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Abstract. The Wind Synthesis System using Doppler Mea-
surements (WISSDOM) is a practical scheme employed to
derive high-resolution three-dimensional (3D) winds using
any number of radars. This study evaluated the advantages
of using multiple radars with different wavelengths in WISS-
DOM for the analysis of bow-shaped convection in a severe
squall line recorded on 2 August 2020. A total of 11 radars
were in operation in the areas surrounding Seoul metropoli-
tan, South Korea: four S-band, two C-band, and five X-band
radars. The advantages of using these radars were assessed
using six different synthesis scenarios: (1) four S-band (sce-
nario S), (2) two C-band (scenario C), (3) five X-band (sce-
nario X), (4) a combination of four S- and two C-band (sce-
nario SC), (5) four S- and five X-band (scenario SX), and
(6) four S-, two C-, and five X-band radars (scenario SCX).
The results revealed that scenario S offered good coverage in
the synthesis domain, but relatively fewer observations were
produced near the surface. In contrast, scenarios C and X
provided sufficient data at lower levels but less coverage in
the areas far from the radars. The scenarios SC and SX cap-
tured the return flow at low levels similar to typical squall
line structures. Overall, the scenario SCX led to the optimal
synthesis when compared with the observations. The mean
bias (MB) of the U - and V -winds between the sounding ob-
servations and scenario SCX was 0.7 and 0.5 m s−1, respec-
tively, while the root mean square difference (RMSD) of the
U - and V -winds were around 1.7 m s−1. In addition, when
comparing the retrieved WISSDOM winds with three radar
wind profiler observations, the average MB (RMSD) for the
U -, V -, and W -winds was 1.4, 2.0, and 1.0 m s−1 (3.1, 3.9,

and 1.5 m s−1), respectively. The significant differences be-
tween scenarios S and SCX can be attributed to additional
low-level observations in SCX, which allowed for the cap-
ture of stronger updrafts in the convection areas of the squall
line. Overall, these results highlight the advantages of using
radars with multiple wavelengths in WISSDOM, especially
C- and X-band radars.

1 Introduction

Doppler radars are important sources of information for
weather analysis because of their relatively wide coverage
and high spatiotemporal resolution. In particular, meteoro-
logical radars are widely used to measure radar reflectivity
and radial velocity for determining precipitation structures
and kinematic information of the weather systems. Armijo
(1969) developed a theory for determining the winds and
precipitation vortices using Doppler radar. However, a sin-
gle Doppler radar can only provide the radial velocity, mak-
ing it difficult to completely resolve the horizontal and verti-
cal winds in precipitation systems. Miller and Strauch (1974)
retrieved three-dimensional (3D) winds in precipitation sys-
tems using dual Doppler radars. Nevertheless, due to the in-
sufficient availability of radars, a single Doppler radar was
still adopted to investigate the kinematic structure of pre-
cipitation systems from the 1980s to the 2000s. In this ap-
proach, the mean winds used to analyze the wind patterns of
weather systems are usually derived from a single Doppler
radar using velocity azimuthal display (VAD; Browning and

Published by Copernicus Publications on behalf of the European Geosciences Union.



6372 C.-L. Tsai et al.: Advantages of using multiple Doppler radars

Wexler, 1968) and velocity track display (VTD; Lee et al.,
1994), a technique from which many other methods have
been derived, including ground-based VTD (GBVTD; Lee et
al., 1999), extended GBVTD (EGBVTD; Liou et al., 2006),
and generalized VTD (GVTD; Jou et al., 2008), and then Cha
and Bell (2021) applied the GVTD in the analysis of a hurri-
cane.

Since the 2000s, dual-Doppler synthesis has emerged as
a more accurate means to derive complete wind fields if
two or more radars are available. The most widely used
dual-Doppler retrieval technique is Cartesian Space Edit-
ing and Display of Radar Fields under Interactive Control
(CEDRIC; Mohr and Miller, 1983), which simultaneously
solves equations using observations of the radial velocity
from two radars to derive horizontal winds (i.e., U - and V -
winds). Vertical winds are then estimated by integrating a
continuity equation for the derived horizontal winds, ulti-
mately constructing complete 3D winds. However, CEDRIC
has a limitation in that the horizontal winds cannot be com-
pletely derived along the radar baseline. To address this limi-
tation and obtain complete wind information, there has been
a shift towards using multiple Doppler radars if available. In
particular, starting in the 2010s, mathematically variational
approach techniques have been utilized to retrieve winds.
For example, Collis et al. (2013) and Varble et al. (2014)
used variational techniques to retrieve winds via scanning
Doppler radar. In addition, the 3D variational techniques
(3DVAR) for radar wind retrieval have been developed by
Shapiro and Potvin and are now available on the Python plat-
form PyDDA (Jackson et al., 2020). However, the terrain ef-
fects was not significantly considered in their schemes. Liou
and Chang (2009) first proposed the Wind Synthesis Sys-
tem using Doppler Measurements (WISSDOM), while Bell
et al. (2012) introduced Spline Analysis at Mesoscale Uti-
lizing Radar and Aircraft Instrumentation (SAMURAI). Cha
and Bell (2023) subsequently upgraded SAMURAI by im-
plementing immersed boundary method (IBM; Tseng and
Ferziger, 2003) to more effectively retrieve wind over com-
plex terrain. In addition, Chong and Bousquet (2001) devel-
oped the Multiple-Doppler Synthesis and Continuity Adjust-
ment Technique (MUSCAT). These variational techniques
considered terrain effects by employing the immersed bound-
ary method (IBM; Tseng and Ferziger, 2003). One of the
advantages of this approach is that winds can be recovered
along the radar baseline, and high-quality winds can also be
derived over complex terrain (Liou et al., 2012, 2013, 2014,
2016; Lee et al., 2018).

