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ABSTRACT

In this study, a vortex-based Doppler velocity dealiasing (VDVD) algorithm for tropical cyclones

(TCs) is proposed. The algorithm uses a Rankine combined vortex model as a reference field for

dealiasing based on an inner–outer iterative procedure. The structure of the reference vortex is ad-

justed in an inner iterative procedure of VDVD that applies the ground-based velocity track display

(GBVTD) technique. The outer loop of the VDVD based on the GBVTD-simplex algorithm is used for

center correction. The VDVD is able to recover not only the aliased Doppler velocities from a simu-

lated symmetric vortex but also those superimposed with wavenumber-1 asymmetry, radial wind, or

mean flow. For real cases, the VDVD provides dealiased Doppler velocity with 99.4% accuracy for all

pixels, based on 472 elevation sweeps from a typhoon without landfall. It is suggested that the VDVD

algorithm can improve the quality of downstream applications such as Doppler wind retrievals and

radar data assimilations of TCs and other storms, such as tornadoes and mesocyclones, with vortex

signatures.

1. Introduction

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 recogni-

tion approaches (e.g., Donaldson 1970;Wood andBrown

1992; Brown and Wood 2007). One of the most obvi-

ous characteristics observed in a Doppler velocity field

is a dipole signature for a vortex. These approaches aid

forecasters in preparing more accurate and timely warn-

ings and short-term forecasts (Brown and Wood 2007).

To quantitatively retrieve winds from a single Dopp-

ler radar, many techniques have been proposed based on

flow characteristics such as linear wind fields (Lhermitte

and Atlas 1961; Waldteufel and Corbin 1979) and at-

mospheric 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 diffi-

cult because of 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 because of geometrical

limitations (e.g., Lhermitte 1970; Frisch et al. 1974; Ray

et al. 1975; Shapiro et al. 2009; Liou and Chang 2009).

Regardless of whether a single- or dual-Doppler wind

retrieval analysis is used, one of the greatest challenges
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for operations in using theDoppler radar velocity field is

the velocity aliasing (folding) issue. In radar observa-

tions, the time between two successive pulses is called

the pulse repetition time (PRT) and is denoted by Ts.

The Nyquist frequency can be represented by (2Ts)
21,

which is the highest frequency that can be unambigu-

ously measured in the sampled sequence because

samples of a signal with a frequency f . (2Ts)
21 will have

the same time dependence as a signal with f , (2Ts)
21

(Doviak and Zrnić 1993). In addition, the Doppler

velocity Vd is proportional to the Doppler frequency f

and can be represented by

V
d
5

f

2l
, (1)

where l is the wavelength (Doviak and Zrnić 1993).

Therefore, the radar velocity will be folded when the

Doppler frequencies exceed the maximum detectable

frequency that will result in the Doppler velocity alias-

ing. Fundamentally, the observed Doppler velocity Vd

and unfolded velocity Vu can be expressed by

V
u
5V

d
6 2n3V

n
, (2)

where n is an integer (0, 1, 2, . . .) and Vn represents the

maximum unambiguous velocity, which is the Nyquist

velocity.

Even if the radar is operated in dual–pulse repetition

frequency (PRF) mode (Dazhang et al. 1984; Frush

1991; Loew and Walther 1995; Jorgensen et al. 2000)

or multiple-PRT mode (Sirmans et al. 1976; Zrnić

and Mahapatra 1985; Tabary et al. 2006) to extend the

maximum unambiguous velocity, the velocity folding

problem in the Doppler velocity remains unavoidable

when observing very strong TCs and tornadoes.

In the dual-PRF technique, contiguous atmospheric

volumes are probed at two different PRFs, and the

two resulting velocity estimates are further processed

to extend the Nyquist velocity (Altube et al. 2017).

However, the dual-PRF technique may be violated by

different factors, such as the presence of strong hori-

zontal wind gradients or the spread of the Doppler

spectrum (Jorgensen et al. 2000; May 2001). As a result,

this proceduremay lead to increases in dealiasing failure

and may significantly affect the quality of radial velocity

fields (Jorgensen et al. 2000; Altube et al. 2017).

Considering velocity based on upper-air sound-

ings or velocity–azimuth displays (VADs), many al-

gorithms (e.g., Eilts and Smith 1990; Gong et al. 2003)

have been proposed to adequately dealias the velocity

for most weather events with relatively uniform flow

or widespread precipitation. Gong et al. (2003) used a

combination of gradient VAD (Tabary et al. 2001)

and traditional VAD (Lhermitte and Atlas 1961) in

VAD wind calculations with aliased velocities with-

out using external data. Zhang and Wang (2006,

hereafter ZW06) used the radial beam with mini-

mum wind shear as an initial reference based on the

azimuthal continuity to start a dealiasing procedure

in the clockwise and counterclockwise directions.

However, dealiasing situations such as those of iso-

lated and nearby terrain regions frequently lack suf-

ficiently valid data to apply the unfolding scheme

of the Doppler velocity. Xu et al. (2011) proposed

the alias-robust (AR)-VAD-based dealiasing method

to eliminate or prevent false dealiasing that can sat-

isfy the high-quality standard and efficiency required

by operational radar data assimilation. However, the

VAD uniform-wind approximation becomes poor or

even invalid for intense rotational winds in a mesocy-

clone or hurricane core area and for highly nonuniform

winds in the vicinity of a sharp front. Therefore, deal-

iasing situations under environments characterized by

high shear and curvature conditions, such as those in a

mesocyclone and TC inner core, will raise the uncer-

tainties when using a uniform-wind-based approxima-

tion, substantially 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 to provide an ob-

jective approach to the circulation retrievals of TCs

(Lee et al. 1999). Because the GBVTD calculations

were conducted 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. Accordingly, 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 estimating the TC

center position and improves the quality of the

GBVTD-retrieved TC circulation (Lee andMarks 2000;

Bell and Lee 2002, 2012). Focusing on the vortex circu-

lation such as that of TCs, Wang et al. (2012) presented

a gradient velocity track display (GrVTD) algorithm

using aliasing Doppler velocity data and obtained

comparable results for the circulation structure with

those obtained using the GBVTD algorithm based on

manually dealiased Doppler velocity data. Because

GrVTD uses only the gradient of Doppler velocity to

accomplish wind retrieval, there are no dealiasing

data that could be extracted from the GrVTD algo-

rithm that would limit the downstream applications
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and analyses for single- or dual-Doppler wind re-

trievals and radar data assimilations in real-time op-

erations and research.

To improve the accuracy of velocity dealiasing for TCs,

a vortex-based Doppler velocity dealiasing (VDVD) al-

gorithm is proposed in this study by combining the

GBVTD and GBVTD-simplex techniques and the Ran-

kine combined vortex concept (e.g., Lemon et al. 1978;

Wood and Brown 1992). The data and detailed method-

ology of the VDVD algorithm are described in the fol-

lowing section. Sensitivity tests and comparisons are

provided in section 3. In sections 4 and 5, the results and

performance application of the VDVD algorithm are

discussed. The discussion and conclusions are presented

separately in section 6 and section 7.

