X™*1, Y"*1) with the GBVTD-simplex algorithm. The
initial simplex search radius is set to 4 km, with a subsequent search process
radius of 2 km repeated to achieve higher vortex center precision. Other
parameters follow those outlined in Lee and Marks (2000).

Verify whether the difference between (X", Y™) and (X1, Y™ 1) exceeds the

prescribed criterion C,. If yes, return to step 1 to continue the computation.

Otherwise, the iterative procedures stop.

19
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Table 3. Default values or initial estimates of the VDVD

Parameter Value
| Nyquist velocity (m s™1)
Ry, 20 km
X0, y° X™, Y™ at the previous time frame
(from a forecast if the previous one is
unavailable)

Co 10 km
o 0.6

Vortex center (X", Y™) ]

(n=0 indicates initial guess)

[

-
%

(m=0 indicates initial guess)

Vortex structure (V™™, R™™)
= Reference velocity

-

h

Dealias
* N
GBVTD
L = (Vn.m+1' anm+1) )

Vn,m=Vn,m+

and
D n,m=Rn,m+1

GBVTD-simplex
= (X”+1, Yn+1)

Center diff.
<Cy

Complete

[ J

No| Replace (V*™, R™™)
with (Vn,m+1 Rn,m+1)

]_

No Replace (X", ¥™)
with (Xn+1, Yn+1)

]7

Figure 2. Overview flowchart of the VDVD algorithm.
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2.2. Sensitivity Tests

Based on the procedures described in the previous section, an analytic dataset is
used for the sensitivity tests. This dataset is constructed at 0.25 km (radial) by 0.5
degrees (azimuth) to a range of 230 km and elevation angle of 0.5 degrees in polar
coordinates. The Nyquist velocity (V) is set to 25 m s, which is which is comparable
to the lower value in the Taiwan radar network. The symmetrical vortex is represented
as a Rankine combined vortex, with V,4,= 60 ms™!, R, 4= 40 km and o = 0.5, as
shown in Figure 3a. Additionally, the axisymmetric radial flow Vg is constructed based
on the following assumption used in Lee et al. (1999), which is similar to the pattern
documented in Jorgensen (1984a, b):

Ve = Ci[(Rmax — R)R]? R < Riax (5)
Vg = =C3(R = Rmax)"*Rmax/R R > Rifiax (6)

The values of C; and C, in Egs. (5) and (6) are 0.1 s”! and 3 m%®5s™ 1,
respectively, for Vi calculations, which are the same values set in Lee et al. (1999).
The Vi asymmetry (Vr1) is represented by a wavenumber 1 pattern with an amplitude
of 20% of V; at a phase of 0° or 90°. The mean flow (V},) is set to 5 ms~! or 10
ms~! with various directions from 0° to 360° at 90° intervals. All the sensitivity tests

discussed in the following subsections in this study were conducted by referring to the

experiments in Lee et al. (1999) and are summarized in Table 4. Subsections 2.2.1-2.2.4
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introduce the dealiasing ability of the inner iterative loop (steps 2 through 6 in Section
2.1.2). The outer iterative loop (steps 1 through 8 in Section 2.1.2), used to mitigate the
effect of a displaced vortex center, is described in Subsection 2.2.4. Since the
discussions in Subsections 2.2.1-2.2.4 use only the inner loop, the notations of V,,,,

and R,,q, are simplified by using V™. and R%,, instead of V% and R,o.

Table 4. Sensitivity tests of the inner loop of the VDVD algorithm for various
combinations of V1, V11, Vg, and Vu (see details in the text). The iteration number in
boldface indicates that the test is not completely dealiased. Success rate indicates the ratio

of the tests which are successfully dealiased.

Vr1 47 Vu
) ) Success
(20%V7y) Vg (5ms™1) (10ms™1) iteration rate
(0°/90°) (0°/90°/180°/270°)  (0°/90°/180°/270°)
A00 2 100%
A01 v 3/4 100%
A02 v 2 100%
A03 v 3/2/3/2 100%
A04 v 4/3/4/2 100%
A05 v v 3/4 100%
4/3/4/3/
A06 4 v 100%
3/4/5/4
6/3/7/3/
A07 4 4 100%
3/4/10/3
4/3/4/3/
A08 4 v v 100%
3/4/6/4
6/3/7/3/
A09 4 v v 82.5%
3/4/12/3
22
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2.2.1 Rankine combined vortex

The analytic axisymmetric vortex is located at (0.0, -150.0), which is to the south
of the radar at (0, 0). The clear cyclonic flow field and high wind zone around R,
centered at the vortex center are illustrated in Figure 3a. The V,,, and R,,,, of the
Rankine combined vortex and the GBVTD-derived results in each iteration are shown
in Table 5 and Figures 3b-f, respectively. In the initial iteration, the reference vortex
(Figure 3b) is significantly different from the simulated vortex , resulting in only partial
dealiasing of the Doppler velocities from the raw data (Figure 3d), with aliased
velocities still present near the eyewall (Figure 3e). The GBVTD-derived V;,,, and
Rynax values are 43.19 m s and 29 km, respectively, closer to the simulated vortex

1 Ryjax= 40 km) than the initial estimates (V,0,,= 25 m s,

values (V0= 60 ms™
RY,4= 20 km). The differences (AV and AR) are 18.19 ms™! and 9 km, respectively.
In the second iteration, the GBVTD-derived values (V,i,, and R},,) are 60.08 m s’
and 40 km, respectively, very close to the simulated vortex values. With no differences
between (V,945, R%ax) and (V,2.., R2,4y), the iterations stop after the third iteration.
When combining axisymmetric V; and Vp (Figure 4a), the flow field shows no
significant difference, but the velocity dipole rotates slightly clockwise (Figure 4d).

Figures 4d-f show that the extra V component does not increase the number of

iterations due to its relatively small magnitude compared to Vy. With this symmetric

23
doi:10.6342/NTU202403267



vortex, the aliased Doppler velocity is correctly recovered in only three iterations.

To further investigate the performance of the initial estimates V,2,, and RY,,, for
the initial reference vortex, a range of V,3,, of 1-80 m s and RY,,, of 1-80 km were
used to understand how the procedure guides V,2,, and R3S, to approach the actual
Vinax and Rpq.. A convergent feature diagram presents the convergence path and
tendency during the iteration calculations. The differences (AV's, ARs) between all the
(V;90xer ROax) and (Vih oy, RE,qx) are calculated and illustrated in vector form (Figure 5a).
Nearly all vectors point toward V,,,,= 60 m s and R,,q,= 40 km , with adjustments
being less significant when the initial guesses (V,3,,R%q5) are closer to the true values.
This diagram reveals that most combinations of V,0,, and R3,,, are suitable for initial
estimates. However, extreme combinations of high V,2,, and low RY,, or high V9.,
and high R3,,, could result in an irreversible unfolding process. When combining
axisymmetric Vr and Vy (Figure 5b), the convergence paths are similar to those of Vr,
pointing toward the given values of the simulated vortex (V,,q,= 60 m s and R,;,4,= 40

km).
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Table 5. GBVTD derived Vimax (m s™') and Rmax (km) at each iteration

Iteration vy R:™ szlxﬂ Rﬁ;ﬁ';l
0 25.0 20 43.99 29
1 43.99 29 60.08 40
2 60.08 40 60.08 40
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Figure 3. (a) Axisymmetric Vr flow field and (d) its projected Doppler velocity. (b) The

initial reference Doppler velocity in iteration 0, with the Rmax and Vmax listed in Table 3,

used to dealias (d). The dealiased field in interation 0 is shown in (e). (¢) The reference

Doppler velocity in iteraion 1, with the Rmax and Vmax retrieved from (e) utilizing the
GBVTD algorithm. (¢) is then utilized to dealiase (e) and generate (f) the final dealiasd

velocity. The color scale indicates the amplitude, and the gray circle centered on the

typhoon symbol indicates the maximum wind radius.
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Figure 4. Same as in Figure 3 but for the superposition of the axisymmetric Vr and V.

80
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— —_
Reference Vector: Reference Vector

Figure 5. The convergent feature diagram for (a) axisymmetric Vr and (b) the
superposition of the axisymmetric Vrand Vr. The arrows in black show the iteration path.
The Rankine combined wind profiles used in consecutive iterations are indicated by solid
lines and iteration numbers based on an initial estimate. The color scale indicates the
square root of the sum of the differences between the estimated and true value of Rmax and

Vmax during the calculations (see the text for details).
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2.2.2 Effect of Doppler velocity asymmetry

The first part of this section emphasizes the asymmetry caused by Vr;. Because
the conditions of the wavenumber 1 component of Vi (Vi) on different azimuths have
similar influences on testing the asymmetric effects between 0° (90°) and 180° (270°)
relative to the vortex center, Vr; values located at azimuths 0° and 90° superimposed
on the basic flow (Rankine combined vortex) are chosen to examine the effects of
asymmetry. Figure 6a shows that the Doppler velocity pattern for Vp; at 0° is
antisymmetric with respect to the y axis , with the peak magnitude in the Doppler
velocity dipole being approximately 5 -10 m s higher than that in the basic flow. The
final V4, and Rpqy Vvalues derived from the GBVTD algorithm are 61.64 m s™ and
40 km, respectively, which are very close to the idealized vortex values (Figure 6b). The
convergent feature diagram also shows that nearly all vectors are pointing toward V4
=60 m s and R, = 40 km (Figure 6¢). However, it also indicates a potentially
irreversible unfolding process under conditions of a higher V,,,, with a smaller R, .,
which could result in inadequate dealiased Doppler velocity. The Doppler velocity
pattern for Vr; at 90° is shown in Figure 6d. An obvious asymmetric pattern for the
Doppler velocity dipole is observed , with a difference of approximately 20 m s’
between the peak magnitudes of inbound and outbound Doppler velocities. Similar to

the results shown in Figure 6b, the aliased Doppler velocity can be recovered by the
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inner loop of the VDVD algorithm (Figure 6e), while the number of iterations is four

(Figure 6f), slightly higher than that in Figure 6¢ due to the asymmetry in the Doppler

velocity field.

SIMU bvel_raw ms' SIMU bvel_vda (VMAX= 61.64, RMAX= 40.00)

<60 -50 40 -30 20 -10 O 10 20 30 40 50 60 RF <60 -50 40 -30 -20 <10 O 10 20 30 40 50 60 RF

Figure 6. (a) Doppler velocity fields of the original, (b) final iteration, and (c) the
convergent feature diagram for the superposition of the axisymmetric Vr and V1 at 0°. (d),
(e) and (f) are the same as (a), (b) and (c) but for the superposition of the axisymmetric Vr
and V1 at 90°.

The second part of this section focuses on the asymmetry caused by Vy. The
Doppler velocity patterns are characterized by the directions of V,,. Figure 7 presents
the Doppler velocity patterns of 10 m s™! along-beam northerly and cross-beam easterly

Vy components superimposed on the axisymmetric Vi flow. The definitions of the
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along- and cross-beam are consistent with those in Lee et al. (1999). When combining
the along-beam V,, (Figure 7a), the zero isodop of Doppler velocity and the peak
magnitude of the Doppler velocity dipole show remarkable change compared to those
from the cross-beam V,, (Figure 7d). The easterly V), enhances the Doppler velocity
of the axisymmetric vortex because the effect is a function of the beam angle, as
documented in Lee et al. (1999).

The final V4, and R, values derived from the GBVTD are 60.08 (62.78) m
s''and 40 (40) km, respectively, for northerly (easterly) V), components (Figure 7b and
Figure 7e). The final V,,,, is slightly greater than the analytic vortex due to the
uncertainty in retrieving the V,,,, from the GBVTD when the cross-beam Vy
component is superimposed with basic flow (Lee et al. 1999). Despite this slight
overestimation, the VDVD performs well because the tolerance of the difference (1.5
times the Nyquist velocity) between the reference and aliased velocities is relatively

large (Eq. 2).
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The third part of this section highlights the asymmetry caused by the combined
effects. To further evaluate the performance and limitations of the VDVD algorithm, all
the axisymmetric and asymmetric components are superimposed on the Rankine
combined vortex to create an analytic dataset. Figure 8 presents two representative
examples with extreme asymmetry of the Doppler velocity pattern combined Vy with 1)
20% Vr as Vpy at azimuth 0°, Vg, and 10 m s™! northerly Vy, and 2) 20% Vi as
Vry atazimuth 90°, Vi, and 10 ms™! southerly V.

For the first test (Figure 8a), the Doppler velocity field is characterized by a
bending zero isodop and asymmetric dipole structure. The final V,,, and Rqx
values derived from the GBVTD algorithm are 61.68 m s and 40 km, respectively
(Figure 8b). Although these values approximate the true vortex values, the aliased
Doppler velocities in a limited area near the northwestern direction at a range of
approximately 70 km from the vortex center cannot be well recovered. This failure is
due to the high asymmetry of the combined vortex contributed by Vr; in the northern
vortex and the northerly V), superimposed on symmetric V; flow. The convergent
feature diagram (Figure 8c) shows the conversion paths for vectors similar to those in
Figures 7-8, but the number of iterations increases to 8.

The asymmetric Doppler velocity structure for the second test is shown in Figure

8d. The magnitude difference between peak inbound and outbound Doppler velocities
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reaches approximately 30 m s'. Even under such extreme conditions, the VDVD
successfully recovers the aliased Doppler velocities. The final V,,,, and R,,,, values
derived from the GBVTD algorithm are 60.07 m s™' and 40 km, respectively (Figure Se),
values closer to the simulated vortex values than those from the first test. However, the
number of iterations increases to 12 (Figure 8f) , considerably higher than in previous
tests. This finding suggests that a more asymmetric Doppler velocity dipole requires a
greater number of convergence iterations.

Table 4 summarizes the sensitivity tests for various combinations from the
wavenumber 1 of Vi (V1) given with 20% of V; and Vj, given with a value of 5 m
s'and 10 m s! with various directions from 0 to 360°. The results show that the number
of iterations is less than 5 and generally increases with the vortex asymmetry. This
finding indicates that the aliased velocities from almost all the tests can be recovered by
the VDVD algorithm except the first experiment in test AO9 shown in Figure 8b, which
i1s combined with symmetric Vi, Vg, asymmetric Vr; at azimuth 0°, and northerly V.
The unsuccessful recovery of aliased Doppler velocity in this test occurs because the
simulated vortex is far from the Rankine vortex assumption when the direction of V),
is parallel to the radar beam. The aliased Doppler velocity can be successfully corrected
with a V), of 5 m s in all directions due to the reduced asymmetry in the analytic

vortex. In practice, the uncertainty in dealiasing Doppler velocity increases with higher
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Vy values. This uncertainty could be mitigated by incorporating the short-term motion

of TCs or previous V,, analysis from the GBVTD algorithm.

SIMU bvel_raw ms' SIMU bvel_vda (VMAX= 61.68, RMAX= 40.00) ms’
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Figure 8. Same as in Figure 5 but for (a), (b), (c) the superposition of the axisymmetric Vr,
Vr, V11 at 0°, and northerly Vm, and (d), (e), (f) the superposition of the axisymmetric
Vr,VR, V11 at 90°, and southerly V.
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2.2.3 Effect of TC center displacement

The subsections above focus on the sensitivities of the inner loop in the VDVD
algorithm with the correct vortex center. The sensitivity for the effect of vortex center
displacement is discussed in this subsection. From the overview flowchart of the VDVD
algorithm (Figure 2), the necessary inputs of the initial estimation are the vortex center
location (X°,Y9), 2,,. and RY,,,. In practice, typhoon centers can be provided by the
best track analysis, which is issued every hour by the CWB in Taiwan, for example.
However, this track information usually has a 20-30 minute timing delay because it
takes time to integrate the information from all available data such as radar, satellite,
and surface observations. Alternatively, the approximate center position can be
estimated using the current TC center location, and the track can be forecasted with a
linear extrapolation.

The vortex asymmetry, especially for the wavenumber-1 structure that is
computationally generated during the GBVTD calculation, exhibits a displacement of
the TC center of an axisymmetric vortex, as documented by Lee and Marks (2000). To
simulate the effect of a shifted vortex center in the inner loop of the VDVD algorithm,
four experiments are conducted with a displacement of 8 km (20% of simulated RMW)
in 4 directions (north, east, south, and west) from the true value based on the analytics

vortex shown in Section 2.2.1 and Figure 3a. All the experiments reveal obvious
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convergence patterns, and the convergence approximately points to the given values of
the idealized vortex (Vg = 60m s~ Ry = 40 km) (Figure 5). The aliased
Doppler velocities can be recovered by the reference wind field based on those
approximated V., and R,,,, values even at a weaker V},,, and larger R,,,,. It is
shown that the R}, and V4, gradually increase toward the true values. The AVs
are greater than ARs in magnitude initially but are contrary at the end of iteration. An
obvious curved convergence path is presented that is slightly different from that in
Section 2.2.1 (Figure 5). Generally, a displacement of the vortex center makes the
convergence pattern less significant and increases the number of iterations during the
structure-finding procedure in this sensitivity test of the VDVD algorithm. However, the
uncertainty of the VDVD algorithm tends to increase with a larger center displacement,

potentially leading to a failure in convergence. (discussed in the Section 2.4).
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Figure 9. Same as in Figure 5 but for the centers at (a) (0,-142), (b) (8,-150), (¢) (0,-158)
and (d) (-8,-150).