Although the quality of the winds derived from WISS-
DOM is high, sufficient radar observations are required to ex-
pand the study domain for specific mesoscale convection sys-
tems such as typhoons, long squall lines, winter storms, and
windstorms. (Tsai et al., 2022, 2023; Swastiko et al., 2024).
Radar observations are generally affected by the terrain be-
cause mountains can block the radar beams. Ideally, the use
of more radars can minimize this issue because more com-

plete coverage is possible, eliminating blind spots. For exam-
ple, Tsai et al. (2018) used six radars in WISSDOM – three S-
band (wavelength of∼ 10 cm) and three C-band (wavelength
of ∼ 5 cm) radars – to document the mechanisms associated
with winter precipitation over the Pyeongchang mountains
in South Korea, with detailed precipitation structures and 3D
winds successfully retrieved. Although S-band radar usually
covers a wide area, radar data may be missing at lower levels
far from the radar site. At the same time, the radar gate vol-
umes become larger if the gate locations are too far from the
radar site, leading to ambiguous radar observations, which is
why the combination of radars is important. In addition, com-
pared to short-wavelength radars such as C-band or X-band
(wavelength of ∼ 3 cm) radars, the coarser spatial resolution
of long-wavelength radar observations is less valuable when
attempting to resolve precise winds using the fine grid spac-
ing of WISSDOM (Tsai et al., 2022).

Increasing the number of radars or lidars can reduce most
concerns about data coverage in wind retrieval algorithms
(Choukulkar et al., 2017; Tsai et al., 2023), especially in
mountainous areas (Hill et al., 2010). The high construction
cost of S-band radar makes it difficult to install them in large
numbers and limits their rapid deployment. In addition, the
S-band radar is installed on the top of high mountains to se-
cure good coverage, resulting more prone to ground clutter
contamination. In contrast, C- and X-band radars are less ex-
pensive and more mobile and mor sensitive to smaller precip-
itation particles. Radars with shorter wavelengths are ideal
for gap-filling applications and provide more information in
light rain events. Even in areas of light rain, the use of these
radars can maintain high-quality wind retrieval. Furthermore,
the attenuation issues inherent to short wavelength radars do
not affect radial (Doppler) velocity measurements.

Recent advances have underscored the value of enhanc-
ing conventional radar networks with additional gap-filling
short wavelength radars. For example, Beck and Bousquet
(2013) demonstrated that supplementing a national network
with X-band radars can substantially improve low-level wind
retrieval and extend coverage in complex terrain. Junyent et
al. (2010), Bharadwaj et al. (2010) have proposed the ap-
plication of X-band radar networks deployed by the Cen-
ter for Collaborative Adaptive Sensing of the Atmosphere
(CASA). However, their study primarily focused on the ex-
pansion of observational coverage in complex terrain and
the qualitative aspects of wind field improvement. A sys-
tematic and quantitative analysis using independent observa-
tional data is needed to assess the impact of using additional
short-wavelength radars. Additionally, there remains a gap in
understanding whether the dynamics and vertical structure of
a specific precipitation system can be effectively captured.

In cases where the WISSDOM is specifically used, Liou
and Chang (2009) were the first to combine two S-band
radars and one X-band radar for WISSDOM, but most re-
search has employed three S-band radar observations in Tai-
wan (Liou et al., 2012, 2014, 2019, 2024). Liou et al. (2013)
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also adopted one S-band and one C-band radar in WISSDOM
to investigate Typhoon Morakot (2009), while Lee et al.
(2018) documented the orographic enhancement of precip-
itation on Jeju Island, South Korea, using two S-band radar
observations. Tsai et al. (2018) used three S-band and three
C-band radars to examine the mechanisms of winter precip-
itation along the northeastern coast of South Korea. Three
radars with different wavelengths were adopted by Liou et
al. (2016), who used two S-band, one C-band, and one X-
band radars in WISSDOM and reported good retrieval re-
sults. However, their study remains the only one to date that
has combined three different radar wavelengths for WISS-
DOM, thus the specific advantages of doing so remain un-
clear.

Recently, Liou et al. (2019) and Liou and Teng (2023)
derived thermodynamic fields using retrieved winds from
WISSDOM, with the accuracy of the results linked to the
data quality of the radar observations. As radar networks con-
tinue to expand, high spatiotemporal resolution 3D winds
and thermodynamic fields will become increasingly acces-
sible. However, understanding of the benefits of the use of
Doppler radars with different wavelengths for the analysis
of storm dynamics and phenomena and the mechanisms re-
mains limited. To address this gap, this study conducts a
quantitative and systematic assessment of the advantages of
using multiple wavelength radars, including their ability to
provide more coverage (especially at lower levels) and pro-
duce observations with a high spatial resolution. A squall line
case was chosen for this evaluation because the presence of
significant precipitation and strong winds can be used to ex-
amine potential errors in retrieved winds (Tsai et al., 2023).
It also allows us to evaluate the uncertainty, and accuracy of
wind retrieval using independent wind observations. Addi-
tionally, it examines the role of additional short-wavelength
radars in capturing the dynamics and vertical structure of pre-
cipitation systems. To achieve this, this study retrieves winds
with different synthesis scenarios with a total of 11 radars,
including four S-band, two C-band, and five X-band radars.

2 Data and methodology

2.1 Synthesis domain and observational data

This study focused on the region around Seoul metropoli-
tan areas, South Korea, Seoul, which has the highest pop-
ulation density in the country and a dense radar network.
Eleven radars were in operation within the WISSDOM anal-
ysis domain, with their locations presented in Fig. 1. The four
S-band long-wavelength radars are labeled SBRI, SGDK,
SKWK, and SKSN in Fig. 1a, while the automatic weather
stations (AWSs), sounding, radar wind profilers (RWPs), and
C- and X-band radar sites in the WISSDOM domain are
presented in Fig. 1b. The two C-band radars are labeled
CIIA and CSAN and the five X-bands radars are labeled

XYOU, XKOU, XSRI, XMIL, and XDJK. The temporal res-
olution for each radar volume scan was 10 min except for
CIIA (XDJK, XMIL, and XSRI), which was around 6–7 min
(∼ 15 min). A complete volume scan can be synchronized
every 30 min for the selected radars. In a complete volume
scan of each radar, the plan position indicator (PPI) eleva-
tion angles were concentrated between−0.4 and 20° (45° for
CIIA), with details of the elevation angles presented in Ta-
ble 1. Even though they were operated from different govern-
ments or university departments, the radars used in this study
were mostly synchronized using similar scanning strategies.
The gate spacing was between 60 and 250 m, with a maxi-
mum range of 40–250 km depending on the wavelength of
the radar. The specifications for the radars are summarized in
Table 1.