2. Data and methodology

Taiwan is a mountainous island characterized by

two major mountain ranges: the Snow Mountain

Range (SMR) in northern Taiwan, which stretches

southwest–northeast, and the Central Mountain Range

(CMR), which stretches south–north across most of

Taiwan (Fig. 1). On average, approximately 3–4 ty-

phoons affect Taiwan per year (Wu and Kuo 1999).

Because the average elevation exceeds 2000m, and the

highest peak is close to 4000m in the CMR, typhoons

crossing Taiwan often interact profoundly with the

island’s complex terrain, producing strong winds and

heavy rainfall, which frequently lead to significant losses

of property and human lives (e.g., Wu and Kuo 1999; Wu

et al. 2002; Lin et al. 2002). To improve the monitoring

and prediction of flash floods, debris flows, severe storms,

and typhoons, a dense radar networkwas implemented in

Taiwan (Chang et al. 2009b).

a. Radar data

Currently the Central Weather Bureau (CWB) and

the Air Force Weather Wing in Taiwan operate a total of

nine weather radars (Fig. 1): Wu-Fen-Shan (RCWF),

Ken-Ting (RCKT), Hua-Lien (RCHL), Chi-Gu (RCCG),

Ma-Kung (RCMK), Ching-Chuan-Kang (RCCK), Green

FIG. 1. Operational weather radars in Taiwan (with four letter labels). The white region

shows the union of each radar’s observation range. The shaded color indicates the elevations.

The black dotted line and black dashed line indicate the axes of the SnowMountain Range and

the Central Mountain Range, respectively.
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Island (RCGI), Lin-Yuan (RCLY), and Nan-Tuan

(RCNT). The current study uses data from two S-band

radars (Table 1): RCWF (dual polarization) and RCHL

(single polarization).

Most of the radars (RCCK, RCMK, RCGI, RCLY,

and RCNT) are operated in dual-PRF mode to in-

crease the Nyquist (unambiguous) velocities. In con-

trast, the Nyquist velocities of those radars operated in

single-PRFmode (RCWF, RCHL, RCCG, andRCKT)

are less than 30.0m s21 (Table 1), and velocity folding

is a problem when measuring wind speeds of very in-

tense 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 ve-

locity dealiasing for TCs for the radar observational

domain, a VDVD algorithm is proposed and discussed

in the next section.

b. VDVD algorithm

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 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 esti-

mated information can then be applied to the Rankine-

like vortex to extend that windmodel to a larger radius.

Based on the original designs of the GBVTD and

GBVTD-simplex algorithms, the radar data should first

be interpolated from the raw data in polar coordinates

[plan position indicator (PPI)] to Cartesian coordinates

[constant-altitude plan position indicator (CAPPI)] with

the origin at the TC center. However, the effects of the

aliasing points of the Doppler velocity will be spread

vertically and horizontally during the interpolation

procedure. In addition, even though the predealiasing

method is used to eliminate the contaminations from the

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

the dealiased data from CAPPI coordinates back to

polar coordinates is irreversible. Therefore, the VDVD

algorithm is calculated on polar coordinates to prevent

the data from being contaminated by aliased velocity

data when interpolating into CAPPI coordinates.

The inner iterative loop of the VDVD algorithm is

implemented to find a set of (Vmax, Rmax) to describe

the TC structure that is used for reference to dealias

theDoppler velocity.However, an improper description of
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TC structure (unrealistic asymmetric component) can be

introduced by a displacement of the TC center (Lee et al.

1999) and results in a failure of dealiasing. Therefore, the

outer loop in the VDVD algorithm is designed to reduce

the possibility of improper dealiasing induced by a shifted

TC center. An overview flowchart of the VDVD algo-

rithm is shown in Fig. 2, and the default values or initial

estimates of the empirical parameters and thresholds for

the VDVD algorithm are listed in Table 2. The VDVD

steps and parameters are described as follows:

1) Initially, estimate the vortex center (X0,Y0) with the

origin at the radar site. At any given nth iteration, the

vortex center is represented as (Xn, Yn).

2) Initially, estimate the radius of the maximum wind

(RMW,Rn,0
max) and themaximumaxisymmetric velocity

(Vn,0
max). At any given mth iteration, the RMW and

maximum tangential velocity parameters are repre-

sented as Rn,m
max and Vn,m

max, respectively.

3) Create a Rankine combined vortex profile via

Eqs. (3) and (4) with (Xn, Yn), Vn,m
max, R

n,m
max, and the

predefined wind profile decay ratio (a):

V
T
5Vn,m

max

r

Rn,m
max

if r#Rn,m
max, (3)

V
T
5Vn,m

max

�
Rn,m

max

r

�a

if r$Rn,m
max, (4)

where VT is the tangential velocity at radius r.

4) Calculate the radial components of tangential veloc-

ities from step 3 in polar coordinates that are used

as the references of Doppler velocities. The observed

Doppler velocities are dealiased when the differ-

ences between the references of Doppler velocities

exceed the criterion (1.5 times the Nyquist velocity)

for individual radar bins in polar coordinates. The

unfolded velocity Vu can be corrected from the

observed Doppler velocity Vd with Eq. (2).

5) Calculate the Vn,m
max and Rn,m

max using the GBVTD

algorithm with the unfolded Doppler velocity.

6) Verify whether the values between Vn,m
max and Vn,m21

max

and between Rn,m
max and Rn,m21

max are identical. If yes,

return to step 2 to continue the computation.

7) Use (Xn, Yn) as the initial guess of the vortex center

to calculate the new estimated vortex center (Xn11,

Yn11) with the GBVTD-simplex algorithm. The ra-

dius to start the initial simplex is set to 4km, and a

searching process with a radius of 2km will be re-

peated to obtain a higher vortex center precision after

finishing the previous search process. Other parame-

ters are the same as those in Lee and Marks (2000).

8) Verify whether the difference between (Xn,Yn) and

(Xn21, Yn21) exceeds the prescribed criterion C0. If

yes, return to step 1 to continue the computation.

Otherwise, the iterative procedures stop.

3. Sensitivity tests

Based on the procedures described in the previous

section, the analytic dataset is used for the sensitivity

tests. The dataset is constructed at 0.25 km (radial) by

0.58 (azimuth) to a range of 230 km and elevation angle

of 0.58 in polar coordinates. The Nyquist velocity (Vn) is

set to 25ms21, which is more comparable to the lower

value than that from the Taiwan radar network. The

symmetrical vortex is given as a Rankine combined

FIG. 2. Overview flowchart of the VDVD algorithm.

TABLE 2. Default values or initial estimates of the VDVD.