2.2.4 Mitigation of the TC center displacement effects

To mitigate the effects of center displacement in the VDVD algorithm, as described

in the previous subsection, the GBVTD-simplex (Lee and Marks 2000) center-finding

algorithm is combined with the GBVTD-based unfolding algorithm. The

GBVTD-simplex technique was proposed to determine the TC center from Doppler

velocity, assuming the vortex center is where the local maximum of V,,,, is derived

from the GBVTD algorithm. The simplex method, used to approximate the location of
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this local maximum, is combined with GBVTD to provide a proper vortex center in the
GBVTD-simplex algorithm. Therefore, if the eye of the TC is not apparent,
GBVTD-simplex can provide a more accurate center compared to the reflectivity-based
algorithm (Chang et al. 2009a). Accordingly, the VDVD algorithm incorporates two
loops to mitigate the effect of a shifted TC center. The inner loop (GBVTD iteration)
aims to dealias the Doppler velocities, as discussed above. The outer loop
(GBVTD-simplex iteration) is designed to determine the vortex center based on the
Doppler velocity field obtained from the inner loop (Figure 2).

To examine the mutual influence between the outer and inner loops, the same
symmetric Vy superimposed with 20% of V; (Vrq) at 90°, Vi, and 5 m s’ southerly
Vy with an eastward 8-km displacement (20% of the simulated RMW) centered at the
vortex center (X°,Y%) = (8,—150) are applied. For the initial outer iterative loop, the
inner loop converges within 3 iterations to a set of (Voo,Rus,) =
(22.18 m s71,49 km), which is substantially different from the structure of the analytic
vortex due to the improperly dealiased velocity field (Figure 10a). Subsequently, a first
apparent center  (X1,Y1) = (—9.25,—134.65) is determined from the
GBVTD-simplex algorithm in the outer loop. With the new TC center, a set of
(Vo Rt ) = (48.54 m s~1,44 km) is calculated using the VDVD algorithm with a

better dealiased Doppler velocity field (Figure 10b). The second apparent center
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determined from the GBVTD-simplex technique is (X?2,Y?) = (=2.12,—147.79),
which is very close to the center location of the analytic vortex. Combined with the
outer loop (GBVTD-simplex iteration), the Doppler velocities can be subsequently fully
recovered in two iterations (Figure 10c), resulting in (Vou, R =
(58.38 m s71,39 km) from the inner loop.

A series of experiments are conducted to understand the improvements of the
VDVD algorithm compared to the VDVD without the GBVTD-simplex technique,
hereafter referred to as VDVD-inner (Table 6). The combinations of Vy; with 10% or
20% of Vy at 90° and V), with 5 or 10 ms™! from 180° are selected to induce the
greatest asymmetry of a TC structure, along with an 8-km (20% of the simulated RMW)
displacement of the TC center. The success rate is determined by the proportion of
experiments that are completely dealiased. For the experiments with 10% V; as Vrq,
the success rate of the VDVD-inner is less than 75%. The VDVD algorithm provides a
success rate 25 to 50% higher than that of the VDVD-inner, except in experiment B0O3,
which has extreme conditions of 20% of V7 as Vy; and 10 ms™1 Vy,. In these cases,
the outer loop of the VDVD successfully approximates the vortex center to the true
value. However, higher Vy; and V), could increase uncertainties, resulting in a

decreased success rate for the VDVD algorithm.
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Table 6. Sensitivity tests of the VDVD algorithm for various combinations of Vr, Vri1, Vk,

and Vwm and displacement of the TC center. A simplex center difference in italic format

indicates that the test is not completely dealiased by the VDVD algorithm, and one in
bold format indicates that the test is not completely dealiased by the VDVD without
GBVTD simplex (VDVD-inner). The information in the second and third row of Vrz and

Vu are the same as that in Table 3.

Center Shift Simplex
Vi Vi Vu Vu Success Success rate
20%Vy) (10%Vy) Vi (5 H (10 4 Bk at Center te of f
0 () ms- ms- rate o 0
i R (0%90%  Differences _
(90°) (90°) (180°) (180°) VDVD VDVD-inner
180°/270°) (km)
1.0/1.1/
BOO v v v v 100% 75%
1.0/1.0
2.4/4.1/
BO1 v v v v 75% 50%
19.7/1.9
3.3/3.1/
B02 v v v v 100% 50%
3.3/3.5
3.6/18.1/
B03 v v v v 0% 0%
13.8/11.4
SIMU bvel_vda (VMAX= 22.1a,nM.}x= 49.00) m s'SIMU bvel_vda (VMAX= 48.54, an\x: 44.00) m s'SIMU bvel_vda (VMAX= 58.38, nmiax= 39.00) ms’
S i () ———

5 5 B

-60 50 -40 -30 -20 <10 0 10 20 30 40 50 60 RF

Figure 10. The dealiased Doppler velocity in the VDVD outer loop (a) 1% (b) 2™ (c) 3™
iteration used the condition that the superposition of axisymmetric Vr, 20% Vr as Vr1 at
90°, Vg, and 5 m s southerly Vm with eastward 8-km displacement (20% of simulated

RMW).
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2.3. Results and Evaluations

Two typhoon cases, one with and one without landfall in Taiwan, were observed by

the Wu-Fen-San radar (RCWF) and Hua-Lien radar (RCHL) to evaluate the success

rates of the VDVD algorithm. The first case was Typhoon Fitow (2013), which passed

over the ocean northeast of Taiwan with its center more than 100 km from the northern

tip of Taiwan. The second case was Typhoon Nesat (2017), which followed a westerly

track similar to that of Typhoon Fitow but made landfall in northeastern Taiwan. Since

the strongest winds typically occur at lower altitudes in TCs (Marks and Houze 1987;

Lee et al. 2000), radar PPI data from the first (0.5-degree) and second (1.4-degree)

elevation angles were selected for the VDVD algorithm calculations. Additionally, a

manually dealiased Doppler velocity dataset was used to verify the performance of the

VDVD algorithm proposed in this study, as well as the 2D multipass velocity dealiasing

algorithm (ZW06).

2.3.1 Typhoon Fitow (2013)

Figures 11-12 illustrate extreme examples of the ZW06 and VDVD algorithms for

Typhoon Fitow (2013), as observed by the RCWF radar, respectively. The center of

Typhoon Fitow was located over the ocean northeast of Taiwan at a distance of ~240 km

from the radar site at 2311 UTC 5 Oct 2013. Typhoon Fitow exhibited a weakly

circular-symmetric eyewall structure with a radius of ~50 km (Figure 11a).
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The raw Doppler velocities around the eyewall areas are mostly aliased (Figure

11b) because the wind speeds exceed the Nyquist velocity. Using the ZW06 algorithm,

unreasonable Doppler velocities were observed near the northwestern to southwestern

quadrants of the TC center, occasionally due to relatively noisy data around the eyewall

regions (Figure 11c). This resulted in the lowest success rate of 74.5% compared to

subjective dealiasing analysis (Figure 11e). In contrast, the VDVD algorithm achieved a

success rate of more than 99% at that time (Figure 11d). Approximately 9.5 hours later,

Typhoon Fitow moved to the ocean north of Taiwan, about 150 km from the radar site

(Figure 12a). The reflectivity structure showed a more intense circular-symmetric

eyewall compared to that at 2311 UTC 5 Oct (Figure 11a). Figure 12¢ displays the

dealiasing result of Doppler velocity using the VDVD algorithm, showing an overly

unfolded low-velocity region near the east side of the radar site due to sea clutter.

Similarly, the ZWO06 algorithm also exhibited the overly unfolded phenomenon in the

same region (Figure 12b). Therefore, it is crucial to adequately remove sea clutter

signals before applying the dealiasing algorithms to potentially improve the dealiased

velocity performance.

To quantitatively evaluate the VDVD algorithm performance, comparisons are

conducted with a subjective dealiasing analysis based on PPI pixels. Approximately

21.5% of the pixels were aliased in the Doppler velocity data over a 23-hour period
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(from 1907 UTC 5 Oct to 1757 UTC 6 Oct). On average, the VDVD and ZW06
algorithms successfully recovered 99.4% and 98.3% of the aliased velocity data,
respectively. Table 7 presents the success rates from a total of 472 elevation sweeps. A
total of 87% and 70% of the elevation sweeps exhibit success rates exceeding 99% for
the VDVD and ZWO06 algorithms, respectively. The statistical results indicate that the
VDVD algorithm demonstrates more stable performance in providing high-quality data.
Additionally, only approximately 2% of the elevation sweeps have a success rate under
97% for the VDVD algorithm, compared to 14% for the ZW06 algorithm.

As previously mentioned, the VDVD algorithm effectively dealiases Doppler
velocity and concurrently provides an accurate center and inner core wind structure for
TCs. Figure 13 illustrates the track of Typhoon Fitow derived from the
GBVTD-simplex, which aligns well with the official track issued by the CWA. This
indicates the potential usability of GBVTD-simplex track information for real-time
operations. For the wind structure of Typhoon Fitow, Figure 14 presents the time series
of Viax and Ry, from the first elevation angle data derived from the VDVD
algorithm. At 1907 UTC on Oct. 5, V0 and Ry,q, were 40 m s and 100 km,
respectively. Sequentially, the V,,,, fluctuated slightly between 40-50 m s before
weakening to approximately 35 m s™! around 1300 UTC on Oct 6. The R,,,, decreased

from 100 km to 60 km between 0000 UTC on Oct. 5 and 0900 UTC on Oct. 6, with a
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further contraction from 90 km to 60 km occurring around 1100 UTC on Oct. 6.

Generally, V., and R,,,, are out of phase, consistent with previous studies on

eyewall contraction (Marks and Houze 1987).

Table 7. Numbers of elevation sweeps falling between the criteria of raw data for VDVD

and the algorithm in ZW06. The numbers in parentheses are the percentages of the 472

total sweeps.

Success
Raw data (%) VDVD (%) ZW06 (%)
rate%

99-100 1 (0.2) 411 (87.1) 333 (70.6)
9899 7 (1.5) 40 (8.5) 43 9.1)
9798 10 (2.1) 11 (2.3) 28 (5.9)

<97 454 (96.2) 10 (2.1) 68 (14.4)
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Figure 11. Radar observations of Typhoon Fitow (2013) at 0.5 degrees elevation from
RCWF at 2311 UTC on October 5: (a) base reflectivity (dBZ), and Doppler velocities
(m/s) of (b) raw data, (c) processed using the ZWO06 algorithm, (d) processed using the
VDVD algorithm, and (¢) subjective analysis. Two range rings are indicated at 150 and
300 km from the radar site.
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Figure 12. Same as Figure 11 except at 0837 UTC Oct. 6.
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Figure 13. Track of Typhoon Fitow (2013) derived from GBVTD-simplex (blue line) and

observations (black line). The numbers above the tracks are the dates and times in UTC.
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Figure 14. Time series of Vmax (blue line) and Rmax (red line) derived from the
GBVTD-simplex technique with the first elevation data of RCWF.
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2.3.2 Typhoon Nesat (2017)

Figure 15a shows the reflectivity field of Typhoon Nesat observed from RCHL at

0622 UTC on July 29. An obvious asymmetric eyewall structure with strong reflectivity

was located in the southern quadrant of the typhoon center. The center was

approximately 130 km northeast of the radar site, and the eyewall radius was

approximately 55 km. Notably, there are no valid data on the mountainside west of the

RCHL because the electromagnetic wave emissions were turned off, as mentioned

previously. A narrow beam blockage wedge to the northeast of the radar is the result of a

tall building near the radar site. The aliased Doppler velocities from raw data occurred

over the eyewall and surrounding area (Figure 15b.) Using the ZWO06 algorithm, some

aliased Doppler velocities are not adequately dealiased in the inbound region near the

eyewall and its surrounding area (Figure 15c). In contrast, the VDVD algorithm

successfully recovers these aliased Doppler velocities (Figure 15d).

When Typhoon Nesat moved toward the east coast of Taiwan, most of the aliased

velocity data are recovered near eyewall regions (Figure 16a). However, there are some

discontinuities in the Doppler velocities that are overly dealiased near the offshore

regions of southeastern Taiwan. It results from the flow direction of terrain-induced

local circulation that deviates from that of the Rankine combined vortex (e.g., Wu and

Kuo 1999; Wu et al. 2002; Chang and Lin 2011). As a result, the Rankine combined
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vortex assumption of the VDVD algorithm cannot be adequately applied due to these

local circulations. To address this issue and extend the applicability of the VDVD

algorithm, a procedure of radial-by-radial verification, similar to the beam checking in

ZWO06, is used to correct the discontinuities resulting from inadequate unfolding. This

concept is illustrated in Figure 17. Two radials passing through two tangential points of

the RMW are chosen as initial references. The radial-by-radial verification procedure

begins counterclockwise from the inbound side of the Doppler velocity and clockwise

from the outbound side. This procedure is also applied to the regions inside the RMW

with opposite directions to those outside the RMW. The procedure stops at the azimuth

of the circulation center determined by the VDVD algorithm.

Figure 16b demonstrates the dealiased velocity field from the VDVD algorithm

using the radial-by-radial verification procedure. The discontinuous regions are

significantly reduced, indicating that this verification procedure can recover

inadequately dealiased Doppler velocities, particularly when local circulations outside

the TC inner core regions deviate from the Rankine combined profile assumption.
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Figure 15. Radar observations of Typhoon Nesat (2017) at 0.5 degrees from RCHL at
0622 UTC on July 29: (a) base reflectivity (dBZ), and Doppler velocities (m/s) of (b) raw
data, (c) processed using the ZW06 algorithm, (d) processed using the VDVD algorithm.
Two range rings are indicated at 150 and 300 km from the radar site.
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Figure 16. Radar observations of Typhoon Nesat (2017) at 0.5 degrees from RCHL at
0922 UTC on July 29: (a) processed using the VDVD algorithm and (b) processed using
the VDVD algorithm with radial verification procedure. Two range rings are indicated at
150 and 300 km from the radar site.
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Figure 17. Schematic diagram of radial-by-radial verification procedure. The black circle
indicates the maximum wind radius centered on the typhoon symbol. The thick black
lines denote the initial references from the inflow and outflow parts. The gray arrows

represent the beam verification in the clockwise and anticlockwise directions.
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2.4. Discussion

Several sensitivity tests and two typhoon cases are examined to evaluate the

VDVD algorithm proposed in this study. The VDVD algorithm, based on the vortex

dealiasing concept, demonstrates the capability to provide high-quality Doppler velocity.

The uncertainties caused by factors such as TC asymmetry, center displacement, and

data quality that could potentially degrade the results of the VDVD algorithm were also

found. As demonstrated in the sensitivity tests in Section 2.2.2, the uncertainties of the

VDVD algorithm increase when large Vy; or V, are superimposed on an

axisymmetric vortex. This issue is related to the inherent limitations of the GBVTD

algorithm, as discussed by Lee et al. (1999). However, a deviated Rankine combined

vortex wind structure retrieved from GBVTD can still be used as a reference vortex as

long as the difference between the reference and observed Doppler velocities is less

than 1.5 times the Nyquist velocity.

The uncertainty of the VDVD algorithm generally increases with the center

displacement of the axisymmetric vortex as discussed in Section 2.2.3. In such

conditions, the magnitude of the GBVTD-retrieved maximum axisymmetric tangential

wind decreases and the RMW increases slightly (Lee and Marks 2000). To mitigate the

effect of center displacement in the VDVD algorithm, the GBVTD-simplex

center-finding algorithm can be applied to reduce the uncertainty of the vortex center. In
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practice, the radial gradient of the mean tangential wind is relatively flat in most weak

TCs, making it difficult for the simplex algorithm to find the exact maximum, as

addressed by Lee and Marks (2000). To further improve the accuracy and consistency of

TC center estimates, the objective statistical center-finding GBVTD-simplex method

can be enhanced by applying the spatial and temporal continuities of RMW, Vimax, and

TC center (Bell and Lee 2012). Additionally, the official best track analysis can provide

typhoon centers to ensure accuracy and serve as a reference for the VDVD algorithm.