The radar data were interpolated to the Cartesian coordi-
nate system for WISSDOM synthesis after undergoing qual-
ity control (QC). A fuzzy logic QC algorithm was employed
to remove non-meteorological signals while preserving use-
ful data (Cho et al., 2006; Ye et al., 2015).The lowest avail-
able radar data (i.e., useful radar reflectivity and radial ve-
locity above ground) were obtained using a relatively high
discrimination threshold. Radar data for each there was a to-
pography blockage of more than 10 % were removed to re-
tain only realistic data. The radial velocity was unfolded if
the radial velocity was folded (i.e., over the Nyquist velocity
for each radar). At this stage, the QC radar data had the same
grid size as the original coordinates. The the useful and re-
liable radar data were then interpolated to mitigate possible
errors arising from non-meteorological and useless signals in
the WISSDOM retrieval (see Sect. 2.3).

Figure 2 shows the radar coverage and topographic block-
age at constant high levels. The mountains are not sufficiently
high in South Korea, thus, there were no significant terrain
blockages in the WISSDOM domain (Fig. 2a and b). In addi-
tion, the S-band radars could not provide sufficient observa-
tions at lower levels because they were generally located at
higher elevations and far from the WISSDOM domain. Al-
though the C-, and X-band radar observations were also lim-
ited at the lowest level, they provided good coverage from 0.5
to 1 km m.s.l. (Fig. 2b and c). The area of overlap increased
from 2 or 3 radars to 5 or 6 radars in the WISSDOM do-
main below 1 km m.s.l. (mainly due to the short-wavelength
radars), then the overlay area was expanded and occupied
most areas with 5–7 radar numbers in WISSDOM domain
from 2 km, 5 km up to 10 km m.s.l. (Fig. 2d–f).

An operational sounding at site 47199 (Fig. 1b) collected
data every 6 h (from 00Z) each day, and the raising speed
was around 3–5 m s−1 recorded data every 1 s. The sound-
ing observations needed to be interpolated to a fixed vertical
spacing of 0.25 km, and temperature profiler was utilized to
determine the freezing level, and the horizontal wind infor-
mation can be used as the background in WISSDOM. The
retrieval of horizontal winds (i.e., U - and V -winds) using
WISSDOM was evaluated with horizontal winds recorded by
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Figure 1. Spatial distribution of instruments used in the present study. A small box in (a) indicates the WISSDOM synthesis domain
corresponding to (b). The black triangles denote the radars, the red solid circles indicate the automatic weather stations (AWS) and the
black squares represent the sounding (47199) and radar wind profiler sites (RWP1–3). The topographic features and elevation are depicted
in accordance with the color scale on the right.

Table 1. Specifications for the radars used in the present study.

Longitude Latitude Radar Wave Beam Nyquist Range Max Volume Elevations
(° E) (° N) Height length Width Velocity Resolution Range scan

(m) (cm) (°) (m s−1) (m) (km) Interval
(min)

SGDK 127.43 38.11 1066 10 0.89 64.3 250 250 10 −0.4 0.0 0.3 0.8 1.4 2.5 4.2 7.1 15

SKWK 126.96 37.44 615 10 0.93 68.3 250 250 10 −0.2 0.0 0.3 0.8 1.5 2.6 4.4 7.3 15

SBRI 124.62 37.96 170 10 0.96 64.7 250 250 10 0.1 0.4 0.8 1.4 2.2 3.4 5.1 7.6 15

SKSN 126.78 36.01 212 10 0.90 67.9 250 250 10 0.0 0.3 0.7 1.3 2.1 3.2 5.0 7.6 15

CIIA 126.36 37.46 142 5 0.53 29.7 250 130 ∼ 6 0.7 1.0 1.5 2.1 2.9 4.0 6.0 8.0
11 15 21 28 36 45

CSAN 126.49 36.70 45 5 0.95 47.9 250 130 10 0.5 0.9 1.4 2.0 2.6 3.4 4.5
5.9 7.6 10 13 20

XKOU 127.02 37.58 136 3 0.53 18.0 60 40 10 3.0 3.6 4.3 5.1 6.1 7.2 8.6
10.2 12.2 14.4 17 20

XYOU 126.93 37.56 79 3 0.45 18.0 60 40 10 2.5 3.0 3.7 4.4 5.4 6.5 7.8
9.4 11.4 13.6 16.4 20

XDJK 126.09 37.25 116 3 1.26 44.8 150 75 15 1.5 2.1 3.0 4.2 5.8 7.9 15

XMIL 126.44 36.93 295 3 1.26 44.8 150 75 15 0.8 1.4 2.2 3.5 5.2 7.9 15

XSRI 126.90 37.35 435 3 1.26 44.8 150 75 15 0.8 1.4 2.2 3.4 5.2 7.9 15

the sounding. The dense AWS network measured the surface
winds every 1 min within the synthesis domain. Relatively
few AWS sites are present over the ocean, but there is a dense
distribution overland, especially in Seoul. The AWS obser-
vations were also used as background in WISSDOM synthe-
sis. Three RWPs (RWP1–3) were deployed at northeastern
and southwestern areas of the synthesis domain (as Fig. 1b).
These RWPs provided wind profiles every 50 m from the sur-
face up to 10 km above mean sea level (m.s.l.) at 10 min in-

tervals. The RWPs observations were used as a reference in
evaluation of the 3D winds (including W -winds) of WISS-
DOM.

2.2 Overview of the case study

The advantages of using multiple Doppler radars with dif-
ferent wavelengths in WISSDOM were investigated in a
frontal squall line case. A short stationary front extending
from Shandong Peninsula to Seoul crossed the Yellow Sea at
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Figure 2. (a) The coverage area and topographic blockage of the radar observations were explored at 0.25 km m.s.l. (Mean Sea Level) height,
the color shading indicates the overlay areas counting by the radar numbers. The location of S-, C-, and X-band radars were marked by dark
blue, light blue, and green triangles, respectively. The black box is the WISSDOM domain as same as in Fig.1a. (b), (c), (d), (e), and (f) are
the same as (a), but for the height at 0.5, 1, 2, 5, and 10 km m.s.l.

00Z on 2 August 2020 (Fig. 3a). A nearly stationary sub-
tropical high-pressure system caused this front to occupy
the regions in the southeastern ocean off the Korean Penin-
sula, and a moving low-pressure system moved easterly from
110° E along ∼ 55° N. A local area with high moisture con-

tent associated with the low-pressure system eastward also
approached Seoul at 12Z on 2 August 2020 (Fig. 3b). Trop-
ical storm Hagupit was also developing in the Pacific Ocean
off the eastern coast of Taiwan, and it may be weakly affected
the weather systems near South Korea. During this period, a
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Figure 3. Korea Meteorological Administration surface analysis maps obtained at (a) 00:00 UTC and (b) 12:00 UTC on 2 August 2020. The
purple shading indicates areas containing high moisture, while the arrows indicate the possible direction of movement. The red circle marked
the locations of the Korean Peninsula and the short front.

squall line passed Seoul through the WISSDOM domain, and
most radars were in operation at this time. This case was se-
lected as an example of a mesoscale convective system that
often develops during the warm season in South Korea and
produces significant rainfall near Seoul.