Parameter Value

Vn,0
max Nyquist velocity (m s21)

Rn,0
max 20 km

X0, Y0 Xn, Yn at the previous time frame (from a forecast if

the previous one is unavailable)

C0 10 km

a 0.6
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vortex, with Vmax 5 60m s21, Rmax 5 40 km, and a5 0:5,

and is shown in Fig. 3a. Further, the axisymmetric radial

flow VR is constructed based on the following assump-

tion used in Lee et al. (1999), which is similar to the

pattern documented in Jorgensen (1984a,b):

V
R
5C

1
[(R

max
2R)R]1/2 R#Rm

max , (5)

V
R
52C

2
(R2R

max
)1/2R

max
/R R.Rm

max . (6)

The values of C1 and C2 in Eqs. (5) and (6) are 0.1 s21

and 3m0.5 s21, respectively, for VR calculations, which

are the same values set in Lee et al. (1999). The VT

asymmetry is represented by the wavenumber-1 pat-

tern with an amplitude of 20% of VT at a phase of 08 or
908. The mean flow (VM) is set to 5 or 10m s21 with

various directions from 08 to 3608 for every 908. All the

sensitivity tests discussed in the following subsections

in this study were conducted by referring to the ex-

periments in Lee et al. (1999) and are shown in Table 3.

Sections 3a–e introduce the dealiasing ability of the

inner iterative loop (steps 2 through 6 in section 2b),

and the outer iterative loop (steps 1 through 8 in sec-

tion 2b) used to mitigate the effect of a displaced vortex

center is described in section 3f. Because the discus-

sions in sections 3a–e use only the inner loop, the de-

notes of Vmax and Rmax are simplified by using Vm
max and

Rm
max instead of Vn,m

max and Rn,m
max.

a. Rankine combined vortex

The analytic axisymmetric vortex is located at

(0.0,2150.0), which is to the south of the radar at (0, 0).

The clear cyclonic flow field and high wind zone around

FIG. 3. (a) Axisymmetric VT flow field and amplitude, (b) Doppler velocity with initial references of Rmax- and Vmax-based Rankine

combined vortex, (c) as in (b), but for the Rmax and Vmax retrieved from the VDVD algorithm, (d) Doppler velocity fields of the original,

(e) iteration 0, and (f) iteration 1 simulated from the analytic vortex. The color scale indicates the amplitude, and the gray circle centered

on the typhoon symbol indicates the maximum wind radius.
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Rmax centered at the vortex center are illustrated in

Fig. 3a. The Vmax and Rmax of the Rankine combined

vortex and the GBVTD-derived results in each itera-

tion are shown in Table 4 and Figs. 3b–f, respectively.

In the initial iteration, the reference vortex (Fig. 3b) is

far from the simulated vortex, and only a subset of

Doppler velocities is dealiased from the raw Dopp-

ler velocities (Fig. 3d). The Doppler velocities near

the eyewall are still aliased (Fig. 3e). The Vmax and

Rmax values derived from the GBVTD algorithm are

43.19m s21 and 29 km, respectively, which are closer

to the given values of the simulated vortex (Vmax 5
60m s21, Rmax 5 40 km) than the initial estimations

(V0
max 5 25m s21, R0

max 5 20 km). Thus, the differences

in Vmax (DV) and Rmax (DR) are 18.19ms21 and 9km,

respectively. In the second iteration, the GBVTD-derived

Vmax and Rmax (V
1
max and R1

max) values are 60.08ms21 and

40 km, respectively, which are very close to those of the

simulated vortex. In the third iteration, there are no

differences between (V0
max, R

0
max) and (V2

max, R
2
max);

thus, the iterations stop. When combining axisymmet-

ricVT andVR (Fig. 4a), there is no significant difference

in the flow field, but the velocity dipole slightly ro-

tates clockwise (Fig. 4d). From the Doppler velocity

field during the convergent process (Figs. 4d–f), the

extra VR component does not raise the number of

iterations during the calculation, which is primarily

attributed to its relatively small magnitude compared

to VT . With this symmetric vortex, the aliased Dopp-

ler velocity can be correctly recovered in only three

iterations.

To further investigate the performance of the initial

estimates of V0
max and R0

max for the initial reference

vortex, a V0
max of 1–80m s21 and R0

max of 1–80 km were

used to understand the procedure triggerV0
max andR0

max

to approach the actual Vmax and Rmax. A convergent

feature diagram is constructed to present the conver-

gence path and tendency during the iteration calcu-

lations. The differences (DVs,DRs) between all the

(V0
max, R

0
max) and (V1

max, R
1
max) are calculated and illus-

trated in the vector form shown in Fig. 5a. It is shown

that nearly all vectors are pointing toward the

point at Vmax 5 60m s21 and Rmax 5 40 km and the

amount of adjustments are less significant when

the initial guesses (V0
max, R

0
max) are closer to the true

values. This diagram also reveals that most combi-

nations of V0
max and R0

max are essentially suitable for an

initial estimate. However, the combinations from ex-

treme values of high V0
max and low R0

max or high V0
max

and high R0
max could result in an irreversible unfolding

process. When combining axisymmetric VT and VR

(Fig. 5b), the vectors of convergence paths are very

similar to those of VT that point toward the given

values of the simulated vortex (Vmax 5 60m s21 and

Rmax 5 40 km).

b. Effect of VT1

Because the conditions of the wavenumber-1 com-

ponent of VT (VT1) on different azimuths have similar

influences on testing the asymmetric effects between

08 (908) and 1808 (2708) relative to the vortex cen-

ter, VT1 values located at azimuths 08 and 908 super-
imposed on the basic flow (Rankine combined vortex)

are chosen to examine the effects of asymmetry.

TABLE 3. Sensitivity tests of the inner loop of the VDVD algorithm for various combinations of VT , VT1, VR, and VM (see details in the

text). The iteration number in boldface indicates that the test is not fully dealiased. Success rate indicates the ratio of the tests which are

fully dealiased.

VT1 VR VM VM

Iteration Success rate

(20%VT) (5m s21) (10m s21)

(08/908) (08/908/1808/2708) (08/908/1808/2708)

A00 2 100%

A01 ✔ 3/4 100%

A02 ✔ 2 100%

A03 ✔ 3/2/3/2 100%

A04 ✔ 4/3/4/2 100%

A05 ✔ ✔ 3/4 100%

A06 ✔ ✔ 4/3/4/3/3/4/5/4 100%

A07 ✔ ✔ 6/3/7/3/3/4/10/3 100%

A08 ✔ ✔ ✔ 4/3/4/3/3/4/6/4 100%

A09 ✔ ✔ ✔ 6/3/7/3/3/4/12/3 82.5%

TABLE 4. GBVTD-derived Vmax (m s21) and Rmax (km) at each

iteration.