Radar data quality is also an important factor affecting the results of the VDVD

algorithm. As described above, Taiwan is a mountainous island surrounded by the ocean,

leading to significant challenges in radar observations due to sea clutter, ground clutter,

and beam blockage. From the evaluation of Typhoon Fitow (2013) in Section 2.3, it is

evident that unsuccessful pixels, primarily resulting from the influence of sea clutter, are

often embedded with weather echoes, thereby reducing the success rate of the VDVD

algorithm. Additionally, ground clutter can significantly affect the velocity dealiasing

results, particularly when TCs are near the coastline or making landfall. Consequently,

nonweather echoes should be adequately removed (Chang et al. 2009b; Lakshmanan et

al. 2007; Liu and Chandrasekar 2000; Berenguer et al. 2007) in advance to ensure the

quality of the data used in the VDVD algorithm.
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3. Rapid Intensification of Typhoon Chanthu (2021)

3.1. Data and method

As Typhoon Chanthu moved semiparallel to the eastern coast of Taiwan, the
dramatic intensity change was observed not only by the RCKT, RCGI, RCHL, and
RCWEF radars but also by the ISHI radar of Japan. The specifications of the 5 radars are
listed in Table 2. The data observed by the above 5 radars show that Chanthu’s eyewall
was well organized with a clear eye during its passage near Taiwan (Figure 1). The
ground-based velocity tracking display algorithm (GBVTD; Lee et al. 1999) is a
single-radar wind retrieved technique that can estimate various aspects of the primary
circulation of a TC, including the axisymmetric tangential and radial winds, and
asymmetric tangential winds. However, the accuracy of the retrieved TC circulation using
the GBVTD is highly dependent on the precise determination of the center position, as
the calculations are based on a ring with a fixed radius from the center of the TC. Chang et
al. (2009a) introduced the TCET (Tropical Cyclone Eye Tracking) algorithm, which was
developed to objectively detect and track the eye and center of a TC using radar
reflectivity data. The results demonstrate that it can enhance the quality of the
GBVTD-retrieved circulation for TC with well-organized eyewall structures when
compared to the utilization of the TC center derived from the GBVTD-simplex algorithm

(Lee and Marks 2000). Therefore, the TCET algorithm was utilized to estimate the TC
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center from five radars, for which the abbreviations have a superscript of “R” in Figure 1.

The aliased Doppler velocity was recovered by the vortex-based Doppler velocity

dealiasing (VDVD) algorithm described in Chang et al. (2019). An iterative

surface-fitting dealiasing algorithm, which is an enhanced version of the two-step QC

procedure described in Chang et al. (2020), was also applied for local dealiasing and

noise filtering (interested reader can find the introduction in the appendix). Then, the

GBVTD algorithm was used for single-Doppler radar retrieval with the data from four

radars, for which the abbreviations have a superscript of “V” in Figure 1. Both radar

reflectivity and Doppler velocity data are interpolated to achieve a spatial resolution of 1

km by 1 degree, centered on the TCET centers. The temporal resolutions are 6—8 minutes,

as determined based on the volume scan times of multiple radars. Furthermore, the dense

radar network provides the opportunity for dual-Doppler synthetic analysis (Ray et al.

1975; Shapiro et al. 2009; Liou and Chang 2009), offering valuable information for the

analysis and evaluation of the accuracy of single-Doppler wind retrievals. The composite

dual-Doppler synthetic wind (DDW) data result from six sets of dual-Doppler analyses

(Chang et al. 2019), incorporating data from RCKT, RCGI, RCHL, and RCWF radars.

This dataset features a high spatial resolution of 1 km in both horizontal and vertical

dimensions, along with a temporal resolution of 10 minutes.

The azimuthal gaps in the radar data and the gap-filling process may influence both
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the magnitude and phase of the Fourier decomposition. To primarily extract the

characteristics of wavenumber-0 axisymmetric tangential wind, a gap size of 180 degrees

is considered acceptable (Lorsolo and Aksoy 2012; Cha and Bell 2021). Consequently,

the GBVTD technique is applied to retrieve the mean tangential wind when the azimuthal

coverage of the available data exceeds 50%. In cases where there are gaps in the Doppler

velocity data, linear interpolation is used to fill the azimuthal gaps, allowing for the

utilization of fast Fourier transform (FFT) (Heideman et al. 1985) decomposition in the

GBVTD algorithm. For the azimuthal average of reflectivity data, the same 50%

azimuthal coverage criterion is applied, but no attempts are made to fill any data gaps.

The temporal coverage of the GBVTD retrieval from each radar is limited to a specific

portion of the overall analyzed period. To capture a comprehensive temporal evolution of

the wind structure within the inner core of the TC (within a 60 km radius from the TCET

centers) from these four radars, the GBVTD-retrieved winds from each radar were

composited within 10-minute intervals using the inverse distance weighting.

In addition to the retrieval of the main circulation of Chanthu, the VWS of the

embedded TC is also an essential information corresponding to its convection asymmetry.

However, an accurate estimate of the mean flow of a TC is not straightforward to obtain

in real time, especially when the terrain is nearby and terrain-induced flow is enhanced.

While the DDWs were indeed conducted for the analysis of Typhoon Chanthu, which can
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provide more accurate wind information compared to the single radar retrieval method,

there are certain limitations to be considered. Specifically, the winds near the baseline

between two radars cannot be directly retrieved using the DDW. During the major

intensification stage of Typhoon Chanthu, which occurred from 1600 to 2100 UTC on

Sep 11, the storm happened to be located near the baseline between the RCGI and RCHL

radars. As a result, the DDW data was unavailable for the western to northwestern sides

of the typhoon (Figure 18b). To ensure comprehensive analysis and maintain continuity

in the dataset, the GBVTD method was employed for wind retrieval during this specific

period. Moreover, the horizontally uneven distribution of the DDW makes the calculation

of mean flow difficult. The directions of the mean flow derived from the DDW dataset

were found to be unstable over time and did not consistently align with the observed

eyewall asymmetry.

In order to address this limitation and obtain a more reliable estimate of the mean

flow, the author conducted a further application of the GBVTD method. This involved

utilizing two adjacent radars capable of simultaneously observing the Doppler velocity

within the inner core of the typhoon. The detailed methodology for this approach is

documented in the Appendix of Murillo et al. (2011). They argued that the unresolved

cross-beam mean flow is one of the sources of error when estimating the mean tangential

wind using the GBVTD. Building upon this concept, the author extended and applied this
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method in the present study for the estimation of the mean flow of a TC. This allowed for

a more comprehensive examination of the mean flow, which could be further correlated

with the observed TC eyewall asymmetry. Area-average V), (the magnitude of mean

flow) and 6,, (the direction of mean flow) with different radii criteria of rings (0—60, 10—

60, 20-60, and 30-60 km) were first evaluated. The results showed a significant

fluctuation of the mean flow time series if the strong wind data near the RMW (radius of

maximum wind) were included (e.g., 0-60, 10-60, 20—60 km) for calculation. Therefore,

Vy and 8, averaged within 30—-60 km radii (2 to 4 times of the RMW) were utilized for

improved data interpretability. Note that the mean tangential winds presented in this study

were corrected by the GBVTD-derived mean flow according to the Eq. (20) in Lee et al.

(1999). The other mean flow utilized in this study, derived from ECMWF ERAS

reanalysis data, was the mean wind within a 500-km radius from the TC center (Reasor

and Eastin 2012). The VWS is commonly determined by calculating the vector difference

of the mean flow between 200 and 850 hPa. However, due to reduced radar data density at

higher elevations, the calculation of radar-derived mean flow is not feasible above 8 km.

To facilitate a more comprehensive and comparable analysis between radar data and

ERAS data, the selected layers of the ERAS dataset are at 800, 700, 600, 550, 450, 400,

and 350 hPa, which closely correspond to the altitude of 2, 3, 4, 5, 6, 7, and 8 km,

respectively. As a result, the VWS derived from GBVTD was computed by taking the
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vector difference of the mean flow between 8 and 2 km, corresponding to the pressure
levels of 350 and 800 hPa, along with the ERAS5-derived VWS.

It is important to note that the mean flows analyzed in section 3.4 contain the
information of typhoon motion speeds and are exclusively used for the calculation of the
deep-layer mean (DLM). However, for the subsequent analysis discussed in section 3.5,
the mean flows were adjusted by subtracting the motion speeds to specifically focus on
the discussion of the relative direction between the VWS and the LMF. To evaluate the
agreement between the TC motion and the DLM derived from these mean flows, the
author utilizes the DLM definition provided by Velden and Leslie (1991) and Hu and Zou

(2021). The original formula is as follows:

_ 75V300+100V400+150V500+175Vs00+175V700+150Vgs50

25 @

DLM
where 17300, 17400, 17500, 17600, 17700 and 17850 indicate the wind vector at 300, 400,
500, 600, 700 and 850 hPa, respectively. As discussed above, the author has adjusted the
vertical layers in the ERAS data to 800, 700, 600, 550, 450, 400, and 350 hPa to align
more closely with the 2 to 8 km vertical range, where the radar data provide more
comprehensive coverage. Accordingly, the above formula has been modified to:
_ 75V350+100V400+150V550+175Vs00+175V700+150Vg00

DLMggas = r )

The corresponding formula for radar-derived DLM is:

75V giem+100V 7k +150V s 1em+175V akem +175V 3 5m + 150V 2 50m

DLMgpyrp = 825 €))
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Six layers of mean flow from 2 km to 8 km were used to calculate the
GBVTD-derived DLM because of insufficient data samples at the height of 9 km. In the
following sections, the GBVTD-derived mean flow was compared with the
ERAS5-derived mean flow and was used to interpret the connection between the

movement and convection asymmetry of TY Chanthu.

3.2.  Overall structure

Figure 1 shows the TCET track with a 10-min interval from the radars, for which the
abbreviations have an upper index of “R”. A northwestward track with a speed of
approximately less than 3 m s before 0600 UTC Sep 11 was found when Typhoon
Chanthu moved into the Bashi Strait. Afterward, Chanthu slowed, recurved to a
northeastward motion, and started to accelerate to ~6 m s'. Chanthu moved northward
with a similar speed as it moved into the eastern offshore region of Taiwan. Later, it
accelerated after 0000 UTC on Sep 12 and exhibited a north—northwestward motion when
it was close to the northeastern tip of Taiwan. After 0400 UTC on Sep 12, the track turned
back to northeastward motion and slowed to a speed of approximately 5 m s in the
northeastern offshore area of Taiwan as it moved to the East China Sea.

Figure 18 shows the composite dual-Doppler wind retrievals every 6 hours from
1000 UTC Sep 11 to 0400 UTC Sep 12. Very intense cyclonic structures were found as

the typhoon moved northward from the southeastern to the northeastern offshore area of
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Taiwan. The significant eyewall circulation had a maximum wind speed of more than 50
m s and an RMW of approximately 1520 km at altitudes of 3—4 km. The wind speeds
were rapidly reduced to 20-25 m s! at a radius of 50 km from the circulation center. This
strong radial gradient of tangential wind indicates that Chanthu was a compact TC. In the
outer rainband regions over the northern part of Chanthu, the winds were characterized by

southeasterly winds with wind speeds of approximately 15 to 20 m s™ (Figure 18a).

As the typhoon moved northward, the wind speeds increased, with a maximum wind
speed of more than 60 m s™! within the inner core (Figure 18b). At 2200 UTC Sep 11, the
wind speeds were further enhanced, with a maximum wind speed of more than 65 ms™ in
the eastern quadrant (Figure 18c). In addition, the presence of echo-free areas was
consistently observed in the southeastern offshore region of Taiwan. This phenomenon,
which has been observed in numerous typhoon cases, including Haitang (2005), Talim
(2005), Matsa (2005), and Krosa (2007), has been hypothesized to be associated with the
adiabatic warming of downslope flow induced by the eastward wind component
originating from the southern quadrant of the typhoon circulation across the CMR (Chen
et al. 2010; Hsu et al. 2018). At 0400 UTC Sep 12, the typhoon intensity gradually
weakened with a maximum wind speed of approximately 55 m s as it approached the
northeastern tip of Taiwan (Figure 18d). The echo-free areas exhibited a consistent spatial

position, but their size notably expanded.

60
d0i:10.6342/NTU202403267


https://journals.ametsoc.org/view/journals/atot/36/8/jtech-d-18-0139.1.xml#fig21

Figure 19 illustrates the temporal evolution of reflectivity within a 90 km radius

from the TCET center of Typhoon Chanthu. According to the evolution of

GBVTD-retrieved V., and RMW, the analyzed period can be divided into four stages:

the first (or minor) intensification, second (or major) intensification, peak, and weakening

stages (Figure 20). During stages I and III, the eyewall convection prominently displayed

wavenumber-1 azimuthal asymmetry. In stage I, the maximum asymmetry was observed

in the eastern sector (Figures 19a, b). By the end of Stage I, the asymmetry had

decreased moderately, resulting in a more axisymmetric eyewall (Figure 19c). At 1600

UTC, the wavenumber-0 signal became most pronounced (Figure 19d). However, this

axisymmetric structure persisted for only approximately 2 hours before the

wavenumber-1 signal regained dominance, albeit with a shift in the maximum from the

eastern to northeastern sector (Figures 19e, f). Subsequently, the area of high reflectivity

above 45 dBZ extended beyond the northeast sector, encompassing the downstream

sector on the northwestern side (Figures 19g-1).

The comparison between ERAS-derived and radar-derived VWS revealed

discrepancies after 1200 UTC. Prior to 1200 UTC, the eyewall asymmetry correlated well

with both VWS datasets (Figures 19a, b). Between 1400 and 1600 UTC, the eyewall

displayed an increased axisymmetric structure, aligning with the weak VWS obtained

from radar (Figures 19¢, d). After 1600 UTC, the VWS intensified and shifted from
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northerly to northwesterly. Simultaneously, the maximum eyewall asymmetry shifted

from the eastern sector to the northeastern sector, located on the DL side (Figures 19b-e).

However, it is noteworthy that the ERAS-derived VWS consistently maintained a

northerly direction throughout stages I to III, which contrasts with the observed eyewall

asymmetry.
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Figure 19. Reflectivity snapshot at 3-km altitude centered on the TCET centers at (a)
1000, (b) 1200, (c) 1400 (stage I; first row), (d) 1600, (e) 1800, (f) 2000 (stage II; second
row), (g) 2200 Sep 11, (h) 0000, and (i) 0200 Sep 12 (stage III; third row). The blue
arrows indicate GBVTD-derived VWS, while the gray arrows represent ERAS5-derived
VWS. Solid arrows denote VWS between 2 and 8 km, and dashed arrows correspond to
VWS between 2 and 5 km. The interval between the thick circles is 30 km, and between
the thin circles is 10 km. The interval between thin circles also represents 3 m s for
VWS.

The previous paragraphs provide a general and qualitative review of the kinetic and
convective features of Typhoon Chanthu. Quantitative information on the V,,,, and
RMW of Chanthu derived from the GBVTD at 3-km altitude is described in the following

(Figure 20). During the first intensification stage (denoted by stage I), the V;,,, had a
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minor increase from ~48 m s™! to 52 m s accompanied by a significant RMW contraction
from 20 km to 12 km (e.g., reduced 40%) from 1000 UTC to 1600 UTC on Sep 11. At
approximately 1600 UTC, the RMW dramatically expanded from 12 km to 20 km,
however, V4, remained at ~50 m s™'. After the stage I, the RMW started to contract
again from 20 to 12 km between 1600 UTC and 2100 UTC on Sep 11 which was defined
as the major intensification stage (denoted by stage II) in this study. The Vg,
significantly increased from ~50 m s™' to ~64 m s™! in only five hours during this stage.
Later, Chanthu evolved into the most intense stage and remained at a V;,,,, of 58-62 m
s! in the following five hours (denoted by stage III). Finally, Chanthu weakened quickly
after 0200 UTC with an average rate of ~2.4 m s™! h'! in the last 8 hours of the analysis
time (denoted by stage 1V). The V4, and RMW evolution derived from GBVTD is
consistent with that of DDW, indicating that GBVTD is a robust algorithm for retrieving
TC winds, as documented by Cha and Bell (2021).

Overall, the 3-km-altitude GBVTD-retrieved V4, increased by ~18 m s in 11
hours (1000 UTC to 0200 UTC Sep 11). The intensification rate can be considered RI,
which is commonly defined as the maximum surface wind intensifying by more than 20
kt (10.3 m s™!) in 12 hours (Kaplan et al. 2015). Although the definition of RI is based on
surface wind change, Franklin et al. (2003) found that the ratio of wind speed from the

eyewall surface to 700 hPa is approximately 0.9. Therefore, the change in wind speed at 3
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km should generally reflect the increasing rate near the surface. In the weakening stage,
the 3-km altitude V,,,, decreased significantly by 19 m s in 8 h, which is also
considered rapid weakening (RW), defined as the TC intensity decreasing by 20 kt (10.3
m s™!) or more in 24 h (DeMaria et al. 2012). The decrease in intensity of Chanthu reached
10.3 m s only during an ~3 h period from 0200 UTC to 0500 UTC and sequentially
weakened to the end of the analysis period. Notably, Chanthu experienced both RI and
RW within 24 hours. Such a dramatic change in intensity is a serious challenge for
operation centers to issue and forecast the intensity of the TC. The possible factors that
caused the intensification and weakening of Typhoon Chanthu will be further discussed

in the following section.