The evolution of this squall line can be described using
the hybrid surface rainfall (HSR, Kwon et al., 2015; Lyu
et al., 2015; Kwon, 2016). HSR is based on meteorological
radar observations that provide high-quality surface rainfall
information for South Korea every 10 min (recently, every
5 min) at the lowest height over terrain. The squall line devel-
oped with bow-shaped echoes from 03:30 to 06:30 UTC on
2 August 2020 (Fig. 4a–d, respectively). A sharp precipita-
tion gradient was observed along the leading edge, and strat-
iform precipitation was located behind the convective area.
These precipitation structures were typical of a squall line
(Houze, 1977; Houze et al., 1989), and broad stratiform ar-
eas were present behind a prominent segment of the line as a
bow (Fig. 4a). The squall line moved toward Seoul and there
were no clear bow-shaped features along the leading edge
at 04:30 UTC (i.e., Fig. 4b). Stratiform precipitation devel-
oped in the southern segment of the squall line and the bow-
shaped characteristics reappeared, but the locations shifted to
the southern segment of the squall line, accompanied by ob-
vious stratiform precipitation areas behind it (Fig. 4c). Com-
pared to the northern segment of the squall line, significant
precipitation was observed in its southern segment, and the
typical structural characteristics of a squall line were also
present. Less organized convection was present in the north-

ern segment of the squall line at 06:30 UTC (Fig. 4d). How-
ever, clear bow-shaped structures were recorded in the south-
ern segment when the squall line made landfall. This squall
line moved easterly without significant southern or northern
movement, with an average moving speed for the leading
edge of ∼ 14 m s−1 from 04:30 to 06:30 UTC.

The performance of WISSDOM wind retrieval was ana-
lyzed for this case study at 04:30, 05:30, and 06:30 UTC
as the squall line moved from the ocean to the coast and
then to the land, respectively. It is also because both clear
bow-shaped echoes along the southern segment and dissi-
pated bow echoes along the northern segment of the squall
line were observed. The characteristics of precipitation and
wind patterns (i.e., return flow, etc.) were mainly checked
qualitatively before the accuracy of the retrieved winds was
quantified. This step can initially confirm the reliability of
retrievals in WISSDOM. Therefore, WISSDOM retrieval
could be compared to the typical characteristics of a squall
line structure based on Houze et al. (1989). In addition, the
squall line was lying over the densest radar network in South
Korea at this time, thus observing winds data from a large
selection of radars.

2.3 WISSDOM (WInd Synthesis System using
DOppler Measurements)

The first version of WISSDOM was proposed by Liou and
Chang (2009) as a mathematical variational-based algorithm
used to derive 3D winds using radars and other observations.
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Figure 4. Horizontal distribution of the hybrid surface rainfall (HSR) (colored shading, unit: mm h−1) at (a) 03:30, (b) 04:30, (c) 05:30, and
(d) 06:30 UTC on 2 August 2020.

The basic structure of WISSDOM minimizes the cost func-
tion using five constraints (Liou et al., 2012; Tsai et al., 2018,
2022). The cost function can be expressed as Eq. (1):

J =

5∑
M=1

JM , (1)

where M represents the five constraints. The first constraint
is the geometric relations between radar radial velocity and
each grid point in WISSDOM using Cartesian coordinates,
expressed as follows:

J1 =

2∑
t=1

∑
x,y,z

N∑
i=1

α1,i
(
T1,i,t

)2
, (2)

where t is the time step in Eq. (2). WISSDOM uses two time
steps. x,y,z indicate the location of the grid points in the
synthesis domain, and i is the number (N) of radars. α1 is the
weighting coefficient of J1. T1,i,t is defined using Eq. (3):

T1,i,t = (Vr)i,t −

(
x−P ix

)
ri

ut −

(
y−P iy

)
ri

vt −

(
z−P iz

)
ri(

wt −WT ,t

)
, (3)

where (Vr)i,t is the radial velocity observed by radar i at time
step t , P ix ,P

i
y and P iz denote the coordinate of radar i, ut ,vt

and wt (WT ,t ) are the 3D winds (terminal velocity) at a given
grid point at the time step t . ri is defined using Eq. (4).

ri =

√
(x−P ix)

2+ (y−P iy)
2+ (z−P iz )

2 (4)

The second constraint is the difference between the back-
ground (VB,t ) and true wind field (Vt), which is defined as

J2 =

2∑
t=1

∑
x,y,z

α2
(
Vt−VB,t

)2
, (5)

where α2 is the weighting coefficient of J2, and Vt is defined
as in Eq. (6):

Vt = ut i+ vt j+wtk. (6)

An anelastic continuity equation, vertical vorticity equation
and Laplacian smoothing filter are the third, fourth and fifth
constraints in Eq. (1). They are determined using Eqs. (4),
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(5), and (6), respectively:

J3 =

2∑
t=1

∑
x,y,z

α3

[
∂ (ρ0ut )

∂x
+
∂ (ρ0vt )

∂y
+
∂ (ρ0wt )

∂z

]2

(7)

J4 =
∑
x,y,z

α4

{
∂ζ

∂t
+

[
u
∂ζ

∂x
+ v

∂ζ

∂y
+w

∂ζ

∂z
+ (ζ + f )

(
∂u

∂x
+
∂v

∂y

)
+

(
∂w

∂x

∂v

∂y
−
∂w

∂y

∂u

∂z

)]}2

, (8)

J5 =

2∑
t=1

∑
x,y,z

α5

[
∇

2 (ut + vt +wt )
]2
, (9)

where ρ0 is the air density, and ζ = ∂v/∂x− ∂u/∂y.
The WISSDOM domain is presented as the black box

in Fig. 1a and in full in Fig. 1b. The domain sizes are
200× 200 km (10 km) with a spatial resolution of 1 km
(0.25 km) in horizontal (vertical). The sounding and AWS
observations were adopted as the background constraint for
Eq. (5). The AWS observations were bilinearly interpolated
to the lowest grid point above the ground, and the horizon-
tal distance weighted using a Gaussian distribution between
the AWSs and each grid point. Above the surface level, the
sounding data provided uniform horizontal winds for each
level. The sounding site (no. 47199) was located at the cen-
ter of the domain (Fig. 1b) to represent the background of
this area. The discrepancies in the retrieved winds were mi-
nor when the reanalysis datasets were applied to WISSDOM
(not shown), and the results revealed that they were compati-
ble when in-situ storm-scale observations were lacking. Note
that the temporal resolution for WISSDOM retrieval was set
to every 30 min to synchronize with the radar observations.
The basic settings for WISSDOM employed in the present
study are summarized in Table 2.