Iteration Vn,m
max Rn,m

max Vn,m11
max Rn,m11

max

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 6a shows that the Doppler velocity pattern for

VT1 at 08 is antisymmetric with respect to the y axis,

while the peak magnitude in the Doppler velocity

dipole is approximately 5–10m s21 higher than that

in the basic flow. The final Vmax and Rmax values de-

rived from the GBVTD algorithm are 61.64m s21 and

40 km, respectively, which are very close to the ide-

alized vortex values (Fig. 6b). The convergent feature

diagram also shows that nearly all vectors are pointing

toward the point at Vmax 5 60m s21 and Rmax 5 40 km

(Fig. 6c). However, it also shows a potentially irre-

versible unfolding process under conditions of a

higher Vmax with a smaller Rmax that could result in

inadequate dealiased Doppler velocity. The Doppler

velocity pattern for VT1 at 908 is shown in Fig. 6d. An

obvious asymmetric pattern for the Doppler veloc-

ity dipole is observed, while the difference is appro-

ximately 20m s21 between the peak magnitudes of

inbound and outboundDoppler velocities. Similar to the

results shown in Fig. 6b, the aliasedDoppler velocity can

be recovered by the inner loop of the VDVD algorithm

(Fig. 6e), while the number of iterations is 4 (Fig. 6f),

which is slightly higher than that in Fig. 6c because of its

asymmetry on the Doppler velocity field.

c. Effect of VM

The Doppler velocity patterns are characterized

by the directions of VM. Figure 7 shows the Doppler

velocity patterns of 10m s21 along-beam northerly and

cross-beam easterly VM components superimposed on

the axisymmetric VT flow. The definitions of the along

and cross beam are the same as those in Lee et al.

(1999). When combining the along-beam VM (Fig. 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 VM (Fig. 7d). The easterly (westerly) VM

enhances (reduces, not shown) the Doppler velocity of

the axisymmetric vortex because the effect is a function

of the beam angle, as documented in Lee et al. (1999).

FIG. 4. As in Fig. 3, but for axisymmetric VT plus VR flow field.
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The final Vmax and Rmax values derived from the

GBVTD algorithm are 60.08 (62.78)m s21 and 40

(40) km, respectively, for northerly (easterly) VM

components (Fig. 7b and Fig. 7e). The final Vmax

is slightly greater than the analytic vortex because

of the uncertainty in retrieving the Vmax from the

GBVTD algorithm when the cross-beam VM compo-

nent is superimposed with basic flow (Lee et al. 1999).

Even though the Vmax is slightly overestimated, the

VDVD still performs well because the tolerance of

the difference (1.5 times the Nyquist velocity) be-

tween the reference and aliased velocities is relatively

large [Eq. (2)].

d. Combined vortex

To further evaluate the performance and limita-

tions of the VDVD algorithm, all the axisymmetric

and asymmetric components are superimposed on the

Rankine combined vortex to provide the analytic

dataset. Figure 8 shows two representative exam-

ples with extreme asymmetry of the Doppler veloc-

ity pattern combined VT with 1) 20% VT as VT1 at

azimuth 08, VR, and 10m s21 northerly VM and 2) 20%

VT as VT1 at azimuth 908, VR, and 10m s21 southerly

VM. For the former test (Fig. 8a), the Doppler veloc-

ity field is characterized by a bending zero isodop

and asymmetric dipole structure. The final Vmax and

Rmax values derived from the GBVTD algorithm

are 61.68m s21 and 40 km, respectively (Fig. 8b). Al-

though the Vmax and Rmax are approximations of the

true value, the aliased Doppler velocities in a limited

area cannot be well recovered near the northwestern

direction at a range of approximately 70 km from the

vortex center. The unsuccessful result is due to the

high asymmetry of the combined vortex contributed

by VT1 in the northern vortex and the northerly VM

superimposed on symmetric VT flow. The convergent

feature diagram (Fig. 8c) shows the conversion paths

for vectors in a fashion similar to those shown in

Figs. 7 and 8, but the number of iterations increases

to 8. The asymmetric Doppler velocity structure for

the latter test is shown in Fig. 8d. The magnitude

difference between peak inbound and outbound

Doppler velocities reaches approximately 30m s21.

Even in such an extreme condition, the VDVD is still

able to recover the aliased Doppler velocities. The

final Vmax and Rmax values derived from the GBVTD

algorithm are 60.07m s21 and 40 km, respectively

(Fig. 8e), values that are closer to the simulated vortex

values than the values provided by the former test.

However, the number of iterations increases to 12

(Fig. 8f), being considerably higher than the num-

bers in the previous tests. This finding suggests that

the more asymmetric the Doppler velocity dipole is,

the greater the number of convergence iterations

required.

FIG. 5. The convergent feature diagram for axisymmetric (a) VT and (b) VT plus 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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Table 3 summarizes the sensitivity tests for various

combinations from the wavenumber 1 of VT (VT1) given

with 20% of VT and VM given with a value of 5 and

10ms21 with various directions from 08 to 3608. The
results show that the number of iterations is less than five

and generally increases with the vortex asymmetry. This

finding indicates that the aliased velocities from almost all

the tests can be recovered by theVDVDalgorithm except

the first experiment in test A09 shown in Fig. 8b, which is

combined with symmetricVT andVR and asymmetricVT1

at azimuth 08 and northerly VM. The unsuccessful re-

covery of aliased Doppler velocity in this test occurs be-

cause the simulated vortex is far from the Rankine vortex

assumption when the direction of VM is parallel to the

radar beam. The aliased Doppler velocity can be suc-

cessfully corrected with 5ms21 VM for all directions be-

cause of the reduced asymmetry in the analytic vortex. In

practice, this uncertainty in the dealiasing Doppler ve-

locity will increase with higher VM values, which could be

mitigated by including the short-term motion of TCs or

previous analysis of VM from the GBVTD algorithm.

e. 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

(Fig. 2), the necessary inputs of the initial estimation

are the vortex center location (X0, Y0),V0
max, andR0

max.

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-min timing delay be-

cause 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

FIG. 6. (a) Doppler velocity fields of the original, (b) final iteration, and (c) the convergent feature diagram for axisymmetric VT plus

VT1 at 08. (d)–(f) As in (a)–(c), but for axisymmetric VT plus VT1 at 908.
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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 dis-

placement of 8 km (20% of simulated RMW) in four

directions (north, east, south, and west) from the true

value based on the analytics vortex shown in section 3a

and Fig. 3a. All the experiments reveal obvious con-

vergence patterns, and the convergence approximately

points to the given values of the idealized vortex

(Vmax 5 60m s21, Rmax 5 40 km) (Fig. 9). The aliased

Doppler velocities can be recovered by the reference

wind field based on those approximated Vmax and Rmax

values even at a weaker Vmax and larger Rmax. It is

shown that theRm
max andV

m
max gradually increase toward

the true values. The DVs are greater than DRs in mag-

nitude initially but are contrary at the end of iteration.

An obvious curved convergence path is presented that

is slightly different from that in section 3a (Fig. 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 will

generally increase with the large center displacement

and result in the failure of the convergence (discussed in

the discussion section).

f. Mitigation of the TC center displacement effects

To mitigate the effects of center displacement in the

VDVD algorithm described in the previous subsection,

the GBVTD-simplex center-finding algorithm is com-

bined with the GBVTD-based unfolding algorithm. The

GBVTD-simplex technique (Lee and Marks 2000) was

proposed to determine the TC center and can provide a

proper center position for well-organized TCs when

compared with the reflectivity-based algorithm (Chang

et al. 2009a). The GBVTD-simplex algorithm assumes

that the vortex center is located where the local

maximum of Vmax can be derived from the GBVTD

algorithm. Therefore, the simplex method used to

approximate the location of the local maximum is

combined with GBVTD to provide a proper vortex

center in the GBVTD-simplex algorithm.