CHANTHU(2021) @3.0 km

i ! | e V. (GBVTD)
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Figure 20. Temporal evolutions of the Vmax (blue line) and RMW (Rmax, red line) of
Typhoon Chanthu at 3 km altitude. The Vmax and RMW derived from dual-Doppler
synthetic winds are indicated in light blue and light red, respectively.
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3.3. Evolution of the inner core structure

The Hovmoller diagram of axisymmetric tangential winds reveals that Chanthu
retained its compact wind structure over the whole analysis period (Figure 21a). Typhoon
Chanthu not only had an extremely small eyewall radius compared with the climatology
value of 54.7 km in the western Pacific (Knapp et al. 2018), but also had an extremely
strong near-core (RMW to 3XRMW) radial gradient of tangential wind of 0.8-0.9 m s’
km™' compared with that of TCs in the same intensity category (Vinour et al. 2021).

Due to the RMW dramatically expanding from 12 km to 20 km at approximately
1600 UTC on Sep 11 (Figure 20), it is suggested that Chanthu was experiencing an
eyewall replacement cycle (ERC). However, the tangential wind did not present an
apparent secondary eyewall formation (SEF) at 3 km altitude during the first intensifying
stage (Figure 21a), and V,,,, remained at a value of ~50 m s™'. To highlight the presence
of the double wind peak associated with the ERC, Hovmoller diagrams of tangential wind
were constructed at elevations ranging from 2 to 7 km, with contour intervals of 1 m s’
(Figure 22). Analysis of the Hovmoller diagrams at 2 to 4 km revealed that the RMW was
predominantly situated between 12 and 15 km. Notably, a significant jump in the RMW
occurred at approximately 1600 UTC; however, a clear double wind peak pattern was not
found. In contrast, at higher elevations of 5 to 7 km, a progressive increase in wind speed

was observed within the radius range of 20 to 30 km, starting from 1400 UTC and
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extending radially until 1430 UTC. Over the subsequent 2.5 hours, this secondary wind

maximum ceased its radial extension, and the radius of this secondary wind maximum

exhibited a slight contraction. The presence of a distinct double wind peak pattern was

most pronounced at 1600 UTC. Following this time, the primary eyewall dissipated, and

the secondary eyewall underwent a gradual contraction. Based on these findings, it is

proposed that Typhoon Chanthu underwent an ERC between 1400 and 1700 UTC.

Notably, the primary and secondary eyewalls of Chanthu were separated by a mere 10 km.

The observed ERC in this case, characterized by the merging of the secondary eyewall

with the primary eyewall rather than complete replacement, shares similarities with the

flight-level tangential wind pattern observed during the second ERC event of Hurricane

Irma (2017), as documented by Fischer et al. (2020; see their Fig. 5).

Moreover, the radius-time Hovmoller diagram of azimuthally averaged reflectivity

at an altitude of 3 km provides further evidence, indicating that the secondary eyewall

began to form at 1430 UTC, which is 1.5 hours prior to the completion of the ERC, with

a radius of 27 km from the TC center (black cross in Figure 21). This observation is

consistent with the tangential wind field observed at elevations between 5 and 7 km. A

contraction of the eyewall, similar to RMW evolution, was found in both the first and

second intensification stages. The eyewall radius changed dramatically from ~12 km to

~18 km between the end of the first intensification stage and the beginning of the second
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intensifying stage. Another noteworthy observation is the displacement of the eyewall,

defined by the region of peak reflectivity, relative to the RMW before and after the ERC.

Prior to the ERC, the eyewall was situated inward of the RMW. However, after the ERC,

the eyewall shifted outward and aligned with the RMW. The eyewall reflectivity reached

40-50 dBZ at approximately 0000 UTC on Sep 12 when the TC was evolving to the end

of the peak stage. At the same time, the eyewall width started to increase and became

much larger in the following weakening stage. Generally, the eyewall radii varied from 12

to 18 km during the first three stages.
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Figure 21. (a) Radius-time Hovmoller diagram of the GBVTD-derived axisymmetric
tangential wind at 3-km altitude for Typhoon Chanthu, observed by the RCWF, RCHL,
RCGI, and RCKT radars between 1000 UTC Sep 11 and 1000 UTC Sep 12, 2021. The
shading intervals are every 5 ms’!, and the black solid lines indicate the RMW. (b) Same
as (a) but for the azimuthally averaged reflectivity field. The shading intervals represent
the reflectivity every 5 dBZ, and the black solid lines indicate the RMW as shown in (a).
The black cross marks the formation time of the secondary eyewall. The blue line along

the ordinate indicates the time period with mean flow correction.
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Figure 22. Same as Figure 21a, but for elevations from (a) 2 km to (f) 7 km with a 1 km

interval. The contour intervals are 1 m s™'. The black solid line indicates the RMW. The

black dash line indicates the radius of secondary tangential wind maximum.
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Figure 23 shows four snapshots of axisymmetric tangential winds, taken at
approximately 6-hour intervals, from the RCKT, RCGI, RCHL, and RCWF radars during
the analysis period. At 1010 UTC (Figure 23a), the axisymmetric tangential wind
maximum reached 50 m s!, and the RMW was approximately 15 km at an altitude of 1
km. Additionally, a double-peak signal between altitudes of 3 and 6 km at radii of 15 km
and 22 km was found. Approximately six hours later, axisymmetric tangential winds
increased for all levels with a maximum wind speed of more than 55 m s at 2 km. The
double-peak signals were still apparent and could reach an altitude of 8 km (Figure 23b).
The double peak in the tangential wind observed in Typhoon Chanthu resembles that
observed in Hurricane Irma (2017) (Fischer et al. 2020; see their Fig. 11). At 2200 UTC
(Figure 23c¢), the RMW contracted to 13 km, and tangential winds dramatically increased.
The maximum wind speed reached more than 65 m s™! at an altitude of 1 km, whereas the
double-peak signal disappeared and reached sharper gradients horizontally and vertically
compared with that at the previous analysis time. The tangential winds generally
decreased with a maximum wind speed of 55-60 m s! occurring at an altitude of 1 km, as
the typhoon center was located offshore of northeastern Taiwan, where the distance to the
RCWEF radar was 59 km at 0400 UTC (Figure 23d). Generally, the axisymmetric structure
of tangential winds changed obviously during the analysis period. The vertical extent of

tangential winds greater than 50 m s™! varied from an altitude of 2 km to more than 10 km
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during the first three times analyzed. In addition, the horizontal extent for tangential

winds greater than 35 m s at an altitude of 2 km showed no significant difference from

40 km to 45 km during the intensifying stages. At the weakening stage, the radius for the

horizontal extent of 35 m s™! at an altitude of 2 km decreased to 30 km.
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Figure 23. Axisymmetric structure of tangential winds at (a) 1010 UTC from RCKT, (b)
1600 UTC from RCGI, (c) 2200 UTC Sep 11 from RCHL, and (d) 0400 UTC Sep 12
from RCWF.
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3.4. Radar-derived mean flow and VWS

Figures 24a, b present the GBVTD-derived mean flow from 2 to 8 km altitude and
the ERAS-derived mean flow from 800 to 350 hPa, respectively (see section 3.1 for
details). The moving speed and direction of Chanthu calculated from the TCET track
from 1000 UTC Sep 11 to 1000 UTC Sep 12 are also illustrated in Figure 24. The moving
speeds of Typhoon Chanthu were mainly between 3 m s and 12 m s™!, with the moving
directions distributed from north—northwest to north. The ERAS5 DLM flow speeds were
mainly between 3 m s and 7 m s™!, and the directions were mainly from the south—
southwest, roughly agreeing with the typhoon motions. The GBVTD-derived DLM flow
contained more detailed information because of its high spatial and temporal resolution
and showed a better consistency with the TC moving speeds and directions than those
from ERAS. In particular, the GBVTD-derived DLM flows accelerated after 2300 UTC
on Sep 11, which is consistent with the apparent increasing speeds of Chanthu’s
movement. This indicates that the GBVTD-derived mean flow can approximately
represent the steering flow when Chanthu is near Taiwan.

However, the VWSs derived from the two datasets were remarkably different. Both
VWSs ranged from north—northeasterly to north—northwesterly before 1400 UTC on Sep
11. After 1600 UTC, the ERAS5-derived VWS remained northerly, but the

GBVTD-derived VWS apparently turned northwesterly. The magnitudes of the mean
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flows derived from the two datasets at an altitude of 8 km were similarly small. The major
factor influencing the VWS difference between the two datasets was the direction of the
LMF. The directions of both the GBVTD-derived and ERAS5-derived mean flows were
vertically homogeneous (e.g., south—southwesterly) between 1400 and 1600 UTC. Only
the GBVTD-derived LMF turned from south—southwesterly to south—southeasterly after
1600 UTC. This change might be caused by the terrain blocking effect as the TC moved
to the southeast offshore of Taiwan, which drove the LMF to turn south—southeasterly
from the open ocean without being blocked. As the height of the southern part of the
Taiwan terrain is lower than 2000 m, the flows above 3 km remained south—southwesterly.
The mid- to upper-level mean flows decreased from ~5 to ~3 m s and turned
southwesterly after 1800 UTC. This change in direction resulted in a gradual increase in
the GBVTD-derived VWS. It is worth emphasizing that the mean flow obtained from
GBVTD characterizes the spatially averaged state within an annulus ranging from 30 to
60 km radii from the TC center, signifying a meso-f scale mean flow. In contrast, the
ERAS5-derived mean flow represents the mean wind within a 500-km radius from the TC
center, corresponding to a meso-a scale mean flow. Consequently, the ERAS5-derived
LMF exhibited only minor changes in direction, which may have resulted from the

inability of the ERAS data to resolve the terrain-induced flow.
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Figure 24. Temporal evolution of the mean flow in different layers (blue, green, and

brown colors), along with the associated DLM (gray color) and VWS (red color) fields
for Typhoon Chanthu. The mean flow is derived from (a) GBVTD retrievals and (b)
ERAS reanalysis data. TC motion derived from TCET centers is depicted in black. The
GBVTD and TC motion fields are presented at 20-minute intervals, while the ERAS

reanalysis data are displayed at 60-minute intervals. The magnitude and direction of each

field are represented by dots and arrows, respectively. A reference arrow length of 5 m s™!

is provided at the bottom right corner of the figure. The spatial coverage of the region

represented by the GBVTD- and ERAS5-derived mean flows relative to the geographical

extent of Taiwan is illustrated on the right-hand side of panels (a) and (b).
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Wong and Chan (2004) suggested that the VWS estimated by different area-mean

criteria could significantly affect the relationship between the VWS and TC intensity

change. They found that the shears within areas close to the TC center (i.e., 200, 200—400,

and 400—600 km) are larger than those within areas far from the TC center (i.e., 600—800

and 800—-1000 km). The former shear also has larger temporal variations than the latter

shear. Reasor et al. (2009) and Reasor and Eastin (2012) used airborne Doppler analyses

to estimate the local VWS within 60 km from the center of Hurricane Guillermo (1997),

and their results showed remarkable agreement with those of the Statistical Hurricane

Intensity Prediction Scheme (SHIPS; DeMaria and Kaplan 1994; DeMaria et al. 2005).

Reasor et al. (2013) utilized 75 TC flights of airborne Doppler radar data through a

composite approach to examine the TC asymmetry induced by the VWS. However, they

found that the local deep-layer shear from radar is on the clockwise side of large-scale

shear by approximately 40°. This direction bias was also found in Cha et al. (2021), who

used ground-based radars and airborne Doppler radar to analyze the ERC process of

Hurricane Matthew (2016) influenced by a strong VWS. The above studies showed that

estimating the VWS that can reflect what the TC core actually “feels” is important

(Reasor and Eastin 2012; Boehm and Bell 2021). Therefore, a new estimation of the local

VWS near the inner core region derived from ground-based radar is proposed in this study.

The consistency of the GBVTD-derived (i.e., meso-f scale) and ERAS-derived (i.e.,
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meso-a. scale) VWSs with eyewall asymmetry were also examined and compared as

follows.

Figure 25 illustrates the time-azimuth distribution of reflectivity within the eyewall

region, averaged over radii of RMW=2 km from the center of the TC. This analysis

follows the methodology employed by Cha et al. (2021) to examine the asymmetric

structure of the eyewall. Throughout the entire analysis period, a significant

wavenumber-1 asymmetry was consistently observed, also depicted in Figure 19.

Additionally, a counter-clockwise orientation of the eyewall wavenumber-1 asymmetry

occurred just after the completion of the ERC. For the GBVTD-derived mean flow, the

low-level mean flow turned from south—southwesterly to south—southeasterly after 1600

UTC, which caused a change in the VWS direction from northeasterly to northwestly

(Figure 24). Accordingly, the DL quadrant of the GBVTD-derived VWS was initially

observed approximately between east—southeast and south—southwest at 1100 UTC and

subsequently rotated to a direction approximately between north—northeast and east—

southeast after 1700 UTC (Figure 25b). This rotation of the VWS direction aligns well

with the continuous presence of the reflectivity maximum on the left side of the shear. In

contrast, the DL quadrant of the ERAS5-derived VWS only exhibited a slight rotation to a

direction approximately between east and south after 1600 UTC (Figure 25a). The

reflectivity maximum was in the UL quadrant, which is inconsistent with previous studies
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when the eyewall asymmetry is contributed by the VWS. Thus, the direction of the

GBVTD-derived VWS was 40~50° to the left of that of the ERAS5-derived VWS when

Chanthu was ~100 km from the Taiwan coast. This finding indicates that the

GBVTD-derived meso-f scale VWS can properly reflect the sudden change in direction

caused by the terrain and shows better agreement with the asymmetry of the TC eyewall.

The above analyses reveal that a dense radar network can provide additional information,

such as VWSs with high temporal resolution, for real-time diagnosis. It also indicates that

when the TC was near the Taiwan terrain, the applicability of the ERAS5-derived meso-a

scale VWS may have been reduced.
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Figure 25. Same as Figure 21b but for the reflectivity averaged between over radii of
RMW=2 km from TCET centers. The shading intervals indicate the reflectivity every 5
dBZ. Dots of black, gray, navy blue and royal blue color indicate the downshear, upshear,
left-of-shear and right-of-shear sides determined from (a) ERAS reanalysis data every 60
minutes and (b) GBVTD data every 10 minutes, respectively.
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3.5. Discussion

Typhoon Chanthu underwent RI when it moved roughly parallel to the eastern coast
of Taiwan at a distance of approximately 100 km. Because the TC was very close to
Taiwan, terrain effects might have played an important role in modulating the TC
circulation at low levels that potentially contributed to TC intensification. In addition, this
extremely compact (e.g., small RMW and strong near-core radial wind gradient) TC was
also embedded in a moderate VWS. Shimada (2022) found that small TCs are less
impacted by waters with relatively low ocean heat content (OHC) if the SST is
sufficiently high; however, they are more vulnerable to VWS than large TCs. During the
RI period in Typhoon Chanthu, the SST and OHC encountered by the storm remained
above 29 °C and 100 kJ cm™ (Figure 1), respectively. This indicates that Chanthu’s RI
was not primarily attributed to a positive change of the OHC. Consequently, Typhoon
Chanthu's intensification relies on the support of additional internal or environmental
factors to counteract the adverse effects of VWS. In this section, possible factors or
processes, such as terrain effects and VWS profile patterns, will be discussed.
3.5.1 Terrain effects

To investigate the effects of flow detouring around the CMR near the surface on TC
intensity change, wind observations from two island surface stations on Orchid Island

(e.g., Lan-yu station) and Green Island in offshore areas of southeastern Taiwan and one
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weather buoy station in the north offshore of Orchid Island were analyzed. Figure 26

shows the composite dual-Doppler retrieval winds between 1400 and 1700 UTC on Sep

11 overlaid with surface wind observations. At 1400 UTC, the surface winds were

generally consistent with the dual-Doppler retrieval winds aloft but with lower speeds.

The surface wind directions near Orchid Island (green and cyan windbarb) were

dominated by TC cyclonic circulation (Figure 26a). However, a change in wind direction

was observed at the surface near Orchid Island starting from 1500 UTC, with winds

turning more radially inward toward the TC center compared to earlier analyzed times at

1700 UTC (Figure 26d). This change in wind direction was not found at higher altitudes.

In contrast, similar changes were not observed near Green Island. Therefore, the

radial-inward change in surface wind direction near Orchid Island may have been

induced by detouring flow around the terrain, which has the potential to converge with

the primary circulation on the southeastern side of Chanthu.

To further investigate the vertical extent of terrain-induced circulation influence, the

author analyzed the evolution of vertical wind profiles. These profiles were constructed

from surface wind data from Lan-yu station and upper-level wind data from DDW, with

the TC motion speed subtracted (Figure 27). As the TC moved northward from the

southeastern to north-—northeastern side of the Lan-yu station between 1000 and 1800

UTC on Sep 11 (Figure 1), the wind directions at every elevation roughly turned from
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northwest, north to northeast, primarily agreeing with the wind direction of the TC main
circulation. The inflow angles above Lan-yu station are basically less than 10 degrees
because of the lack of the effect from surface friction. In contrast, the magnitude of the
inflow angles near the surface wind are significant with a trend initially increasing (i.e.
became more outward) at 1130 UTC and then decreasing (i.e. became more inward) at
1330 UTC again (Figure 27). This observed trend aligns with a dropwindsonde-based
parametric model proposed by Zhang and Uhlhorn (2012), which performs a sequential
change in inflow angles from the left-front, left, to left-rear quadrant relative to a TC’s
motion direction. However, the magnitudes of the inflow angles significantly exceeded
those estimated by the parametric model, particularly after 1500 UTC, indicating that the
influence was not only from friction but also from terrain. While both friction and terrain
significantly alter the inflow angles, their effects are primarily confined to the boundary
layer region.