One advantage of WISSDOM is that the 3D winds along
the radar baseline can be recovered well using a variational-
based algorithm. Thus, the quality of the retrieved winds
along the radar baseline would not be a significant issue to
the radars’ relative location (or distance) in WISSDOM, es-
pecially when using multiple radars. The other advantage of
WISSDOM is that it applies IBM for computing the winds
over complex terrain (Liou et al., 2012). The IBM can simu-
late fluid patterns over a complex geometry in Cartesian co-
ordinates (Peskin, 1972), thus allowing for the extraction of
information closer to the surface for each grid in WISSDOM.
As it is known that observations are often lacking near the
surface, it may be limited to computing and simulating at-
mospheric variables at the lower boundary, especially over
terrain. Therefore, WISSDOM retained and computed the
winds from the lowest grid by adopting the IBM, with the re-
trieved winds better reflecting the real situation at the lower
boundary over complex terrain up to higher levels. Those ad-
vantages are the reason why SAMURAI was also upgraded
by applying the IBM (Bell et al., 2012; Cha and Bell, 2023),

while MUSCAT (Chong and Bousquet, 2001) also uses the
IBM, even for on the analysis of tropical cyclones (Cheng et
al., 2025).

2.4 Scenarios for the use of the radars and
corresponding evaluations

Several scenarios were employed in the present study to iso-
late the contributions of different wavelengths in the radar
observations (Table 3). The first three scenarios use only one
type of radar in order to determine the impact of different
wavelengths individually. The first scenario (scenario S) in-
cludes only four S-band radars, and the second and third
scenarios employed two C-band and five X-band radars, re-
spectively, and these scenarios (referred to as scenarios C
and X, respectively) have not been used in previous WISS-
DOM analyses. The remaining scenarios were combinations
of radars with different wavelengths. According to previous
studies (Liou and Chang, 2009; Liou et al., 2012, 2014, 2016,
2019, 2024; Tsai et al., 2018), S-band radar is necessary in
WISSDOM; therefore, the fourth and fifth scenarios combine
S-band radars with C-band, and X-band radars, respectively
(scenarios SC and SX). Finally, the sixth scenario puts all
three radar types together (scenario SCX).

Because the sounding site (no. 47199) and three radar
wind profilers (RWP-1–3) were collocated in the WISSDOM
domain, the mean bias (MB) and root mean square deviation
(RMSD) between the retrieved WISSDOM winds, sound-
ings, and RWP-1–3 observations were selected as the eval-
uation metrics in the present study, following the same ap-
proach used by Tsai et al. (2023) in evaluating wind retrieval
in WISSDOM. Since the vertical spatial resolution of the
sounding observations was around 3–5 m, which was asso-
ciated with the rate of rise of the sensors (3–4 m s−1), the
data had to be interpolated to 250 m to fit the vertical grid
spacing of WISSDOM. The MB and RMSD were estimated
by tracking the exact rising path of the sounding sensor be-
cause the sounding tracks are not usually right on the grid
point of WISSDOM. Therefore, the sounding observations
near the closest grid point in WISSDOM and their retrieved
winds were selected to estimate the MB and RMSD. The
sounding launching time of 06:00 UTC on 2 August 2020,
which was the closest time to the WISSDOM analysis period
(05:30 UTC), was selected for this evaluation. The RWPs
were fixed stations that provide vertical 3D wind informa-
tion from the surface. The RWP observations were interpo-
lated to 250 m to allow for a comparison with the WISS-
DOM derived winds during the same time steps at 04:30,
05:30, and 06:30 UTC. Similar to the comparison between
the sounding observations and the WISSDOM winds, the
MB and RMSD were estimated for the RWPs at each site.
The MB and RMSD were calculated using Eqs. (7) and (8),
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Table 2. Basic setting for WISSDOM.

Domain range Latitude: 36.545–38.344° N
Longitude: 125.339–27.604° E

Domain size 200× 200× 10 km (length×width× height)

Temporal resolution 30 min

Spatial resolution 1× 1× 0.25 km (length×width× height)

Terrain resolution 0.09 km

Coordinate system Cartesian coordinate system

Background Sounding (no. 47199) and AWS

Data implementation Doppler radars: bilinear interpolation
Background: linear interpolation
AWS: bilinear interpolation with Gaussian weighting

Weighting coefficient Doppler radars: α1 = 102

(input datasets) Background α2 = 10−1

Table 3. List of radars synthesized for each scenario.

Scenarios Synthesized Radars Abbreviations

Scenario 1 SKWK, SGDK, SBRI, SKSN (S-band) S

Scenario 2 CIIA, CSAN (C-band) C

Scenario 3 XDJK, XMIL, XSRI, XKOU, XYOU (X-band) X

Scenario 4 SKWK, SGDK, SBRI, SKSN (S-band) CIIA, CSAN (C-band) SC
CIIA, CSAN (C-band)

Scenario 5 SKWK, SGDK, SBRI, SKSN (S-band) SX
XDJK, XMIL, XSRI, XKOU, XYOU (X-band)

Scenario 6 SKWK, SGDK, SBRI, SKSN (S-band) SCX
CIIA, CSAN (C-band)
XDJK, XMIL, XSRI, XKOU, XYOU (X-band)

respectively:

MB=
1
n

n∑
i=1

|(Xi −Yi)| , (10)

RMSD=

√√√√√ n∑
i=1
(Xi −Yi)

2

n
, (11)

where n is the number of datapoints, and X and Y repre-
sent the observations and synthesized winds, respectively.
The vertical profiles for the U - and V -winds from the sound-
ing observations and vertical profiles for the U -, V -, and W -
winds from the RWP observations are both compared with
the WISSDOM winds for each scenario in Sect. 3.3, while
the MB and RMSD are presented in Sect. 3.4.