FIG. 7. As in Fig. 5, but for (a)–(c) axisymmetric VT plus northerly VM, and (d)–(f) axisymmetric VT plus easterly VM.
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Accordingly, there are two loops in the VDVD

algorithm, which are designed to mitigate the effect

of a shifted TC center. The purpose of the inner loop

(GBVTD iteration) of the VDVD algorithm (Fig. 2)

is to dealias the Doppler velocities as discussed

above; the purpose of the outer loop (GBVTD-

simplex iteration) is to determine the vortex center

based on the Doppler velocity field from the inner

loop. To examine the mutual influence between the

outer and inner loops, the same symmetric VT su-

perimposed with 20% of VT (VT1) at 908, VR, and

5m s21 southerly VM with an eastward 8-km dis-

placement (20% of the simulated RMW) centered at

the vortex center (X0, Y0)5 (8, 2150) are applied.

For the initial outer iterative loop, the inner loop con-

verges within three iterations to a set of (V0,3
max, R

0,3
max)5

(22:18m s21, 49 km), which is substantially different from

the structure of the analytic vortex because of the im-

properly dealiased velocity field (Fig. 10a). Subsequently, a

first apparent center (X1, Y1)5 (29:25, 2134:65) is de-

termined from the GBVTD-simplex algorithm in the

outer loop. With the new TC center, a set of

(V1,4
max, R

1,4
max)5 (48:54m s21, 44 km) can be calculated

by using the VDVD algorithm with a better dealiased

Doppler velocity field (Fig. 10b). The second appar-

ent center determined from the GBVTD-simplex

technique is (X2, Y2)5 (22:12, 2147:79), which is

very close to the center location of the analytic vor-

tex. Combined with the outer loop (GBVTD-simplex

iteration), the Doppler velocities can be subsequently

fully recovered in two iterations (Fig. 10c) and find

the result (V2,4
max, R

2,4
max)5 (58:38m s21, 39 km) of the

inner loop.

A series of experiments are conducted to understand

the improvement of theVDVD compared to theVDVD

without the GBVTD-simplex technique (Table 5). The

combinations of VT1 with 10% or 20% of VT at 908 and
VM with 5 or 10ms21 from 1808 are selected to induce

the greatest asymmetry of a TC structure, and an 8-km

(20% of the simulated RMW) displacement of the TC

center is also applied. The success rate is determined

according to the ratio of the experiments that can be

FIG. 8. As in Fig. 5, but for (a)–(c) axisymmetric VT plusVR, VT1 at 08, and northerlyVM, and (d)–(f) axisymmetric VT plusVR,VT1 at 908,
and southerly VM.
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totally dealiased. For the experiments with 10% VT as

VT1, the success rate of the VDVD algorithm with-

out GBVTD simplex is less than 75%. The VDVD al-

gorithm provides a success rate 25%–50% higher than

that of the VDVD without the GBVTD-simplex tech-

nique except in experiment B03, which has extreme

conditions of 20% of VT as VT1 and 10m s21 VM. The

outer loop of the VDVD successfully approximates the

vortex center to the true value. However, the higher

VT1 and VM could increase the uncertainties, which

would result in a decreased success rate of the VDVD

algorithm.

4. Results and evaluations

Two typhoon cases with and without landfall on

Taiwanwere observed by theRCWFandRCHL radars and

were used to evaluate the VDVD algorithm suc-

cess rates. One case was Typhoon Fitow (2013), which

passed over the ocean northeast of Taiwan with a

FIG. 9. As in Fig. 5, but for the centers at (a) (0, 2142), (b) (8, 2150), (c) (0, 2158), and (d) (28, 2150).
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center more than 100 km from the northern tip of

Taiwan. The other case was Typhoon Nesat (2017),

which exhibited a westerly track similar to that of

Typhoon Fitow. However, Nesat’s track was farther

south and made landfall in northeastern Taiwan. Be-

cause the strongest winds usually occur at lower alti-

tudes in TCs (Marks and Houze 1987; Lee et al. 2000),

the radar PPI data from the first (0.58) and second (1.48)
elevation angles were chosen for the VDVD algorithm

calculations. Moreover, a manually dealiased Doppler

velocity dataset was used to verify the performances of

the VDVD proposed in this study and 2D multipass

velocity dealiasing algorithms (ZW06).

a. Typhoon Fitow (2013)

Figures 11 and 12 show the extreme examples of ZW06

and VDVD for Typhoon Fitow (2013) as observed by the

RCWF radar, respectively. The center of Typhoon Fi-

tow was located over the ocean northeast of Taiwan

at a distance of ;240 km from the radar site at

2311 UTC 5 October 2013. Typhoon Fitow exhibited

a weakly circular-symmetric eyewall structure with a

radius of ;50 km (Fig. 11a). The raw Doppler veloci-

ties around eyewall areas are mostly aliased (Fig. 11b)

because the wind speeds exceed the Nyquist veloc-

ity. With the ZW06 algorithm, it is found that the un-

reasonable Doppler velocities were observed near the

northwestern to southwestern quadrants of the TC

center, which occasionally occurred during operation

because of relatively noisy data around the eyewall

regions (Fig. 11c). The case from the ZW06 algo-

rithm has the lowest success rate, 74.5%, compared to

that of the subjective dealiasing analysis (Fig. 11e). In

contrast, the VDVD algorithm has a success rate of

more than 99% at that time (Fig. 11d). Approximately

9.5 h later, Typhoon Fitow moved to the ocean north of

Taiwan at a distance of ;150 km from the radar site

(Fig. 12a). The reflectivity structure showed a more

intense circular-symmetric eyewall compared to that at

2311 UTC 5 October (Fig. 11a). Figure 12c shows the

FIG. 10. The dealiased Doppler velocity in the VDVD outer loop (a) first, (b) second, and (c) third iteration used the condition that

symmetric VT superimposed 20% VT as VT1at 908, VR, and 5m s21 southerly VM with eastward 8-km displacement (20% of

simulated RMW).

TABLE 5. Sensitivity tests of the VDVD algorithm for various combinations of VT ,VT1,VR, and VM and displacement of the TC center.

A simplex center difference in italic format indicates that the test is not fully dealiased by the VDVD algorithm, and one in bold format

indicates that the test is not fully dealiased by the VDVD without GBVTD simplex. The information in the second and third row of VT1

and VM are the same as that in Table 3.