To clarify whether the aforementioned inflow angles in the TC boundary layer were
mainly driven by friction or terrain, a comparison was made between the inflow angles
estimated by the parametric model proposed by Zhang and Uhlhorn (2012) and those
obtained in this study. The parametric model indicated that for a TC with similar
characteristics to Typhoon Chanthu, with a translational speed of 6 m s™! and a maximum

wind speed of 55 m s!, the storm-relative inflow angles in the left-rear quadrant are less
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than 20 degrees (see the third row and third column of Fig. 14 in Zhang and Uhlhorn

2012). However, after 1400 UTC, when Chanthu moved to the northeast side of the

Lan-yu station, the wind direction turned from northerly to west—southwesterly (Figure

26). The storm-relative inflow angles (Figure 27) exceeded 30 degrees (indicated by

brown shading), surpassing the values estimated by the parametric model. It is thus

suggested that the terrain effect can partly contribute to the increase in the inflow angle.

The sudden change in wind direction at Lan-yu station from northerly to west—

southwesterly serves as an indicator for identifying the initiation of terrain-induced

detouring flow (TDF), which is a unique phenomenon that occurs when TCs approach the

east coast of Taiwan. As TCs approach the east coast, the airflow direction on the western

side of Taiwan gradually transitions from being dominated by northerly components to

westerly components. During this transition, the component of the airflow direction

perpendicular to the terrain becomes more prominent, resulting in airflow blockage by the

terrain and causing the airflow to shift in a south—southeast direction parallel to the terrain.

This blockage persists until the airflow reaches the southern tip of Taiwan, where the

blocking effect of the terrain diminishes, enabling the airflow to resume its movement

toward the TC center. Finally, this detouring process forces the airflow to approach the

TC center with a larger inflow angle. A demonstration of the surface streamlines of TDF

can be found in Figure 28 (Figure 1a in Yeh and Elsberry 1993b).
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During the study period, the wind direction at Lan-yu station underwent a sudden
change from northerly to west—southwestly within a span of 3 hours (1400 to 1600 UTC,
Figure 27), which clearly indicated the initiation of TDF. The occurrence of TDF depends
on the relative positions between the typhoon and Taiwan Island, the size of the typhoon’s
wind field structure, and the preexisting background flow direction. In cases where a TC
approaches Taiwan from the eastern side with a much larger size than that of Chanthu, the
initiation of TDF occurs earlier, even when the TC is still far from Taiwan. For instance,
during the passage of Typhoon Soudelor (2015) with a 15 m s™! radius extending over 400
km, as it approached Taiwan from the eastern ocean, the initiation of TDF was observed
when the TC was over 200 km away from Lan-yu station. Although the impact of the
TDF on TC intensification change is not fully understood and well documented, a
numerical model simulation study of Typhoon Maria (2018) revealed the possibility that
the TDF can cause TC intensification. Huang et al. (2020) claimed that when a TC moved
to the northeast offshore of Taiwan, the terrain-enhanced low-level southerly flow east of
Taiwan transported angular momentum to the eyewall, resulting in TC intensification.
Therefore, the author suggests that the occurrence of TDF is a significant factor
influencing the angles of TC inflow and a possible factor prompting TC intensification.

To further examine the vertical extent over which the circulation was influenced by

terrain, the evolution of vertical wind profiles that combine the surface wind at the Lan-yu
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station and the DDW aloft were analyzed (Figure 27). The TC motion speed was
subtracted from the wind profiles for quantitative comparisons with the theoretical
tangential wind direction. It is found that the influence of TDF is related to the distance
from the station to the RMW of the typhoon. Since the TDF speed is relatively small (~ 10
m s™') compared to the wind speed near the RMW, its impact on the wind direction
becomes more evident as the station is located further away from the RMW. Therefore,
when the station is approximately 2 times the RMW away, the observed wind direction
deviates from the tangential wind due to the influence of TDF. With the TC moving
northward and the distance between the station and the TC center increasing to more than
30 km (2 times the RMW), the TDF started to dominate the local circulation, and the wind
direction turned west—southwesterly at approximately 1600 UTC (Figure 27), containing
an inflow component compared with the tangential wind (brown shading in Figure 27).
This process only extended to an altitude of approximately 1 km.

The direction of the GBVTD-derived VWS showed a transition from northeasterly
to northwestly at approximately 1600 UTC (Figure 25b). According to the conceptual
model proposed by Black et al. (2002), the VWS-induced updraft also shifted from the
southern to southeastern section of the eyewall. The substantial inflow angle observed at
the Lan-yu station after 1600 UTC, as illustrated in Figure 27, suggests that the TDF and

the primary circulation of the TC may converge in the southeastern quadrant of the TC
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eyewall within the boundary layer (Huang et al. 2016). Consequently, this convergence,

resulting from the interaction of the TDF and the primary circulation of Chanthu,

coinciding with the updraft area induced by VWS, may have intensified convection on

the downshear side. This enhanced convection can provide more energy transport to the

cyclonic downstream to mitigate the radial ventilation effect due to VWS in the UL

quadrant. The radius-time Hovmoller diagram of the averaged reflectivity in the eastern,

northern, western, and southern quadrants within 100 km from the TC center is shown in

Figure 29. Note that these quadrants also represent the DL, UL, UR, and DR quadrants

only for stages II and III, as the VWS direction was approximately toward the southeast

during these two stages (Figure 24). In stage II, the eyewall asymmetry was obvious. The

eyewall on the left-of-shear semicircle accompanied by stronger reflectivity and a wider

thickness than that on the right-of-shear semicircle was observed. This convection

distribution generally agrees with the schematic illustration of the shear-induced eyewall

convection asymmetry in Black et al. (2002) and Eastin et al. (2005). However, the

narrower eyewalls with reflectivities above 35 dBZ in the UR and DR quadrants still

underwent development. The development over the right-of-shear side indicated

axisymmetric heating on the eyewall, benefiting TC intensification. The reflectivity

enhancement on the UR side of the eyewall may have been caused by the VWS profile

pattern, which will be further discussed in the following subsection.
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Figure 27. Temporal plot of storm-relative horizontal wind at the Lan-yu station,

including data from the surface level (324 m) and altitudes ranging from 1 to 10 km. The

background shading indicates positive (e.g., outflow; green color) and negative (e.g.,

inflow; brown color) degree differences compared with the tangential wind direction. The

distance and azimuthal angle shown in parentheses beneath the UTC time indicate the

position of Lan-yu station relative to the TC center. Illustrations along the abscissa depict

the relative location between the TC center (typhoon symbol) and Lan-yu station (solid

triangle). The interval between each circle of the illustrations is 60 km.
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Figure 28. A demonstration of the surface streamlines of TDF. Adopted from Figure 1a of
Yeh and Elsberry (1993b).
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Figure 29. Same as Figure 21b but showing the azimuthally averaged reflectivity with 1
dBZ interval shading in the (a) eastern, (b) northern, (c) western, and (d) southern
quadrants during stages II and III. Note that these quadrants correspond to (a) DL, (b) UL,
(c) UR, and (d) DR, respectively, as the VWS direction was approximately toward the
southeast during these two stages. The quadrants filled with a dark blue background in the
circles indicate the shear-relative quadrants.
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3.5.2 VWS profile patterns

The consistency between the deep-layer (2 to 8 km) VWS and the eyewall
asymmetry is discussed in Section 3.4. This subsection will focus on the possible impacts
on TC intensification according to the VWS profile patterns. The deep-layer VWSs were
further separated into lower-layer (2 to 5 km or 800 to 550 hPa) and upper-layer (5 to 8
km or 550 to 350 hPa) VWSs for a more detailed discussion. The characteristics of the
lower- and upper-layer VWSs are detailed as follows. The GBVTD-derived lower-layer
VWS magnitude decreased at 1100 UTC and approached nearly zero by 1400 UTC. The
small-magnitude VWS remained for approximately 2 hours (Figure 30a; gray dots),
during which Chanthu experienced the ERC process and the eyewall asymmetry was also
reduced (Figure 25). The GBVTD-derived lower-layer VWS started to increase after
1600 UTC at a rate of 2 m s™! per hour in the following 6 hours, and the shear direction
turned from northerly to northwesterly. With variations in both direction and magnitude,
the direction of the ERAS VWS turned from north—northeasterly to north—northwesterly
and only showed a minor change in magnitude (1.5-5.0 m s) in the same period (Figure
30b; gray dots). The GBVTD-derived lower-layer shear direction also agrees well with
the reflectivity maximum shift described in section 3.3 (Figure 25). The GBVTD-derived
upper-layer VWS was very weak during almost the whole analysis period (Figure 30a;

black dots). The magnitude only slightly increased after 0000 UTC Sep 12.

91
doi:10.6342/NTU202403267



Although an increasing VWS has been considered a negative factor for TC

intensification, certain patterns of the VWS profile can provide a relatively favorable

environment for eyewall convection to develop and cause axisymmetric heating (Rappin

and Nolan 2012; Chen et al. 2019; Lee et al. 2021; Wadler et al. 2022). Figure 30a shows

that the VWS derived from the GBVTD, especially at the lower level, increased during

stage II as the TC rapidly intensified. During stage II of the study, the VWS direction

estimated using the GBVTD analysis exhibited a southeastward orientation, while the

LMF exhibited a north—northwestward direction (Figure 30a). This LMF, which imposed

a UL-pointing flow onto the TC’s primary flow, has the potential to augment the surface

wind speeds and the associated heat fluxes within the downshear quadrant. These

increased fluxes, advected by the TC’s primary flow, resulted in a higher energy supply to

the UL quadrant and enhanced the convection. (Lee et al. 2021; Rappin and Nolan 2012).

Even though Chen et al. (2019, 2021) revealed that a DL-pointing LMF is favorable for

TC intensification, the disagreement between their studies and this study may result from

the relatively high initial intensity at which Chanthu underwent R1, differing from typical

RI cases (Fischer et al. 2020). Statistical analyses (Chen et al. 2021) and idealized

simulations (Chen et al. 2019) employing weak initial vortices may not be suitable for

comprehensively elucidating the intensification mechanisms of Chanthu.

In addition to the relative direction between the VWS and LMF, the magnitude of the
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VWS vertical distribution is also one of the critical factors in determining whether a TC
intensifies. The effect of a unidirectional VWS with the same magnitude (10 m s!) but
different profiles on TC intensity change was discussed in Fu et al. (2019). They defined
the lower-layer shear as the vector difference of the mean flow between heights of 1.3 and
5.8 km and the upper-layer shear between heights of 5.8 and 12.6 km. Two shear profiles
were imposed on a TC with an intensity of ~60 m s™'. The experiment imposing the
upper-layer shear led to upper-level warm core weakening and vortex tilt, which
consequently caused top-down weakening of the vortex. The GBVTD-derived VWS
shows that the speed of the upper-layer VWS was less than 1.5 m s™ during stage II,
which was much smaller than that of the lower-level VWS (Figure 30a). This VWS
profile pattern was less detrimental for TC intensification because the upper-level warm
core of the vortex was under a weaker radial ventilation. The findings in this subsection
indicate that the VWS profile pattern provides a relatively favorable environment for the
intensification of Chanthu.

The results of this study are opposite to the arguments proposed by Finocchio et al.
(2016). They argued that a shallower and lower VWS that tilts the simulated vortex to the
downshear side is more destructive to the simulated vortexes. They also found that those
tilted vortexes are unable to vertically realign and have a negative impact on

intensification. Thermodynamic environments between low-level and upper-level VWSs
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have been compared. It is suggested that the middle-level dry air entrainment 1s a possible
factor that induces a low equivalent potential temperature flux into the boundary layer for
low-level VWS experiments. In contrast, the low equivalent potential temperature
downdraft flux in the upper-level VWS experiments is less active. Nevertheless, the
author suggests that the impact of VWS on the intensity change of TCs varies depending
on their intensity or size levels (Finocchio and Rios-Berrios 2021). The intensity of
Typhoon Chanthu over the analyzed period in this study ranges from ~50 to ~65 m s
The initial vortex used for the simulation in Finocchio et al. (2016) is relatively weak (30
m s!) compared to that of Chanthu. The relationship between the depth of the steering
layer and vortex intensity, as shown in Velden and Leslie (1991), implies that the vortex
depth of intense TCs is higher than that of weak TCs. As a result, the shear layers focused
on the upper level have less impact on weak TCs due to their shallow vortex depth. In
contrast, the shear layers focused on the lower level can cause the tilt of weak TCs and be
more destructive to their intensity (Finocchio et al. 2016). For intense TCs, such as the
model setting in Fu et al. (2019) with an initial vortex of 60 m s, the resistance from
low-level shear is higher due to their high inertial stability at the lower level. However,
shear at the upper level can be harmful to the warm core of intense TCs and lead to

significant weakening.
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Figure 30. Same as Figure 24 but for the storm-relative mean flows. Arrows and dots
represent the direction and magnitude of VWS at different altitude ranges. Ranges from 2
to 8 km (800 to 350 hPa), 5 to 8 km (550 to 350 hPa), and 2 to 5 km (800 to 550 hPa) are
presented in red, black and gray colors.

As mentioned above, the VWS profile pattern appears to have provided a favorable
environment for Typhoon Chanthu to quickly intensify with less harm to its mid- to
upper-layer warm core. Moreover, the terrain-induced boundary inflow led to

convergence enhancement in the DL quadrant of the eyewall and could have also

prompted convection development and further intensification. Although the main goal of
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this study was to discuss the mechanisms of RI, Chanthu also notably underwent RW
during the last 8 hours of the analysis period. Such a rapid change in intensity is also an
important issue for research on TC intensity and forecasting. Previous studies indicate
that the main factors resulting in RW include a sharp SST gradient, low OHC, increasing
VWS, dry air intrusion and interaction with the monsoon gyre (DeMaria et al. 2012;
Wood and Ritchie 2015; Liang et al. 2016; Liang et al. 2018; Wada 2021). During the
period of RW in Typhoon Chanthu, the SST encountered by the storm remained above 29
°C. However, a notable decline in the OHC was observed along Chanthu's track in the
northeastern offshore region of Taiwan, decreasing from 80 to 40 kJ cm™ (Figure 1). This
suggests that the reduced OHC in the vicinity may have contributed to the occurrence of
RW in Chanthu. Additionally, subsidence warming associated with the adiabatic
warming of downslope flow was induced by the eastward wind component originating
from the southern quadrant of the typhoon circulation across the CMR (Chen et al. 2010;
Hsu et al. 2018) (Figure 18d). The dry air from this subsidence warming may have
intruded into Chanthu’s inner core, potentially causing the weakening of the TC.
Nonetheless, importantly, the intricacy of the mechanisms responsible for the RW of
Chanthu exceeds the limitations of the data utilized in this study. Therefore, future
research aimed at delving into the underlying mechanisms of RW in TCs is important to

enhance our understanding of this phenomenon.
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3.5.3 Banded reflectivity feathers outside the eyewall

Examples of thin bands of enhanced reflectivity are shown in Figure 31. The banded
reflectivity structure, triggered in the eastern quadrant from the inner eyewall with a
radial wavelength of approximately 10 km was observed by RCKT on Sep 11 at 1100
UTC (Figure 31a). These banded features of Chanthu were very active during both the
intensifying stage (eastern quadrant in Figures 31a, b) and weakening stage (northern
quadrant in Figure 31c). The radially-propagating banded reflectivity could also be
observed through the azimuthally averaged reflectivity (Figure 29). The banded
reflectivity adjacent to the eyewall exhibited significant outward propagation, with a
speed of ~5 m s™! throughout the entire analysis period across all quadrants. Furthermore,
the rainbands in the UR quadrant were continuously triggered at a radius of 30 km from
the TC center, propagated radially outward, and dissipated at a radius of ~50 km. The
quasi-stationary rainbands, similar to the secondary eyewall in the UR quadrant, may
have been caused by the interaction between the TC primary circulation and the terrain on
the western side of the TC and were observed only during stages II and III.