3 Results and discussion

3.1 Comparison of horizontal wind structure

The precipitation structures and storm-relative flow (consid-
ering the movement speed of the squall line at the analysis
time) obtained from WISSDOM at 2 km m.s.l. are presented
for scenarios S, C, X, SC, SX, and SCX in Fig. 5a–f, respec-
tively. S-band radars were able to depict clear bow-shaped
echoes along the leading edge of the squall line. There were
southeasterly and southwesterly winds in advance of and
behind the convection region in the southern segment of
the line (Fig. 5a). Airflow convergence coincided with this
strong convection region. Rear-to-front flow was identified
behind the convection region, and the gust front reached
∼ 50 km away from the leading edge of the main squall line,
at X =∼ 125 km, as inferred from the weak radar reflectiv-
ity areas. The precipitation and airflow structures were simi-
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lar to typical bow echoes in squall line systems. Along the
northern segment of the squall line (i.e., from Y = 125 to
Y = 200 km), the convection was relatively weak and less
organized. The characteristics of the flow convergence and
rear-to-front flow were not clearly detected. Orographic pre-
cipitation may have been produced when the winds impinged
the mountains near the northeastern area of the synthesis do-
main.

Compared to scenario S, significant attenuation of radar
reflectivity was observed in scenario C (Fig. 5b), particu-
larly in areas where the radar reflectivity was strong. The
radar reflectivity was also missing along several azimuths
in the northeastern and western sectors relative to the CIIA
(X =∼ 75 km, Y =∼ 125 km) and CSAN (X =∼ 50 km,
Y =∼ 15 km) radar sites, due to significant attenuation. Sig-
nificant flow convergence was also observed coincident with
the convection areas along the southern segment of the squall
line. Except for the missing reflectivity areas, the airflow
structures had characteristics similar to those in scenario S
(i.e., rear-to-front flow and flow convergence).

Figure 5c presents the results from WISSDOM for sce-
nario X. The short detection range of the X-band radars may
have reduced the radar reflectivity coverage. The X-band
radar reflectivity exhibited greater attenuation compared to
scenario S. Furthermore, the X-band radars were concen-
trated in Seoul (X and Y =∼ 125 km), so there were no avail-
able observations over the ocean near the northwestern cor-
ner and the northeastern corner of the synthesis domain. Uni-
form airflow was observed over regions lacking radar echoes,
as the wind information in these areas was mainly derived
from background winds. Although weaker convergence also
exists along the convection in the southern segment of the
squall line, the rear-to-front flow was unclear. The results in-
dicate high variance in the strength of the radar reflectivity
between the long-wavelength (S-band) and short-wavelength
radars (C- and X-bands), but the flow structures were similar
except for the echo-free areas in scenario X.

Scenario SC (Fig. 5d) produced almost the same precipita-
tion and storm-relative flow as scenario S (Fig. 5a). Although
there were echo-free areas in scenario C (Fig. 5b), the storm-
relative flow retained a reasonable structure in scenario SC,
especially at the southern end of the squall line (X =∼ 25–
50 km, Y =∼ 0–25 km). Another flow convergence area co-
incided with a stronger reflectivity area behind the main con-
vection area near X =∼ 0–50 km, Y =∼ 130 km. Although
these signatures were not observed in scenarios S and C, the
convergence area was reproduced due to the wider coverage
of the C-band radar when combined with some of the S-band
radar observations at lower levels (not shown). Scenario SX
(Fig. 5e) had minor differences from scenario S, though the
results included the observations from the X-band radars. In
scenario SCX (Fig. 5f), two distinct flow convergence re-
gions were observed: one along the leading edge of convec-
tion in the southern segment of the squall line, and another
located behind the convection area, oriented perpendicular

to the squall line. The rear-to-front flow exhibited the most
prominent bow shape along the squall line. These horizon-
tal airflow and precipitation structures closely matched the
typical characteristics of the squall line in mesoscale convec-
tive systems (Swastiko et al., 2024) and squall line-like bow
echoes in tropical cyclone rainbands (Yu and Tsai, 2013; Yu
et al., 2020), meaning that scenario SCX may have produced
the most reasonable and representative wind field synthesis.

The W -winds at 2 km m.s.l. for each scenario are pre-
sented in Fig. 6. A very clear updraft was found along leading
edge and flow convergence areas of the squall line in scenario
S (Fig. 6a). A relatively weak updraft was also found in the
areas without flow convergence near the areas where the air-
flow penetrated the leading edge in the northern segment of
the squall line (X =∼ 90 km, Y =∼ 130 km). W -wind struc-
tures are typical of squall lines with downdraft behind and
a weak updraft in advance of the convection area. A less
clear updraft was captured along the squall line in scenario C
(Fig. 6b). However, a stronger updraft core was present in the
areas near the center of the synthesis domain. Unclear con-
trasts between downdrafts and updrafts were present behind
and in advance of the convection areas in this scenario. The
W -winds in scenario X (Fig. 6c) had no clear relationship
with the squall line, with both the updrafts and downdrafts
generally weak.

However, a prominent updraft was produced along the
squall line in scenarios SC and SX (Fig. 6d and e). In ad-
dition, the updraft areas were expanded in advance of the
leading edge and behind the gust front in the southern seg-
ment of the squall line. These expanded updraft areas became
clearer in scenario SCX (Fig. 6f), revealing a stronger updraft
in these areas. A clear updraft was present along the convec-
tion of the squall line, and a stronger downdraft was also seen
behind the convection areas coincident with the rear-to-front
flow.

3.2 Comparison of vertical wind structure

Because the precipitation and storm-relative flow in the
southern segment of the study squall line were very similar
to the typical structure of a squall line (Fig. 7; Houze et al.,
1989), the present study analyzed the average precipitation
and flow structure in the southern segment of the squall line.
The averaged cross-section is indicated by A-A’ in Fig. 5a.
The retrieval results could then be compared to the reference
for a typical squall line.