VT1 VT1 VR VM VM

Center shift 8 km at

(08/908/1808/2708)
Simplex center

differences (km)

Success rate

of VDVD

Success rate of

VDVD without

GBVTD simplex

(20%VT) (10%VT) (5m s21) (10m s21)

(908) (908) (1808) (1808)

B00 ✔ ✔ ✔ ✔ 1.0/1.1/1.0/1.0 100% 75%

B01 ✔ ✔ ✔ ✔ 2.4/4.1/19.7/1.9 75% 50%

B02 ✔ ✔ ✔ ✔ 3.3/3.1/3.3/3.5 100% 50%

B03 ✔ ✔ ✔ ✔ 3.6/18.1/13.8/11.4 0% 0%
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FIG. 11. Radar observations of Typhoon Fitow (2013) at 0.58 from RCWF at

2311 UTC 5 Oct 2013. (a) Base reflectivity (dBZ). Doppler velocities (m s21) of

(b) raw data, (c) ZW06, (d) VDVD, and (e) subjective analysis. Two range rings are

indicated at 150 and 300 km from the radar site.
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FIG. 12. As in Fig. 11, but at 0837 UTC 6 Oct 2013.
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dealiasing result of Doppler velocity using the VDVD

algorithm. The low-velocity region caused by sea

clutter is overly unfolded near the east side of the radar

site. Similar to the results of the VDVD algorithm, the

overly unfolded phenomenon of the Doppler velocity

is also found in the same region using the ZW06 algo-

rithm (Fig. 12b). Hence, the sea clutter signals should

be adequately removed before the dealiasing algorithms

are applied, which can potentially improve the dealiased

velocity performance.

To quantitatively evaluate the VDVD algorithm

performance, comparisons are conducted with a sub-

jective dealiasing analysis based on PPI pixels. Ap-

proximately 21.5% of the pixels were aliased from

Doppler velocity data in 23 h (1907 UTC 5 October to

1757 UTC 6 October), and on average, the VDVD and

ZW06 algorithms can recover 99.4% and 98.3% of

the aliased velocity data, respectively. Table 6 shows

the success rate 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 ZW06

algorithms, respectively. The statistical results show

that the VDVD has a more stable performance for

providing high quality data. Moreover, only approxi-

mately 2% and 14% of the elevation sweeps have a

success rate under 97% for the VDVD and ZW06 al-

gorithms, respectively.

As mentioned previously, the VDVD algorithm

can dealias the Doppler velocity and simultaneously

provide a reasonable center and inner-core wind struc-

ture for TCs. Figure 13 shows the track of Typhoon Fi-

tow derived automatically fromGBVTD simplex, which

is generally consistent with the official track issued by

the CWB and indicates that the track information

from the GBVTD-simplex algorithm is potentially

usable for real-time operation. For the wind structure

of Typhoon Fitow (2013), Fig. 14 shows the time series

of Vmax and Rmax from the first elevation angle data

derived from the VDVD algorithm. The Vmax and

Rmax at 1907 UTC 5 October were 40m s21 and

100 km, respectively. Sequentially, the Vmax changed

slightly (40–50m s21) before 1300 UTC 6 October

and then dramatically weakened to approximately

35m s21. The Rmax decreased from 100 to 60 km from

0000 UTC 5 October to 0900 UTC 6 October. A sub-

sequent Rmax contraction from 90 to 60km occurred

at approximately 1100 UTC 6 October. Generally,

Vmax and Rmax are out of phase, which is consistent

with previous eyewall contraction studies (Marks and

Houze 1987).

b. Typhoon Nesat (2017)

Figure 15a shows the reflectivity field of Typhoon

Nesat observed from RCHL at 0622 UTC 29 July. An

obvious asymmetric eyewall structure with strong re-

flectivity 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. It is also found that 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 (Fig. 15b). With the

ZW06 algorithm, part of the aliased Doppler velocities

is not well dealiased in the inbound region near the

eyewall and surrounding area (Fig. 15c). In contrast,

the aliased Doppler velocities can be successfully re-

covered by the VDVD algorithm (Fig. 15d).

When Typhoon Nesat moved toward the east coast

of Taiwan, most of the aliased velocity data are re-

covered near eyewall regions (Fig. 16a). However,

there are some discontinuities in the Doppler veloci-

ties that are overly dealiased near the offshore re-

gions of southeastern Taiwan. It results from the flow

direction of terrain-induced local circulation that

deviates from that of the Rankine combined vortex

TABLE 6. Numbers of elevation sweeps falling between the cri-

teria of raw data for VDVD and the algorithm in ZW06. The

numbers in parentheses are the percentages of the 472 total sweeps.

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

99–100 1 (0.2) 411 (87.1) 333 (70.6)

98–99 7 (1.5) 40 (8.5) 43 (9.1)

97–98 10 (2.1) 11 (2.3) 28 (5.9)

,97 454 (96.2) 10 (2.1) 68 (14.4)

FIG. 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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(e.g., Wu and Kuo 1999; Wu et al. 2002; Chang and Lin

2011). As a result, the Rankine combined vortex as-

sumption of the VDVD algorithm cannot be ade-

quately applied because of the local circulations. To

avoid this situation and extend the VDVD algorithm

usage, a procedure of radial-by-radial verification simi-

lar to the beam checking in ZW06 is used to recover the

discontinuities resulting from inadequate unfolding. The

concept is illustrated in Fig. 17. Two radials passing

through two tangential points of RMW are chosen as

initial references. The radial-by-radial verification pro-

cedure begins counterclockwise from the inbound site

of the Doppler velocity and clockwise from the out-

bound site and is also applied to the regions inside the

RMW with opposite directions to the regions out-

side the RMW. The procedure is stopped at the azi-

muth of circulation center determined by the VDVD

algorithm.

Figure 16b shows the dealiasing velocity field from the

VDVD algorithm with the radial-by-radial verification

procedure. The discontinuous regions are significantly

reduced, indicating that the radial-by-radial verifica-

tion procedures can recover the inadequately dealiased

Doppler velocities, once the local circulations outside

FIG. 14. Time series of Vmax (blue line) and Rmax (red line) de-

rived from the GBVTD-simplex technique with the first elevation

data of RCWF.

FIG. 15. Radar observations of Typhoon Nesat (2017) at 0.58 from RCHL at

0622 UTC 29 Jul 2017. (a) Base reflectivity. Doppler velocities of (b) raw data,

(c) VDVD, and (d) VDVD with radial verification procedure.
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the TC inner-core regions are far from the Rankine

combined profile assumption.

5. Application performance of wind retrievals

To further evaluate the application performance of the

VDVDalgorithm, the retrieved winds of theGBVTD and

dual-Dopplerwind synthesis (Ray et al. 1975; Shapiro et al.

2009; Liou and Chang 2009) techniques are used to in-

vestigate the difference in retrieved winds between ap-

plying the ZW06 and VDVD algorithms.

a. GBVTD retrievals

As described in section 2, theVDVDalgorithm is based

on the GBVTD and GBVTD-simplex techniques, which

can simultaneously provide the mean flow, axisymmet-

ric tangential and radial winds, and asymmetric tan-

gential winds from single-Doppler radar data after the

VDVD algorithm dealiasing procedures are completed.