Previous studies have indicated that vortex Rossby waves (VRWs) can propagate
azimuthally and radially outward, contributing to TC intensification or secondary
eyewall formation (Guimond et al. 2020; Montgomery and Kallenbach 1997). To

investigate whether these banded reflectivities were triggered by VRWs, azimuthal
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Fourier decomposition of the eyewall reflectivity and tangential wind speed was applied.
Based on the RMW of approximately 15 km and a Vmax exceeding 50 m s at an altitude
of 3 km, the theoretical azimuthal propagation speed of the wavenumber-2 VRWs (e.g.,
Guinn and Schubert 1993; Kuo et al. 1999) should complete one rotation around the
eyewall within approximately 60 minutes. However, it was found that the azimuthal
propagation of wavenumber-2 VRWs was not evident in either the eyewall reflectivity
or the tangential wind. Consequently, this study did not find sufficient evidence of VRW
activity in Chanthu, except for the presence of banded feathers in the reflectivity field.
Considering that these banded reflectivities episodically emanated throughout the entire
analysis period as Chanthu moved along the eastern coast of Taiwan, further research is

recommended to ascertain their contribution to Chanthu's intensification.
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Figure 31. Examples of reflectivity fields at a 0.5° elevation angle from (a) RCKT at 1100
UTC Sep 11, (b) RCHL at 1941 UTC Sep 11, and (c) RCWF at 0512 UTC Sep 12. The
coordinates are centered at the typhoon center, which was determined using the TCET
algorithm. The thick (thin) black circles denote radial distances from 0 km to 200 km with
a 50 (10) km interval. The TECT tracks determined by individual radars are imposed.
Small (large) hollow dots indicate the TCET centers every 6~8 (~60) minutes.
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4. Vortex initialization strategies for a compact TC

Based on the analysis of radar data, it is evident that Chanthu is an extremely
compact TC. The primary objective of this chapter is to investigate effective methods
for initializing such a compact TC in numerical models. Initially, two data assimilation
strategies are conducted and examined through idealized experiments. Subsequently,
simulations from the two experiments on Chanthu are compared with observations to
identify the most accurate approach. Finally, suggestions for future research aimed at

improving the performance of simulations are provided.

4.1. Numerical model Configuration

This study utilizes version 3.9.1 of the Weather Research and Forecasting (WRF)
model in conjunction with the WRF 3DVAR data assimilation system (Barker et al.
2012). The model configuration follows the setup described by 3% (2019; Radar
WRF), which focused on radar data assimilation. The vertical structure includes 52
layers, with the model's atmospheric top set at 20 hPa. The physical parameterizations
used are the NOAH land surface model (Tewari et al. 2004), the WRF single-moment
6-class microphysics scheme (Hong and Lim 2006), the YSU boundary layer scheme
(Hong et al. 2006), and the RRTMG longwave and shortwave radiation schemes (Ilacono
et al. 2008).

To avoid directly downscaling from the tens-of-kilometers grid size of the EC
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global model to a few kilometers, the model grid design employs the Typhoon WRF

—

(TWRF; Hsiao et al. 2010) with an outer domain at 15 km and an inner dom:air‘liat 3 km
grid size. The simulation starts from 1800 UTC on Sep 10, with partial cycling
assimilation (Hsiao et al. 2012) employed at 0000 UTC on Sep 11 with 36 hours free
forecast. Subsequently, at 0000 UTC on Sep 11, the inner 3 km grid data from TWRF
are downscaled to provide initial and boundary conditions for the RWRF's 1 km grid.
Data assimilation using reflectivity and Doppler velocity from 10 radars listed in Table
2 (except for the ISHI radar) was conducted for 9 hours (0000 to 0900 UTC) with a

30-minute assimilation interval. The simulation then started at 0900 UTC on Sep 11

with a length of 30 hours. The extents of the grid layers are depicted in Figure 32.

Figure 32. The model domain configuration with 3 nested domains. The grid sizes of the
two outermost domains are 15 km and 3 km, which are the domain settings for TWREF.

The grid size of the inner domain is 1 km, used for radar data assimilation.

100
d0i:10.6342/N'TU202403267



4.2. Idealized experiments

Since Doppler velocity is only a projection of the real wind field, specific areas

covered by two radars are required to accurately retrieve the actual wind field,

presenting limitations for assimilation. This section discusses the differences between

assimilating data from a single radar and from two radars through idealized experiments

to understand these limitations. Additionally, the results of two preprocessing methods

for Doppler velocity assimilation are also compared through idealized experiments.

Assimilating Doppler velocity in its original polar coordinates with thinning is a

common method for data assimilation. However, the data density decreases with

distance from the radar, reducing the effectiveness of assimilation. Accordingly, this

study employs a preprocessing step that involves interpolating the data onto model grid

points using constant altitude coordinates before assimilation.

To improve the quality of the model's initial conditions, the data assimilation

system must consider the errors in both observational data and the background field to

create a well-balanced combination that yields optimized initial fields for the model. In

the model framework, certain physical processes are either simplified to reduce

computational load or not fully understood, leading to discrepancies between model

outputs and real-world conditions. The differences between observed values and those

derived from the model's physical framework are referred to as observation errors,
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which comprise representation errors and measurement errors. One significant source of

representation errors is preprocessing errors (Janji¢ et al. 2018). The first step of this

section is to explore methods to minimize these errors through appropriate

preprocessing techniques.

Radar data are originally in polar coordinates, resulting in very high data density

near the radar. To prevent unnecessary computation and the introduction of

high-frequency signals that the model cannot resolve due to the higher density of

observational data compared to model grid density, super-observation processing is

typically applied to denser observational data. For preprocessing Doppler velocity fields,

previous studies have generally employed two approaches: thinning the data in the

original polar coordinates (Sun and Crook 2001; Rihan et al. 2008; Simonin et al. 2014;

Rennie et al. 2020) or interpolating radar observations onto the model grid points (Xiao

et al. 2005; Pan et al. 2012; Mazzarella et al. 2020). The former method avoids errors

associated with data interpolation, while the latter reduces errors when converting

model space data into observation space via the observation operator. However, the

impact of these two preprocessing methods on the analysis field remains unclear.

Additionally, since Doppler velocity fields only reflect velocity components along the

radar's line of sight, the limitations imposed by radar coverage on data assimilation have

not been fully addressed.
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For the wind field, this study preprocesses the Doppler velocity field by thinning
the data in the original polar coordinates (referred to as VRP) and by interpolating the
data onto model grid points using constant altitude coordinates (referred to as VRC).
VRP involves direct thinning in the radar's original coordinates, where data density is
higher closer to the radar. This method ensures that the spatial distribution of the
thinned data matches the distance between model grid points. According to #*%
(2019), data are thinned at distances of 6-15 km, 15-30 km, 30-60 km, and 60-120 km
from the radar by retaining only 1 out of every 6, 5, 3, and 2 data points, respectively.
Data beyond 120 km from the radar are not thinned.

The VRC method utilizes the Adaptive Barnes interpolation technique (Askelson et
al. 2000) to interpolate radar data onto model grid points using constant altitude
coordinates (CAPPI, Constant Altitude Plan Position Indicator). The formula is as

follows:

X w(k) - fo(k)
Xw(k)

w=exp —ﬁ—i—e—izk (11)
K, K'¢ Kg

fa(i) = (10)

where f, represents the value at the analysis grid point, w is the weighting

function, and f, is the observed value in the original coordinates. The weighting

function w is a function of the differences in radial distance (7y; ), azimuth (¢;;), and

elevation angle (8;; ), which can be calculated using Equation (2). The parameters k..,
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Kg, and kg determine the influence range of the observational data in the radial,
azimuthal, and elevational directions, respectively, and are all set to 0.336.

To simplify the complexity of the problem, idealized experiments is initially
conducted. This section evaluates uniform and rotational flow fields and tests the
characteristics of the analyzed wind field after assimilating Doppler velocity data under
single-radar and dual-radar scenarios. The two radars are simulated at the locations of
RCWF and RCHL, with a maximum observational range set to 300 km.

The advantages of using idealized cases include: (1) Known wind field information
in ideal experiments, making it easier to evaluate the accuracy of the results; (2) The
ability to test various combinations of background wind fields and Doppler velocity
fields to understand the method's limitations; (3) High data integrity, reducing
uncertainties caused by insufficient data coverage. These advantages simplify the
problem by ensuring that the background field (B), observational field (O), and analysis
field (A) are known, facilitating the calculation of variables such as innovation (O-B),
increment (A-B), and analysis departure (O-A), thereby elucidating the characteristics
of the method.

4.2.1 Uniform flow experiment
This ideal experiment assumes that both the background wind field and the

observed wind field are uniform flow fields. The background field consists of a westerly
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wind at 15 m s™!, while the observed field, with the same wind speed but a northwesterly
direction differing by 45 degrees from the background, is simulated as the Doppler
velocity field observed by the Wufenshan radar. The wind fields at all heights are
identical. Since the Doppler velocity field only contains the projection of the wind field
in the radar's line of sight, it is not possible to directly calculate the differences in the
zonal (U) and meridional (V) wind components between the background and observed
fields during assimilation. Therefore, the background field needs to be interpolated to
the observation data locations and converted to the Doppler velocity field (Figure 33a).
By subtracting the observed Doppler velocity field (Figure 33b), the observation
increment (innovation) can be obtained (Figure 33c).

As the background and observed fields are uniform horizontal flow fields, the
theoretical observation increment should also be uniform horizontally. However, Figure
33c shows that due to the uncertainties introduced by the characteristics of the Doppler
velocity field, the observation increment is a function of the radar's azimuth. The
minimum observation increment occurs at azimuth angles of 112.5 degrees and 292.5
degrees, while the maximum positive and negative increments are at 202.5 degrees and
22.5 degrees, respectively. This observation increment also affects the distribution of the
analysis increment. In the VRP experiment, the analysis increment exhibits similar

characteristics to the observation increment, with the region where the analysis
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increment exceeds 10 m s extending up to 150 km from the radar (Figure 34a). When
the Doppler velocity field is interpolated onto the model grid’s constant altitude
coordinates before assimilation (VRC), the region where the analysis increment exceeds
10 m s extends to nearly 300 km from the radar (Figure 34b), matching the radar's
maximum observational range (Figure 34b, black dashed line).

The absolute value of the analysis increment exhibits a wavenumber-2 pattern in
the radar's azimuthal direction, leading to a similar wavenumber-2 distribution in the
wind speed of the analysis wind field (Figure 35). In this pattern, the wind speed is
lower (less than 15 m s™) in the first and third quadrants and higher (greater than 15 m
s) in the second and fourth quadrants, with the wind speed and direction at azimuth
angles of 202.5 degrees and 22.5 degrees closely matching the assumed observed wind
field (northwesterly wind at 15 m s'). This indicates that assimilating a single radar's
Doppler velocity field can introduce artificial local convergence or divergence when
there are discrepancies between the background and observed fields, even if the
observation error is smaller than the background error, making it difficult for the
analysis wind field to effectively adjust towards the observed wind field. Comparing
VRP and VRC, the VRC preprocessing method allows the observational data to
influence closer to the maximum observational range, resulting in a larger area of local

convergence or divergence compared to the VRP experiment.
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Figure 36 shows the analysis departure for the assimilated fields from both the
simulated Wufenshan and Hualien radars. The dashed line represents the maximum
coverage of the Doppler velocity fields from both radars, while the dotted dashed line
indicates the maximum coverage of dual-Doppler wind fields at an altitude of
approximately 6 km. The results show that in the VRP experiment, at 3 km altitude, the

area with an analysis departure less than 2 m s

corresponds to the dual-Doppler
coverage at this height. In contrast, in the VRC experiment, the area with an analysis
departure less than 2 m s matches the maximum dual-Doppler coverage and includes
regions where the analysis departure approaches 0 m s. This indicates that the VRP
preprocessing method can yield an analysis wind field similar to the observed wind field
within the dual-Doppler coverage area, but with a discrepancy of about 2 m s™', and the
influence of upper-layer data does not extend downward. The VRC preprocessing
method, on the other hand, can produce an analysis wind field almost identical to the
observed wind field within the dual-Doppler coverage area, with the influence of
upper-layer data extending downward, resulting in a broader area resembling the
observed wind field compared to the maximum dual-Doppler coverage at this height.
The analysis wind field from assimilating both radars' Doppler velocity fields

(Figure 37) shows that the analysis wind field not only closely matches the assumed

observed wind field at azimuth angles of 202.5 degrees and 22.5 degrees but also in
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regions covered by both radars. However, the VRC's coverage extension is larger than

that of the VRP. In regions covered by only one radar, local convergence and divergence

are still introduced.
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Figure 33. (a) Doppler velocity derived from the background horizontal wind field, (b)

observed Doppler velocity, and (c) innovation. The color shadding represents Doppler

velocity, and the black arrows indicate wind vectors.
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coordinates (VRP). The black dashed line indicates the maximum coverage range of the

radar data.
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Figure 36. Same as Figure 34, but for the analysis departure for simultaneous assimilation
of Doppler velocity from simulated RCWF and RCHL radars. The black dashed line

indicates the maximum coverage range of the radar data, and the black dotted-dashed line

represents the maximum range covered by both radars simultaneously.
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Figure 37. Same as Figure 36, but for the analysis after data assimilation.

4.2.2 Rotational flow experiment

To understand the characteristics of assimilating Doppler velocity fields in typhoon
cases, this study also conducts ideal experiments on rotational flow fields. These
experiments aim to assess the effectiveness of Doppler velocity field assimilation in
correcting the vortex center position or structure when there are discrepancies between
the background and observed vortex positions or wind field structures. In this section,
the experiment assumes that both the background and observed vortices are located 150
km southeast of the RCWF, with a maximum wind speed of 30 m s™' and a maximum
wind speed radius of 30 km. The ideal vortex wind field distribution is calculated using
Equation (3) and (4), with the same wind field at all heights.

The analysis deviation results indicate that, although the background and observed

vortices have identical structures and positions in the experiment design, the VRP
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preprocessing method still results in slight analysis increments near the vortex center,
with a maximum value reaching 2 m s! (Figure 38a). In contrast, the VRC experiment
yields a reasonable distribution of analysis increments, with the maximum value
appearing near the vortex center but not exceeding 1 m s (Figure 38b). To simulate
discrepancies in the vortex position or structure between the background and observed
fields, this study places the observed vortex 150 km southeast of the RCWF, with a
maximum wind speed radius of 30 km and maximum wind speeds of 20, 30, and 40 m
s'l. The background vortex is positioned 50 km northeast of the observed vortex, with
the same maximum wind speed and radius (30 m s and 30 km), simulating scenarios
where the observed and background vortex intensities differ. The analysis wind field
deviations after preprocessing using VRP and VRC methods are shown in Figure 39.
The results indicate that, regardless of the intensity differences between the background
and observed vortices, the VRC method produces minimal deviations (less than 1 m s™)
within the dual-radar coverage area (Figure 39a, c, e), suggesting that the VRC method
effectively adjusts the vortex center to the correct position and closely matches the
observed vortex wind field structure (Figure 40a, c, €). In contrast, the VRP experiment
shows significant analysis deviations southeast of the observed vortex center (Figure
39b, d, f), where the wind directions of the background and observed vortices are

opposite, leading to significantly lower wind speeds at the eyewall in the analysis wind
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field (Figure 40b, d, f). Therefore, while the VRP experiment can correct the vortex

position in the analysis field, it introduces asymmetry in the vortex.
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Figure 38. Increment from data assimilation of Doppler velocity from simulated RCWF
and RCHL radars in the rotational flow ideal experiment, processed using (a) VRC and (b)
VRP methods. The black dashed and dotted-dashed lines are the same as in Figure 36.
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Figure 40. Same as Figure 39, but for the analysis after data assimilation.
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4.3. Simulation validation

The results of the idealized case tests indicate that interpolating radar wind field

data onto model grid points (VRC) exerts a stronger influence beyond 120 km from the

radar. In areas covered by dual radars, this method more effectively adjusts the typhoon

center and structure compared to the data thinning method (VRP). This section

compares the simulation results of VRC, VRP, and the absence of radar radial wind field

assimilation (NOVR) to understand the impact of data preprocessing methods on the

numerical model's simulation of typhoon intensity evolution.

The track validation, as shown in Figure 41, indicates that the initial vortex center

in the VRC experiment is the closest to the TCET center, with an error of only 11 km,

followed by VRP with an error of 22 km. The NOVR experiment exhibits the largest

deviation, with a difference of 59 km. In the subsequent simulations, VRC and VRP

show minimal path differences before 0000 UTC on Sep 12, with an error of

approximately 28 km. Observational data then show the typhoon moving closer to the

terrain, a characteristic captured by both simulations; however, the VRC vortex exhibits

a larger shift towards the terrain. The vortex in the NOVR experiment, due to its initial

position being farther southwest, moves predominantly north—northeast, deviating

significantly from the observed northward path until after 0300 UTC on Sep 12, when

the movement trend aligns more closely with observational data. The overall track
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errors during the analysis period for the VRC, VRP, and NOVR experiments are 32 km,
29 km, and 74 km, respectively.