Precipitation and flow structures from scenario S (Fig. 8a)
closely resembled those of a typical squall line (Fig. 7), using
a radar echo threshold of 25 dBZ, because the intense precip-
itation and significant flow structures could be successfully
identified in this case. The strongest updraft was associated
with heavy precipitation areas and descending rear-to-front
inflow behind the convection with the stronger radar reflec-
tivity. The descending rear-to-front inflow appeared to be a
return flow that descended to near the surface; however, the
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Figure 5. Retrieved radar reflectivity (color shading, dBZ), and storm-relative flow (vectors) at 2 km mean sea level (m.s.l.) obtained from
WISSDOM for scenarios (a) S, (b) C, (c) X, (d) SC, (e) SX, and (f) SCX. The two black lines indicate the box area corresponding to the
mean vertical cross-section A-A’ in Fig. 8.

return flow could not be clearly seen, which may have been
caused by the lack of data at lower levels. The gust front was
also detected in scenario S, with a weak updraft just above
it. Although the attenuation produced weaker radar reflectiv-
ity in the convection areas in scenario C, storm-relative flow
was observed (i.e., the environmental wind subtracted from
the moving speed of the precipitation systems, Fig. 8b). Un-
like scenario S, return flow could not be produced in scenario
C. However, the C-band radars produced more radar observa-
tions near the surface (cf. Fig. 2). A weak updraft and lack of
descending rear-to-front inflow were the main characteristics
of scenario X (Fig. 8c). Nevertheless, the X-band radars were
the same as C-band radars in that they provided more radar
observations at lower levels. Note that the front-to-rear flow
could only be retrieved near the surface (∼ 0.5 km m.s.l.) in
scenario X, and this characteristic was similar to a typical
squall line (Fig. 7).

The precipitation and flow structures were similar between
scenarios S, SC, and SX (Fig. 8a, d, and e). However, the
C- and X-band radars provided sufficient radar observations

near the surface, thus the descending rear-to-front inflow ap-
peared to return at very low levels near the surface. In sce-
nario SCX (Fig. 8f), a strong updraft was associated with
strong radar reflectivity in the convection areas of the squall
line. In addition, another updraft was observed coincident
with the gust front and above it (i.e., the position of the new
cell indicated in Fig. 7). Furthermore, descending rear-to-
front inflow occurred behind the convection area, and this
inflow changed to be the return flow near the surface. Al-
though the C- and X-band radars experienced significant at-
tenuations, adding S-band radar observations can compen-
sated for this. Similarly, although S-band radars lack of ob-
servations at lower levels, this weakness was minimized by
adding C- and X-band radar observations in scenario SCX.
Overall, the results derived from WISSDOM synthesis were
comparable to the characteristics of a typical squall line.

The variance in the intensity of the W -component is pre-
sented for each scenario in Fig. 9. Only one updraft core (de-
fined as a vertical velocity over 1.5 m s−1 with upward ex-
tension at least 5 km tall, marked in dark orange color) was
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Figure 6. Retrieved vertical velocity (i.e., W -winds, color shading, m s−1), and storm-relative flow (vectors) at 2 km m.s.l. obtained from
WISSDOM for scenarios (a) S, (b) C, (c) X, (d) SC, (e) SX, and (f) SCX. The two black lines indicate the box area corresponding to the
mean vertical cross-section A-A’ in Fig. 9.

Figure 7. Conceptual model of a cross-section perpendicular to the orientation of the squall line, The thick solid line and grey-shaded areas
indicate the precipitation echoes observed from the radar (adopted from Fig. 1 in Houze et al., 1989).

presented in scenario S (Fig. 9a), while there were two up-
draft cores in scenario C (Fig. 9b). The second updraft core
was just located above the areas from the leading edge of the
squall line to the gust front. This updraft plays a role in gener-
ating new cells in the squall line, and this updraft can also be
found in a typical squall line (cf. Fig. 7). There was no clear

updraft in scenario X (Fig. 9c), but positive values for theW -
component were retrieved in the convection of areas of the
squall line. The intensity of the updraft cores was stronger
in scenario SC (Fig. 9d), while only one updraft core was
present in scenario SX (Fig. 9e). Figure 9f shows that two
updraft cores were observed in scenario SCX, and an intense
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Figure 8. Mean cross-section of the retrieved radar reflectivity (color shading, dBZ), and storm-relative flow (vectors) obtained from WISS-
DOM for scenarios (a) S, (b) C, (c) X, (d) SC, (e) SX, and (f) SCX corresponding to the A-A’ box in Fig. 5a.

Figure 9. The same as Fig. 8, but for a mean cross-section of the vertical velocity (i.e., W -winds, color shading, m s−1) and storm-relative
flow (vectors) obtained from WISSDOM for scenarios (a) S, (b) C, (c) X, (d) SC, (e) SX, and (f) SCX corresponding to the A-A’ box in
Fig. 6.
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downdraft was presented in behind one of the updraft cores
in the convection areas. These results had characteristics sim-
ilar to a typical squall line in this case, thus highlighting the
positive impact of adding C- and X-band radar observations
to S-band radars as they can provide sufficient data at lower
levels.

3.3 Quantitative evaluation of retrieved winds

The results from WISSDOM were able to qualitatively de-
scribe the precipitation and flow structures, but the quantita-
tive accuracy of the retrieval winds required further verifica-
tion. The optimal scenario for WISSDOM also needed to be
identified by running a series of evaluations. In the present
study, the performance of WISSDOM was evaluated against
the sounding and RWP data.

Since the sounding continuously ascended, the WISS-
DOM winds were extracted by following the trajectories
of the soundings. Figure 10a presents the U -winds pro-
files from both the sounding observations and the various
WISSDOM scenarios. Below 4 km m.s.l., the differences
between the sounding observations and the WISSDOM-
retrieved winds were minimal. However, above 4 km m.s.l.,
the WISSDOM winds deviated from the sounding observa-
tions, as wind speeds dropped significantly near 5 km m.s.l.
Above ∼ 6 km m.s.l., the sounding observations and WISS-
DOM winds once again showed good agreement. The WISS-
DOM winds were consistent for each scenario except sce-
narios C and scenario X, coinciding with the changes in the
sounding winds at ∼ 5 km m.s.l.

The differences in the V -winds between the sounding ob-
servations and WISSDOM synthesis winds are presented in
Fig. 10b. Overall, the results indicate minor differences, ex-
cept that scenario X produced higher V -wind speeds than the
sounding observations below ∼ 5 km m.s.l. The overall per-
formance of WISSDOM in retrieving the winds was good de-
spite the abrupt changes in the sounding wind speeds at cer-
tain levels in this case. Note that scenario SCX had relatively
smooth trends, without significant fluctuations to changes in
the sounding observations. The more consistent results ob-
tained from the different scenarios in WISSDOM synthesis
may be related to the sufficient coverage of the radar obser-
vations because the sounding was launched near the center
of the synthesis domain.