Figure 18 shows comparisons of the temporal evo-

lutions of the mean tangential winds derived from

the GBVTD based on the dealiasing data of the

ZW06 and VDVD algorithms from the RCWF and

RCHL radars for Typhoon Nesat (2017). It presents a

very evident RMW contraction from 57 to 35 km (0903

to 1101 UTC) before Typhoon Nesat made land-

fall on Taiwan based on the dealiased data processed

by the VDVD algorithm and observed from the

RCWF radar (Fig. 18a). The RMW contraction rate

is ;10 kmh21, which is comparable to that found by

Chang et al. (2009a). In contrast, using the ZW06

dealiased data, three remarkable, discontinuous gaps

from the mean tangential wind distributions were

found, where the wind speeds were dramatically smaller

than those of proximate times (Fig. 18b). In addition, the

retrieved wind with ZW06 dealiased data (Fig. 18b) is

generally slightly weaker than those with VDVD deal-

iased data (Fig. 18a), which reflects the effects of in-

adequate dealiasing by the ZW06 algorithm. However,

the GBVTD algorithm is not very sensitive because it is

constructed in a harmonic analysis when the inade-

quately dealiased data do not spread into large regions.

For the data observed from the RCHL radar, the

regions of wind retrievals are remarkably smaller

than those from the RCWF radar (Figs. 18a and 18c),

which resulted from noisier data being removed by the

FIG. 16. Radar observations of Typhoon Nesat (2017) at 0.58 from RCHL at

0922 UTC 29 Jul 2017. Doppler velocities of (a) VDVD and (b) VDVDwith radial

verification procedure.

FIG. 17. Schematic diagram of radial-by-radial verification based

on the VDVD algorithm. 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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FIG. 18. (a) Temporal composite of the Typhoon Nesat mean tangential wind (m s21) derived with the GBVTD

technique using dealiased data from the VDVD algorithm from the RCWF radar between 0503 and 1101 UTC 29

Jul 2017. The shading intervals are every 1m s21, and the solid lines indicate theRMW. (b)As in (a), but withZW06

dealiased data. (c) As in (a), but from the RCHL between 0500 and 1100 UTC 29 Jul 2017. (d) As in (c), but with

ZW06 dealiased data.
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RCHL radar signal processor. A similar decreasing

trend is observed for the RMW when using the deal-

iased data from the VDVD algorithm (Fig. 18c), and

there are systematic biases in the RMWs between

the data from RCWF and RCHL, with a difference of

5–20 km. The obvious differences are possibly con-

tributed by effects including the asymmetric circulation

structure of Typhoon Nesat and a relatively shorter

observational range of 190 km from RCHL compared

to 300 km from RCWF (Table 1), which could cause

differences in the uncertainties of the center determi-

nations of the GBVTD-simplex algorithm and the wind

retrievals of the GBVTD algorithm (Lee et al. 1999; Lee

andMarks 2000). In addition, because the TC centers are

close to the RCHL during most of the analysis time, the

outward tilting of the vertical eyewall (e.g., Marks and

Houze 1987; Hazelton and Hart 2013) may partially

contribute the biases ofGBVTD-derivedRMWsbecause

the analyses are examined in the polar coordinate system.

For the difference in the results of the RCWF using the

dealiased data from ZW06 (Fig. 18d), the extremely dis-

continuous gaps in the spatial and temporal distributions

of the mean tangential wind indicated that a large region

of data was not adequately dealiased.

b. Dual-Doppler wind retrievals

The dual-Doppler wind retrievals were processed

using 3DCartesian grid data. The u and y components at

each grid point were retrieved using the approach ofRay

et al. (1975). Furthermore, the horizontal wind compo-

nents were variationally adjusted to minimize the mean

difference between horizontal and vertical divergences,

and then the horizontal divergence and vertical velocity

were derived. Notably, there are uncertainties in the

vertical velocity calculations in regions with incomplete

coverage of radar observations in the boundary layer.

However, the horizontal wind adjustments are relatively

small compared to the original derivations, especially in

weather systems with strong winds, such as those pro-

duced by TCs.

Figure 19 shows examples of the dual-Doppler wind

retrievals by using RCWF and RCHL radar data from

Typhoon Nesat at an altitude of 4 km at 0712 UTC

29 July 2017. The retrieved winds are only shown near

the northern part of the eyewall regions because of the

incomplete coverage at this altitude. Additionally, the

cyclonic circulation is quite obvious with a maximum

wind speed greater than 55ms21 based on the VDVD

data (Fig. 19a). In contrast, unreasonable retrieval winds

are found with irregular wind directions shown in the

northern and northeastern quadrants of the typhoon

using the ZW06 data, which partially results from the

failure of the Doppler velocity dealiasing (Fig. 19b).

To analyze the overall characteristics of the TC

circulation near the inner-core region, the 2D dual-

Doppler retrieval winds are composited from the lowest

available data to increase the amount of retrieval wind

data on a given domain, which benefits the analyses of

the TC circulation center, RMW, and intensity and as-

sociated evolutions. The composite concept is similar to

the hybrid reflectivity (O’Bannon 1997; Chang et al.

2009b) that is designed for the radar QPE. As shown in

Fig. 20, the inner-core region of Typhoon Nesat exhibits

an approximately circular circulation, with the maxi-

mumwind occurring in the southeastern quadrant of the

eyewall, based on the dealiased data from the VDVD

FIG. 19. Dual-Doppler wind retrievals at an altitude of 4 km from Typhoon Nesat at 0712 UTC 29 Jul 2017

retrieved from the RCWF and RCHL radars using (a) VDVD and (b) ZW06 dealiased data. Wind barbs are given

with full/half bar of 5.0/2.5m s21, and the background shaded colors indicate radar reflectivity (dBZ).
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algorithm. In addition, the RMW is close to 50kmwith a

maximum wind speed of more than 55m s21 at altitudes

of 2–4km that are located near the northeastern quad-

rant of the inner side of the eyewall. Similar to Fig. 19b,

the unreasonable retrieval winds in the northern and

northeastern quadrants are obvious by using ZW06 data

(Fig. 20b), indicating that the inadequate dealiasing of

the Doppler velocity will potentially contaminate the

results of downstream analyses at all altitudes.

To further extend the analysis domain of the circu-

lation, including the inner core and spiral rainband

areas of the typhoon, the dual-Doppler synthetic wind

domain is extended using different radars in Taiwan.

The dual-Doppler analyses from radars on different

sides of the CMR are not included in the dual-Doppler

synthetic analyses because their overlapping obser-

vational areas are characterized by high mountains.

Consequently, only eight sets of dual-Doppler wind

synthetic analyses from seven radars are analyzed

around the Taiwan area, consisting of RCWF–RCHL

(A), RCWF–RCCK (B), RCCG–RCCK (C), RCCG–

RCMK (D), RCCK–RCMK (E), RCCG–RCKT (F),

RCKT–RCGI (G), and RCGI–RCHL (H). Because of

the limited coverage of the single dual-Doppler wind

synthetic analysis, all horizontal winds from the eight

sets of dual-Doppler analyses are furthermosaicked into

composite winds based on the hybrid tables (Chang et al.