Figure 42 shows the intensity changes at 1-3 km altitude from the three simulations
and their comparison with the radar-retrieved maximum tangential wind (GBVTD). The
results indicate that the intensities from all three experiments are lower than the
radar-retrieved maximum tangential wind field after 1600 UTC, particularly at 2-3 km
altitude, where the maximum difference exceeds 10 m s™!. This suggests that the model
exhibits a higher vertical decay gradient in eyewall wind speed compared to
observational data. At 1 km altitude, the VRC experiment's simulated typhoon intensity
change trend is most consistent with the observed intensity at 3 km altitude, showing an
increase of about 15 m s within 12 hours, with the maximum intensity occurring at
0000 UTC on Sep 12 (Figure 42a). The VRP experiment follows, with an increase of
approximately 10 m s, with the maximum intensity occurring at 1800 UTC on Sep 11
(Figure 42b). The NOVR experiment shows no significant intensifiying or weakening
trend, fluctuating only between 55 and 60 m s! (Figure 42c).

Regarding the RMW, the initial state for VRC is approximately 18 km, with major
contraction occurring between 1600 UTC on Sep 11 and 0000 UTC on Sep 12, reaching
a minimum of about 14 km (Figure 42a). For VRP, the initial state is around 20 km,

with major contraction from 1000 to 1600 UTC on Sep 11, thereafter maintaining
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around 14 km (Figure 42b). The NOVR experiment shows the largest RMW values,
initially around 36 km, continually contracting during the analyzed period to a
minimum of about 22 km (Figure 42c). Among the three methods, the VRC
experiment's intensity changes and RMW variations are the most consistent with radar
observations.

The comparison of the average tangential wind field structure within a 60 km
radius reveals that both the VRC and VRP experiments successfully capture the robust
wind field structure of Typhoon Chanthu. The highest radial decay rate of the tangential
wind from RMW to 3xRMW reaches approximately 0.8-0.9 m s™! km™! (Figures 43a, b).
In contrast, the NOVR experiment exhibits a decay rate of about 0.6 m s km™! (Figure
43c), indicating that radar data assimilation not only improves the simulated intensity
but also enhances the representation of the typhoon's radial wind field variation.

This study uses the GBVTD-retrieved tangential wind field as the validation truth,
calculating the root mean square error (RMSE) as a quantitative measure of validation

results using Equation (12):

vt — Vt,ps)?
RMSEZ\/Z( modellv obs) (12)

where vt04e1 and vt,ps represent the tangential wind fields from the model and
observations, respectively. At a 1 km altitude, although the VRC experiment's simulated
vortex intensity change trend aligns more closely with the observations, its slightly
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larger RMW compared to the observations results in an overall RMSE that is about 1-3
m s higher than that of the VRP experiment as the simulation time progresses. The
NOVR experiment shows significantly larger structural differences in the simulated
vortex, with overall RMSE values exceeding 12 m s and peaking above 20 m s,
approximately double those of the VRC and VRP experiments.

In addition to the wind field structure, the evolution of eyewall convection is a
primary focus of this study. Considering the model resolution of 1 km, the analysis
includes the RMW + 5 km range to calculate the average reflectivity. The results
indicate that the eyewall convection in the VRC, VRP, and NOVR experiments displays
a wavenumber-1 asymmetry, consistent with observations. This asymmetry is
characterized by stronger convection predominantly on the eastern side of the vortex
before 1900 UTC on Sep 11. After 1900 UTC, the asymmetry shifts primarily to the
north-northeast quadrant. Among the three experiments, the evolution of eyewall
asymmetry in the NOVR experiment most closely matches the observations (Figure 44).

The direction of eyewall asymmetry is highly correlated with the VWS direction
experienced by the typhoon. Therefore, this study also calculates the average wind
speed at various heights within a 30 to 60 km annular region around the simulated

vortex center to represent the meso-beta scale mean flow. The results show that in the

VRC experiment, the 2-8 km VWS trend closely resembles the observations, with
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values gradually decreasing from about 6 m s and remaining below 1 m s between
1600 and 1930 UTC on Sep 11, then increasing to over 9 m s™ by 0130 UTC on Sep 12.
When separating the shear into lower-level (2-5 km) and upper-level (5-8 km)
components, the results indicate that the VWS is primarily contributed by the
lower-level shear (Figure 45a). In the VRP experiment, the VWS remains relatively
constant at about 3-6 m s™ until 2200 UTC on Sep 11, after which it gradually increases,
reaching 9 m s by 0200 UTC on Sep 12 (Figure 45b). In contrast, the NOVR
experiment shows VWS predominantly above 9 m s™!, with a brief decrease to around 5

m s between 1800 and 2100 UTC on Sep 11 (Figure 45c¢).
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Figure 41. Simulated tracks (blue solid line) of Typhoon Chanthu from the initial time of
0900 UTC on Sep 11 for 30 hours of (a) VRC, (b) VRP, and (¢) NOVR experiments. The
black solid line represents the TCET observed typhoon track. Blue (black) solid dots
indicate the hourly simulated (observed) typhoon center positions, with corresponding
UTC times labeled.
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Figure 42. Maximum wind speed (blue solid line) and RMW (red solid line) at (a) 1 km,
(b) 2 km, and (c) 3 km heights in the VRC experiment. The maximum wind speed and
RMW from GBVTD are shown as light blue and pink solid lines, respectively. Panels (d)
to (f) and (g) to (i) show the results of VRP and NOVR experiments, respectively. The left
ordinate represents wind speed, the right ordinate represents the radius from the typhoon
center, and the abscissa represents time, covering the period from 1000 UTC on Sep 11 to
1000 UTC on Sep 12.
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Figure 43. Same as Figure 21a, but for the simulation results of the (a) VRC, (b) VRP, and
(c) NOVR experiments.
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Figure 44. Same as Figure 25a, but for the simulation results of the (a) VRC, (b) VRP, and
(c) NOVR experiments.
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Figure 45. Same as Figure 30a, but for the simulation results of the (a) VRC, (b) VRP, and
(c) NOVR experiments.
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4.4, Discussion

Based on the observational data analysis in Chapter 3, it is concluded that the

intensification of Typhoon Chanthu is related to TDF and the vertical distribution of

VWS. The comparison in the previous section shows that the simulated track of the

vortex and wind field structure in the VRC and VRP experiments are similar, with VRC

showing greater intensification than VRP. However, the VWS simulated in both

experiments is less consistent with observations. Therefore, this section will compare the

differences between VRC and VRP to explore the potential impact of terrain-induced

flow on inner-core convection.

In the VRC experiment simulation, an east-west oriented updraft at 1 km height

began to appear in the vicinity of the vortex's eyewall on the southern side at 1400 UTC

on Sep 11, forming an inner rainband (Figure 46). This inner rainband was subsequently

advected by the vortex's primary circulation, gradually merging with the eyewall. This

phenomenon persisted until 0000 UTC on Sep 12, indicating that the TDF can cause

convergence with the primary circulation of the vortex on the southern or southeastern

side. This convergence formed the inner rainband, which was eventually advected into

the eyewall region by the vortex's primary circulation (Figure 46).

In contrast, the VRP simulation exhibited a different phenomenon. The region of

upward motion induced by TDF in the southeastern quadrant of the vortex occurred at a

123
d0i:10.6342/NTU202403267



radius approximately 10 km outside the eyewall at 1 km height. This phenomenon

lasted for about three hours (1200-1500 UTC on Sep 11; Figure 47). Subsequently, the

location of this updraft remained about 10 km outside the eyewall, but similar to the

VRC experiment, it gradually merged into the eyewall through advection by the primary

circulation. Although the patterns of updraft caused by TDF and primary circulation

convergence differed between the two experiments, both simulations showed a steady

intensification of the vortex before 1800 UTC on Sep 11, with the vortex in the VRP

experiment intensifying at a faster rate (Figure 42).

The idealized experiments by Wang and Tan (2020) with initially smaller

outer-core wind speeds show that when inflow is generated in the boundary layer, the

updrafts are triggered at radii closer to the inner-core region. These updrafts are then

advected by the typhoon's primary circulation, gradually merging into the eyewall. The

locations of boundary layer updrafts in this process are similar to the results of the VRC

simulation in the southeastern quadrant. In contrast, the VRP simulation results

resemble those of Wang and Tan (2020) with initially larger outer-core wind speeds,

where the updraft region occurs at a certain distance outside the eyewall. Wang and Tan

(2020) indicate that the maximum wind speed of the eyewall increases in both scenarios.

When the updraft region occurs at a radius further from the primary eyewall, it is more

conducive to the formation of a secondary eyewall. Conversely, if it occurs closer to the
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primary eyewall, the convection gradually merges into the primary eyewall, resulting in

a thicker primary eyewall.

The comparison of surface heat flux differences between VRC and VRP shows that

both sensible heat flux and latent heat flux are higher in the VRC experiment (Figure

48). This indicates that downdrafts induced by VWS on the upshear side can gain more

energy from the higher surface heat flux when the air parcels reach the boundary layer.

These air parcels are then advected by the primary circulation into the inner-core region

over the UL quadrant, mitigating the downdraft pathway of the ventilation effect that

causes vortex weakening. However, the VWS in the VRC experiment is weaker than in

the VRP experiment during the vortex intensification period (Figure 45a), suggesting

that the intensification of the vortex in the VRC simulation may be more related to the

low VWS environment. In contrast, the intensification process in the VRP experiment is

more complex, influenced not only by environmental wind shear but also by the internal

dynamics of the eyewall, such as polygonal eyewall structures, which were dominated

by a wavenumber-3 structure between Sep 11, 1700 and 2300 UTC (Figure 49b).

This section compares the two different assimilation methods, VRC and VRP, to

explore the impact of TDF on intensity changes. While the initial wind field structures

of both methods are qualitatively similar, their simulated vortex development shows

significant differences. The updraft region induced by TDF in the VRC experiment is
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located near the eyewall region, whereas in the VRP experiment, it occurs at a radius

approximately 10 km outside the eyewall. Before 1800 UTC on Sep 11, the vortex in

the VRP experiment intensifies more rapidly. However, after 1800 UTC, due to the

highly asymmetric convection in the eyewall, primarily exhibiting a wavenumber-3

structure, the vortex intensity does not show significant changes (Figure 49b). By

comparison, the VRC experiment features weaker environmental VWS (Figure 45a) and

higher vortex axisymmetry (Figure 49a). Although the intensification before 1800 UTC

is less than that in the VRP experiment, the vortex continues to intensify until 0000

UTC on Sep 12.

The impact of TDF and eyewall dynamics simulated in the VRC and VRP

experiments reveals significant differences, indicating that the intensification process

may be sensitive to initial conditions. Additionally, the simulated environmental VWS

in both experiments does not align with observations, making it challenging to use these

simulations to support the mechanisms inferred from observational data regarding the

intensification of Typhoon Chanthu. To address these issues, increasing the horizontal

resolution is recommended to capture more features forced by meso-f3 scale processes.

Furthermore, as the terrain-induced forcing primarily affects the lower layer, increasing

the number of vertical layers in the low level may also benefit the performance of the

simulations. Both VRC and VRP assimilation experiments suggest that the
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intensification process may involve the interaction of multiple factors, making it
difficult to comprehensively analyze with a single simulation. Future studies are
recommended to employ ensemble simulations to categorize potential intensification

pathways and clarify the specific pathway of Typhoon Chanthu's intensification process.
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Figure 46. Simulated 1 km height vertical velocity in the VRC experiment, showing the
quadrant-averaged regions from left to right: northwest, northeast, southwest, and

southeast.
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Figure 47. Same as Figure 46, but for the simulation results of the VRP experiment.
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5. Conclusions and future work

The dense radar network observed the notable intensification of Typhoon Chanthu

as it tracked along the eastern coast of Taiwan, characterized by a dominant

wavenumber-1 asymmetry in the eyewall convection. This study aims to investigate the

impacts of terrain-induced flows on the rapid intensification of Typhoon Chanthu. The

first part of this study proposes a vortex-based dealiasing algorithm called VDVD with

inner-outer iterative procedures to ensure the quality of Doppler velocity data for

typhoon studies. The second part involves an observational analysis of Typhoon

Chanthu, utilizing data from ground-based radar and weather stations. The third part of

this study conducts numerical model simulations with radar data assimilation to

investigate the impact of TDF.

To evaluate the performance of the VDVD algorithm, the Doppler velocity from

Typhoon Fitow (2013) and Typhoon Nesat (2017) were used. The performance of the

VDVD and ZWO06 is summaried below:

1) The VDVD algorithm recovered most of the aliased velocity observations with

99.4% accuracy across all pixels, based on 472 elevation sweeps of Fitow.

2) The success rate of the VDVD algorithm for each sweep ranges from 93.6% to

100%, while the ZW06 algorithm's success rate ranges from 74.5% to 99.97%.

3) The unsuccessful pixels of the VDVD algorithm are primarily due to the influence
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of sea clutter, which is often embedded within weather echoes and reduces the

success rate.

4) In the case study of Typhoon Nesat (2017), the VDVD algorithm was able to

recover most aliased Doppler velocities, except for those in terrain-induced local

circulation areas outside the inner core region of the TCs.

5) For this special condition, a radial-by-radial verification procedure was appended to

the VDVD algorithm to recover inadequately dealiased Doppler velocities.

Overall, the VDVD algorithm significantly enhances the quality of Doppler

velocity data for TCs, thereby improving the reliability of subsequent analyses.

Consequently, it was utilized for the Doppler velocity of Typhoon Chanthu to ensure

data quality and facilitate further analysis.

The main themes in this study are the roles of VWS and the interactions between the

terrain-induced flow and the primary circulation of the TC, which are crucial for the

inner-core evolution and intensification of TCs near Taiwan's terrain. By analyzing radar

reflectivity and Doppler velocity data from multiple radars, along with weather station

measurements, the study investigated the temporal evolution of the TC’s inner core

structure and its connection to the mean flow characteristics. The GBVTD method was

employed to derive the TC’s circulation and investigate its kinematic features with a high

temporal resolution of 10 minutes. The application of the GBVTD algorithm was utilized
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to estimate the meso-f3 scale mean flow of the TC with a higher temporal resolution
compared to that derived from the ERAS data.
The horizontal wind speed of Chanthu at an altitude of 3 km increased rapidly by

approximately 18 m s

within an 11-hour period, indicating RI. At the peak of
intensifying stage, the maximum wind speed exceeded 65 m s!, with an RMW of only
12 km. Subsequently, the typhoon experienced RW, with the maximum wind speed at 3
km altitude decreasing by approximately 19 m s! within 8 hours. Remarkably, Typhoon
Chanthu underwent both RI and RW within a short 24-hour period, presenting
significant challenges for accurate intensity forecasting and timely warning issuance.

During the intensifying stages, a significant rotation of the eyewall convection
maximum in Typhoon Chanthu occurred, transitioning cyclonically from the eastern to
the northern semicircle at 1600 UTC on Sep 11, coinciding with the completion of an
apparent ERC. Simultaneously, the terrain-induced west-southwestly boundary inflow
from the south of the TC was initiated. Additionally, it was observed that the LMF rotated
from southwesterly to southeasterly. Both modifications in the flows are suggested to be
influenced by the terrain.

The analysis of mean flow reveals that the meso-f scale VWS derived from the

GBVTD can effectively capture the abrupt changes induced by the terrain and is

consistent with the observed eyewall convection asymmetry. In contrast, the meso-a scale
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VWS derived from the ERAS5 shows only minor directional changes throughout the

analyzed period, resulting in the maximum reflectivity being located on the upshear side.

This discrepancy is inconsistent with the documented location of shear-induced

convection asymmetry in TC eyewalls in previous studies. These findings suggest that

radar-derived meso-3 mean flow can provide accurate VWS information that reflects the

actual conditions experienced by the TC when it is in close proximity to the Taiwan

terrain, while the applicability of ERA5-derived meso-a scale VWS may be limited in

such cases.

Based on the analyses conducted in this study, the factors that possibly contributed

to the intensification of Typhoon Chanthu are summarized in Figure 50 and itemized as

follows:

1) Terrain-induced boundary inflow south of the TC:

The significant change in wind direction observed at the Lan-yu station suggests that

the flow was influenced by terrain. The terrain-induced boundary inflow and the

primary circulation of the TC may potentially converge in the southeastern quadrant

of the TC’s eyewall within the boundary layer, subsequently enhancing the

convection on the downshear side of the TC.

2) UL-pointing low-level flow:

The vertical profile of the meso-f scale mean flow indicates that the low-level flow
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was directed UL during stages II and III. Previous studies by Rappin and Nolan

(2012) and Lee et al. (2021) suggested that when the directions of VWS and low-level

flow were counteraligned, surface heat fluxes can be enhanced on the downshear side.

These enhanced surface heat fluxes were hypothesized to play an important role in

recovering the moist static energy of shear-enhanced downdrafts within the boundary

layer over the inflow area, preventing the TC eyewall from entraining low-energy air

parcels. The maintenance of the convection in the UL quadrant can consequently

enhance the axisymmetric heating that benefits subsequent intensification.

3) Weak upper-level VWS:

The vertical profile of the mean flow also indicates that the magnitude of the

upper-level VWS was close to zero during stages II and III. Fu et al. (2019) noted that

stronger upper-level VWS hampers TC intensification by weakening the warm core

through the radial ventilation pathway in the middle-upper troposphere. Therefore,

the low magnitude of the upper-level VWS provided a favorable environment for the

intensification of Typhoon Chanthu.

An intriguing point worth highlighting is that Chanthu underwent an ERC

concurrently during the RI process between stages I and II. Following the completion of

the ERC, more favorable internal and external conditions for subsequent intensification

became evident. In the minor intensification stage (e.g., stage I), as Typhoon Chanthu
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underwent ERC, the meso-3 scale VWS between 2 to 5 km decreased to values under 2 m
s' (Figure 30). Simultaneously, eyewall asymmetry also reduced during this stage
(Figure 25). It was found that the VWS magnitude approached zero (Figure 30), and
axisymmetry significantly increased right after the ERC, establishing enhanced internal
and external conditions for subsequent intensification. Furthermore, favorable external
conditions, such as boundary-layer inflow triggered by the proposed TDF (Figure 27) and
a VWS pattern promoting TC intensification, emerged after 1600 UTC. These combined
internal and external factors provided an opportunity for Chanthu to intensify by
approximately 12 m s™! within only 5 hours during stage II (e.g., the major intensification
stage).

The distinctive nature of the ERC event, as elaborated in section 3.3, is a collective
characteristic observed in both Typhoon Chanthu (2021) and Hurricane Irma (2017)
during their respective RI processes. Chanthu’s ERC, characterized by the merging of the
secondary eyewall with the primary eyewall rather than complete replacement, shares
similarities with the second ERC event of Irma, as documented by Fischer et al. (2020).
However, Torgerson et al. (2023a) termed this phenomenon a "short-term intensity
fluctuation" rather than a complete ERC (see their Fig.14 for the proposed schematic
diagram). The inner-core convection evolution of this intensity fluctuation exhibited a

period of less than 6 hours, having a lesser impact on the primary eyewall and allowing
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for immediate subsequent intensification. Torgerson et al. (2023a, b) provided an

alternative perspective to examine the significance of the ERC (or intensity fluctuation)

toward the RI in Chanthu.

The primary objective of the final part of this study is to examine two radar data

assimilation strategies and propose the most effective method for properly initializing

an extremely compact TC vortex like Chanthu in numerical models. The VRC

experiment employs data assimilation of Doppler velocity fields interpolated onto

model Cartesian coordinate. The results indicate that the simulated updraft region

induced by TDF in the VRC experiment is located near the eyewall region in the

southeastern quadrant. Conversely, the VRP experiment, which assimilates thinned

radar data in the radar’s original coordinates, shows an updraft region occurring

approximately 10 to 20 km outside the eyewall in the southeastern quadrant. The NOVR

experiment, which does not assimilate Doppler velocity fields, produces significantly

different results compared to the VRC and VRP experiments. Without the benefit of

Doppler velocity assimilation, the NOVR experiment shows a less accurate simulation

of Typhoon Chanthu’s intensification and inner-core evolution.

The VRC experiment also features weaker environmental VWS and higher

axisymmetry of the vortex, resulting in continuous intensification until 0000 UTC on

Sep 12. Before 1800 UTC on Sep 11, the vortex in the VRP experiment intensifies more
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rapidly than in the VRC experiment. However, the presence of highly asymmetric

convection, primarily with a wavenumber-3 structure, may mitigate the intensification

of the vortex after 1800 UTC. It is found that the VRP experiment is influenced not only

by environmental wind shear but also by the internal dynamics of the eyewall, leading

to a more complex intensification process. The impact of TDF and eyewall dynamics

simulated in the VRC and VRP experiments shows significant differences, indicating

that the intensification process may be sensitive to initial conditions. Additionally, the

simulated environmental VWS in both experiments does not align with observations,

complicating the use of these simulations to support the mechanisms inferred from

observational data regarding Typhoon Chanthu's intensification. These assimilation

experiments suggest that the intensification process may involve the interaction of

vortex structure, eyewall dynamics, terrain-influenced flow and VWS, making it

difficult to comprehensively analyze with a single simulation.

The observational analyses of this study identify three possible factors that may have

contributed to the intensification of Typhoon Chanthu. However, the traditional

dual-Doppler wind synthesis method and GBVTD method employed in this study were

still limited in providing a comprehensive three-dimensional circulation of Chanthu to

offer direct evidence for the aforementioned possible factors. To achieve a more detailed

understanding, variational-based multiple-Doppler-radar synthesis techniques (Gao et al.
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1999; Chong and Bousquet 2001; Liou and Chang 2009; Potvin et al. 2012) could be

employed for retrieving a more comprehensive three-dimensional circulation in the

future research. Additionally, a quantitative assessment of the major physical mechanism

of Chanthu’s intensification lies beyond the scope of this study. The quantitative

assessment of the physical processes through which terrain influences the surrounding

flow of the typhoon was not fully achieved due to the limitations in the resolution and

coverage of the observational analyses and the resolution of the model simulations used

in this study. Future enhancements, such as increasing horizontal resolution and the

number of vertical layers, are recommended to better capture meso-f scale features.

Chi et al. (2024) demonstrated that the TDF could cause a rightward track deflection

as Chanthu approached southeast Taiwan, suggesting the modification of the surrounding

flow adjacent to the TC by the Taiwan terrain. Future investigations could involve

sensitivity tests using model simulations that vary the height of the Taiwan terrain to

verify the effects on TDF (Figure 27) and the pattern of VWS (Figure 24) and their

subsequent influence on TC intensity change. Additionally, the timing and intensity of

TDF initiation may also play a crucial role in influencing TC intensification. Therefore, it

is recommended to employ ensemble simulations to categorize potential intensification

pathways and clarify the specific mechanisms of Typhoon Chanthu's intensification

process in the future. Those researches can further investigate and clarify the following
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aspects:

1) The impacts of terrain effects on changes in storm-scale VWS and eyewall

asymmetry.

2) How the ERC (or intensity fluctuations) influenced meso-p scale VWS and the

axisymmetry of eyewall convection, contributing to the RI of Typhoon Chanthu as

discussed in this study.

3) The behavior of TCs with similar tracks and how these factors influence their

intensity and structure.
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Figure 50. Schematic illustration of the speculated factors prompting the RI of Typhoon
Chanthu under the moderate shear environment. The black curved arrow indicates the
main flow of the TC. The black thin arrows passing through the southern tip of Taiwan
indicate the TDF in the boundary layer. The blue, green and gold horizontal arrows
indicate the mean flow at 3, 5 and 8 km, respectively. The gray, cyan and orange arrows
vertically intersect the horizontal layers and point towards the southeast, indicate the
deep-, lower-, and upper-layer meso-f VWS, respectively. The horizontal length of the
arrows represents the magnitude of the VWS. The circle indicates the TC inner-core
region, which is separated into DL, UL, UR and DR quadrants under the shear-relative
framework.
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Appendix
Al. Iterative Surface fitting dealising algorithm

The Iterative Surface Fitting Dealiasing Algorithm (ISFD) developed in this study
extends the two-step curve fitting method proposed by Chang et al. (2020) for filtering
anomalous Doppler velocity fields. Initially, this two-step method was further developed
into the Iterative Curve Fitting Dealiasing Algorithm (ICFD). The concept involves
performing a one-dimensional Fast Fourier Transform (FFT) on radar data at a specific
radius, followed by applying a low-pass filter with a lower maximum allowable
wavenumber to generate a smoother fitted curve. This fitted value serves as a reference
wind speed, and data points that deviate excessively from the fitted curve are corrected
or filtered out. The adjusted data are then used for the next iteration of curve fitting,
gradually increasing the maximum allowable wavenumber of the low-pass filter. This
process iteratively adjusts and filters the data until convergence is achieved, completing
the quality control for the data at that radius. The same procedure is sequentially applied

to the data at each radius until all data are processed.

The following provides a conceptual explanation using a simplified iterative
one-dimensional curve fitting method with an idealized case as an example. Figure Ala
shows the Doppler velocity field observed by radar, simulated using an ideal Rankine

vortex. The vortex is located 150 km southeast of the radar, with a maximum wind
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speed of 38 m s™! and a radius of maximum wind of 40 km. The discontinuous region in

the eyewall is caused by aliasing issue.

SIMO 0.5° bvel_rawqc

Figure A1: (a) Doppler velocity field observed by radar, simulated using an ideal Rankine
vortex, and (b) the result after correction with ICFDA. The vortex is located 150 km
southeast of the radar, with a maximum wind speed of 38 m s™' and a radius of maximum
wind of 40 km. The black dashed lines indicate the azimuth range (90-180 degrees)
shown in Figure A2.

Figure A2 is the processing status of velocity field data at a radius of 150 km from

the radar during each iterative step. The steps are as follows:

First iteration (Figure A2a and A2b):

Figure A2a shows the distribution of the original data. Discontinuous data in the
azimuth angles of 110-125 degrees and 145-160 degrees indicate aliased data in the
eyewall region. The black solid line represents the fitted curve obtained by performing

FFT on this data and applying a low-pass filter with a maximum allowable wavenumber
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of 3. Data points deviating by more than 2 standard deviations from this reference wind

speed are filtered out (red X in red in Figure A2b), completing the first iteration.

Second iteration (Figure A2¢ and A2d):

The remaining data from the first iteration, with missing data linearly interpolated,

undergo FFT again. The reference wind speed for this iteration is the fitted curve

obtained by applying a low-pass filter with a maximum allowable wavenumber of 5

(Figure A2c). Stricter criteria (detailed in the text of Figure A4) are applied to filter the

data in the second iteration. Figure A2d shows that the corrected data have been

recovered to correct values, although some data points are filtered out due to significant

differences from the reference wind speed (red X and ®, with ® indicating data points

that have undergone dealiasing).

Third iteration (Figure A2e and A2f):

The maximum allowable wavenumber is increased to 7, and the steps of the second

iteration are repeated. The results show that with the increased maximum allowable

wavenumber, the fitted curve aligns more closely with the input data, helping to retain

more correct data that might have been incorrectly filtered out in previous steps. (Figure

A2e and A2f).
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Fourth and fifth iterations (Figure A2g to A2j):

The maximum allowable wavenumber is increased to 10 and 20, respectively, and

the steps of the second iteration are repeated. The correct data points are reinstated in

both steps (Figure A2g to A2j), and the fifth iteration results are the same as those of the

fourth iteration, indicating that the iterative process has converged. The process is

completed after the fifth iteration.

Figure. A1b shows the results after applying ICFD to the velocity field data at each

radius, demonstrating that this method can recover the local aliased data shown in

Figure Ala.
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Figure A2: Data as in Figure A1, but for the radius of 150 km from the radar and azimuth
angles between 90 and 180 degrees. The ICFDA processing status during the first
iteration includes (a) data interpolation, curve fitting, and low-pass filtering, and (b) data
filtering. Panels (c) and (d) show the second iteration, () and (f) the third iteration, (g)
and (h) the fourth iteration, and (i) and (j) the fifth iteration. The color scale corresponds
to the wind speed color scale in Figure A3. The black solid line represents the fitted
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reference velocity, and the black dashed line indicates the filtering threshold. Black dots
and black crosses represent retained data points in each step, with crosses indicating data
points that have undergone dealiasing. Black open circles represent interpolated data
points. Red crosses and red symbols indicate filtered data points in each step, with

symbols indicating data points that have undergone dealiasing.

The principles and concepts of ISFD are the same as those of ICFD, with the main

difference being the use of a two-dimensional FFT for surface fitting instead of the

original curve fitting to generate reference values for dealiasing. This approach has the

advantage of considering variations in both the azimuthal and radial directions

simultaneously, thereby simplifying the overall program complexity. When applying

one-dimensional or two-dimensional FFT, the data must exhibit periodic characteristics.

The spatial distribution of the original radar data shows periodicity in the azimuthal

direction (Figure A3a), making it suitable for one-dimensional FFT without additional

processing. However, the radial data do not inherently possess periodicity, necessitating

additional processing to meet the requirement of periodicity in both dimensions for the

application of two-dimensional FFT. To address this, the radar's location can be

considered the North Pole, with the direction away from the radar extending towards the

Equator. The maximum observational range of the radar is treated as lying exactly on

the Equator (Figure A3b). By mirroring the data along the Equator, the radar data can be

made to exhibit periodicity in the radial direction as well (Figure A3c).
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(@) (b)

Figure A3: Distribution of radar data in (a) original radar coordinates, (b) hemispherical

coordinates, and (c) full spherical coordinates.

The flowchart of the ISFD method is shown in Figure A4. The steps are briefly

described as follows:

1) Mirror the original radar data radially with the maximum observational radius as the

origin to achieve periodicity in the radial direction.

2) Apply linear interpolation independently in the azimuthal and radial directions to
create two sets of interpolated data, which are then averaged to obtain a combined
dataset. This averaged dataset is used to replace the invalid data in the original
dataset, while the valid data remains unchanged. For efficiency reasons, more

advanced interpolation methods were not used.

3) Perform two-dimensional FFT surface fitting and low-pass filtering on the input

data (with maximum allowable wavenumbers W), —in the radial direction and
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W, in the azimuthal direction). The fitting result serves as the reference value.
(Test results show that setting W, ~to a constant 40 and W, to one-quarter of

the azimuthal wavenumber yields the best accuracy).

4) Use the reference value from step 3 to perform the correction/filtering procedure
(dealias the original data and filter out data points with differences exceeding ). In
this study, the B value used is 25% of the reference value (hereafter referred to as the
proportional value), but not less than 15 m s’ (hereafter referred to as the minimum

threshold).

5) Use the corrected data from step 4 as new input data, increase the value of m by 1,
and return to step 3 until the output data no longer changes or the maximum value of

m (set to 50 in this study) is reached.

6) Check if the proportion of neighboring grid point differences exceeding 1.5 times
the Nyquist velocity is below the threshold €. If not, return to step 1 and reduce the
ratio for defining B by 5% and the minimum threshold by 5 m s™'. The € used in this

study is 107>,

Since the mirrored data volume is double that of the original data, the potential
impact on execution efficiency is first addressed. Performance testing shows that for the

RCWEF radar, which has the largest data dimension (1192x2x720, where x2 indicates
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radial mirroring), the execution time for a single iteration is 0.4956 seconds, with data

filling taking 0.2169 seconds and the two-dimensional FFT taking 0.2421 seconds. For

the RCGI radar, which has the smallest data dimension (800x2x360), the execution time

for a single iteration is 0.1201 seconds, with data filling taking 0.0743 seconds and the

two-dimensional FFT taking 0.0342 seconds. The average number of iterations required

for convergence is typically under 20, and the program is set to a maximum of 50

iterations. Thus, quality control for a single volume scan can usually be completed

within a few seconds. Despite the data volume being twice that of ICFD, the simplified

processing procedure allows ISFD to achieve comparable overall execution times, and

in some cases, even shorter times than ICFD.

In cases where the eyewall data are asymmetric, with valid data only on one side of

the eyewall, both VDVD and ICFD fail to effectively correct the aliased Doppler

velocities in the eyewall region (Figure AS5a, b). However, ISFD can effectively use

radial information to recover those aliased data, even when data from the opposite side

of the eyewall are missing (Figure A5c).

Overall, ISFD is more effective than ICFD in utilizing radial information to correct

erroneous data. This results in 1) more effective noise reduction, 2) fewer errors from

radial continuity checks inherent in ICFD, and 3) reduced misinterpretation in areas

with large velocity gradients.
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Figure A4: Flowchart of the ISFDA dealiasing and noise filtering algorithm.
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Figure AS: Doppler velocity field observed by the RCKT radar at a 0.5-degree elevation
angle on Sep 11, 2021, at 0342 UTC, after processing with (a) VDVD, (b) ICFDA, and (c)
ISFDA. Red circles indicate areas with erroneous data that can be corrected by ISFDA.
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A2. Table of abbreviations

Abbreviation Fullname / Definition

DL Downshear-left

DR Downshear-right

GBVTD Ground-based velocity track display

ICFD Iterative curve fitting dealiasing

ISFD Iterative surface fitting dealiasing

LMF Low-level mean flow

NOVR Data assimilation experiment without assimilating Doppler
velocity

RI Rapid intensification

RMW Radius of maximu wind

RW Rapid weakening

TCET Tropical cyclone eye tracking

UL Upshear-left

UR Upshear-left

VDVD Vortex-based Doppler velocity dealiasing

VRC Data assimilation experiment with Doppler velocity interpolated

to the model grid's constant altitude coordinates

VRP Data assimilation experiment with Doppler velocity thinned in
the radar's original coordinates

VRW Vortex Rossby wave

VWS Vertical wind shear
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A3. Table of variables

Variable Definition

Roax Radius of the maximum wind
T, Pulse repetition time

Vg, Bbserved Doppler velocity
Vinax Maximum tangential wind

Va Nyquist velocity

V, Unfolded Doppler velocity
Vu Magnitude of mean flow

Vg Axisymmetric radial flow

Vy Axisymmetric tangential flow
Vri Wavenumber-1 component of tangential flow
Oy Direction of mean flow

f Doppler frequency

A Wavelength
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