2009b), which is beneficial for extending the analysis to

the overall structure of TCs.

Figure 21 shows the composite dual-Doppler wind

retrievals at 0811 UTC 29 July 2017 from eight sets of

dual-Doppler analyses. The significant eyewall circu-

lation centered on the offshore area of eastern Taiwan

was retrieved with a maximum wind speed of 50m s21

using the dealiased data from the VDVD algorithm, as

shown in Fig. 20a. In the outer rainband areas, the wind

directions are characterized by westerly and south-

westerly winds in southern Taiwan and northeasterly

winds in northern Taiwan, with wind speeds of ap-

proximately 15 to 30m s21 (Fig. 21a). Notably, there

is a weak, low area located in central-western Taiwan

because of the terrain effect.

In contrast, the circulation adjacent to the eyewall

shows an unreasonable flow pattern when using ZW06

dealiased data, especially in the areas just outside the

northern and southwestern eyewall (Fig. 21b). The

composite wind retrievals can further enhance ana-

lyses of relatively large-scale circulations such as TCs.

However, there would also be serious impacts on the

wind or circulation analyses if the Doppler velocity

could not be adequately dealiased.

6. Discussion

Several sensitivity tests and two typhoon cases are ex-

amined to evaluate theVDVDalgorithmproposed in this

study. The VDVD algorithm, based on the vortex deal-

iasing 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 found. As shown in the

sensitivity tests in sections 3b–d, the uncertainties of the

VDVD algorithm increase when large VT1 or VM are

superimposed on an axisymmetric vortex, which is re-

lated to the basic limitations of the GBVTD algorithm

as addressed by Lee et al. (1999). However, a deviated

Rankine combined vortex wind structure retrieved from

FIG. 20. As in Fig. 19, but for composite dual-Doppler wind retrievals. The wind bars in dark blue, blue, purple, red

pink, and pink indicate wind retrievals from altitudes of 0–2, 2–4, 4–6, 6–8, and above 8 km, respectively.
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GBVTD as a reference vortex is still allowed if the dif-

ference between reference and observed Doppler ve-

locities is less than 1.5 times the Nyquist velocity.

The uncertainty of the VDVD algorithm generally

increases with the center displacement of the axisym-

metric vortex that primarily results in the asymmetric

wind structure as shown in section 3e. In such conditions,

the magnitude of the GBVTD-retrieved maximum axi-

symmetric tangential wind decreases and the RMW in-

creases 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

practice, the radial gradient of the mean tangential wind

is relatively flat as in most weak TCs, and the simplex

algorithm has difficulty finding the exact maximum, as

addressed by Lee andMarks (2000). To further improve

the accuracy and consistency of TC center estimates,

the objective statistical center-finding GBVTD-simplex

method can be used by applying the spatial and temporal

continuities of RMW, Vmax, and TC center (Bell and Lee

2012). The typhoon centers can also be provided by the

official best track analysis to ensure the accuracy and to

serve as the reference for the VDVD algorithm.

Radar data quality is an important factor affect-

ing the results of the VDVD algorithm. As described

above, Taiwan is a mountainous island surrounded by

the ocean and is characterized by two major mountain

ranges, SMR and CMR, while sea clutter, ground

clutter, and beam blockage problems are acute in radar

observations. From the evaluation of Typhoon Fitow

(2013) as discussed in section 4, the unsuccessful pixels

primarily resulting from the influence of sea clutter are

frequently embedded with weather echoes and reduce

the success rate of the VDVD algorithm. Furthermore,

the ground clutter could significantly affect the veloc-

ity dealiasing results when the TCs are adjacent to the

coastline or making landfall. Consequently, the non-

weather echoes should be adequately removed be-

forehand to ensure the quality of the data to be used in

the VDVD algorithm. The nonweather echoes can be

effectually identified and removed by using methods

such as reflectivity climatology (Chang et al. 2009b),

neural networks (Lakshmanan et al. 2007), or fuzzy

logical–based (Liu and Chandrasekar 2000; Berenguer

et al. 2006) radar quality control (QC) algorithms.

7. Conclusions

In this study, a VDVD algorithm with iterative

procedures based on the Rankine combined vortex

assumption is proposed to improve the Doppler ve-

locity quality for typhoon studies. A sensitivity test is

applied to a symmetrically idealized vortex and shows

reasonable results for the recovery of the aliased Dopp-

ler velocity and for the determination of a proper TC

center. Additionally, it is also found that some factors

such as TC asymmetry, center displacement, and data

quality could potentially degrade the results of the

VDVD algorithm.

The Doppler velocity of Typhoon Fitow (2013)

observed by theWu-Fen-San (RCWF) radar is used to

evaluate the performance of the VDVD algorithm.

The VDVD algorithm recovered most of the aliased

velocity observations with a 99.4% accuracy of all

pixels based on 472 elevation sweeps. Eighty-seven

percent (95.6%) of the elevation sweeps show data

success rates of more than 99% (98%) compared to

FIG. 21. As in Fig. 20, but for the composite dual-Doppler wind retrievals at 0811 UTC 29 Jul 2017 retrieved from

eight sets of dual-Doppler analyses.
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70.6% (79.7%) of the elevation sweeps for the ZW06

algorithm. In addition, only 2% and more than 14% of

the data sweeps show a success rate under 97% for

the VDVD algorithm and the ZW06 algorithm, re-

spectively. The success rate of the VDVD algorithm

for each sweep varies from 93.6% to 100%, and that

of the ZW06 algorithm varies from 74.5% to 99.97%.

The unsuccessful pixels of the VDVD algorithm re-

sult primarily from the influence of sea clutter that is

frequently embedded with weather echoes and re-

duce the success rate. Hence, to further improve the

performance of the VDVD algorithm, clutter should

be adequately removed. In the case study of Typhoon

Nesat (2013), the VDVD is able to recover most aliased

Doppler velocities, with the exception of those in

terrain-induced local circulation areas outside the inner-

core region of the TCs. For this special condition, a

radial-by-radial verification procedure is appended

to the VDVD to recover the inadequately dealiased

Doppler velocities.

Generally, the VDVD algorithm can provide a high-

quality Doppler velocity for TCs to improve the quality

of downstream analyses. The dealiased data from the

VDVD algorithm show a reasonable temporal evolution

of the mean tangential winds from single-radar wind re-

trievals using the GBVTD algorithm. The VDVD algo-

rithm also shows significant circulation characteristics in

the inner core of the typhoon using dual-Doppler wind

retrievals and their associated wind composite analyses.

For further performance evaluation and improve-

ment, the impacts of nonweather echoes such as sea

clutter and ground clutter and typhoons with differ-

ent tracks and strengths around the Taiwan area will

be examined in the future. Subsequently, the VDVD

algorithm will be applied to real-time operations to

improve the quality of the Doppler velocity for down-

stream applications, such as Doppler wind retrievals and

radar data assimilations of TCs.
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