The RWPs provided the average vertical profiles of U -
winds, V -winds, and W -winds, allowing the WISSDOM
winds to be compared above these three RWPs during the
three stages from 04:30 to 06:30 UTC on 2 August 2020.
Figure 11 describes the differences between the WISSDOM
winds and three RWPs. TheU -winds in scenario SCX exhib-
ited the smallest differences compared to RWP1 (Fig. 11a)
except for heights below ∼ 1.5 km m.s.l. The U -winds in
scenario X more closely resembled RWP1 at lower levels,
but there were more significant differences between ∼ 1.5
and 8 km m.s.l. The V -winds in scenario SCX also had the

smallest differences from RWP1 (Fig. 11b) but only below
∼ 6 km m.s.l. In contrast, the results were the opposite for
scenarios SCX and X, with the V -winds in scenario X ex-
hibiting the least significant difference compared to RWP1
above ∼ 6 km m.s.l. but a more significant difference below
∼ 6 km m.s.l. A relatively more significant updraft was de-
tected by RWP1 below ∼ 5 km m.s.l. (Fig. 11c), and all sce-
narios produced significant differences from the W -winds of
RWP1 at these levels.

Although observations from RWP2 were missing and
smaller in the mid-levels, the U -, V -, and W -winds could
still be compared with WISSDOM winds (Fig. 11d–f). There
were similar trends and smaller differences between RWP2
and each scenario, with the most obvious differences oc-
curring near the mid-levels, though they were ∼ 5 m s−1. In
particular, the V -winds observed by RWP2 exhibited mi-
nor differences from every WISSDOM scenario. RWP2 ob-
served a relatively weak downdraft, while theW -winds from
WISSDOM were weak below ∼ 4 km m.s.l. Smaller differ-
ences were found above 6 km m.s.l. of only ∼ 0.5 m s−1,
though RWP-2 W -winds were not included at 06:30 UTC
due to missing data. The U -winds produced in scenario X
had obvious differences from the other scenarios and the
RWP3 observations (Fig. 11g). Although RWP3 lacked data
above 6 km m.s.l., it exhibited similar trends and values for
U -winds in comparison to the WISSDOM winds. There
were differences in V -winds at around 10 m s−1 between the
RWP3 observations and the WISSDOM winds (Fig. 11h) ex-
cept for scenario X (∼ 20 m s−1). It is important to note that
the quality of theW -winds observed by RWP3 was not com-
pletely reasonable because an updraft with values exceeding
6 m s−1 was observed only at ∼ 4 km m.s.l. Therefore, the
W -wind observations from RWP3 were not used to evaluate
the WISSDOM winds in the present study. Nevertheless, the
WISSDOM winds produced more reasonable results, with
the downdraft observed behind the squall line near the RWP3
site (Figs. 1b and 5).

The MB and RMSD for the comparison between the
sounding and RWP observations and the WISSDOM winds
for each scenario are presented in Fig. 12. The MB for the
horizontal winds is displayed in Fig. 12a. The MB for the U -
winds and V -winds was 1 m s−1 between the sounding ob-
servations and every WISSDOM scenario (thin black lines).
A larger MB was produced at RWP1 for the U - and V -winds
of around 1 and 3.5 m s−1, respectively, between each sce-
nario (red lines). The MB for the horizontal wind speeds
was ∼ 3.5 m s−1 between the RWP2 observations and every
WISSDOM scenario (green lines). The MB values were ob-
served for RWP3 (less than 2 m s−1) for each scenario, with
a maximum MB for the U -winds of 1.6 m s−1 in scenario
S and for the V -winds of more than 3 m s−1 for scenario X
(blue lines). Although the lowest mean MB for the horizontal
winds (i.e., counting U -winds and V -winds) was 0.93 m s−1

for scenario C (the thick black line in Fig. 12a), a slightly
higher of mean MB (1.01 m s−1) was observed between the
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Figure 10. Vertical profiles of (a) the U -winds and (b) V -winds observed at sounding site no. 47199 (thick black line) at 06:00 UTC on 2
August 2020. Thin lines with numbers and colors indicate different scenarios. Number 1 colored black indicates scenario S (see Table 3).
Numbers 2, 3, 4, 5, and 6 colored red, blue, green, pink, and orange indicate the scenarios C, X, SC, SX, and SCX, respectively.

observations and scenario SCX. The MB for W -winds was
also low at around −0.5 m s−1 between RWP2 and every
WISSDOM scenario (the green line in Fig. 12b). However,
the MB for the W -winds ranged between ∼ 2.5 m s−1 in the
comparison between RWP1 and the WISSDOM scenarios
(the red line in Fig. 12b), and the lowest mean MB for the
W -winds was 1.1 m s−1 for scenario SCX (the thick black
line in Fig. 12b).

The RMSD for the horizontal winds is presented in
Fig. 12c. The RMSD for the U - and V -winds was around
1.7 m s−1 when comparing the sounding observations with
each WISSDOM scenario (thin black lines), whereas an
RMSD for the horizontal wind speed was ∼ 2–4 m s−1

based on the RWP2 observations (green lines). However, the
RMSD for the horizontal winds at RWP1 (red lines) and
RWP3 (blue lines) varied widely across the WISSDOM sce-
narios, ranging from ∼ 2 to 9 m s−1. The overall RMSD for
the horizontal winds was suitably low in scenario SCX, even
at RWP1 (less than ∼ 4 m s−1) and RWP3 (∼ 5 m s−1). The
lowest mean MB for the horizontal winds was 1.57 m s−1 for
scenario SCX (the thick black line in Fig. 12c). Figure 12d
presents the RMSD for the W -winds between RWP1 and
RWP2. The RMSD was ∼ 0.7 and ∼ 2.5–3.0 m s−1 at RWP2
and RWP1, respectively, in comparison with the WISS-
DOM scenarios. The lowest mean MB for the W -winds was
1.5 m s−1 for scenario SCX (the thick black line in Fig. 12d).
The mean MB and RMSD values in the comparison be-
tween the sounding observations and average statistic values
of three RWPs (if any) and WISSDOM scenarios are summa-
rized in Table 4. Overall, scenario SCX produced lower MB
and RMSD values than the other scenarios, indicating that
the performance of WISSDOM can be improved by adding
C- and X-band radar observations. Note that because the
verification observations are being used in the WISSDOM

synthesis, the results of the sounding observations are not
verified independently (Tsai et al., 2023); nevertheless, this
present study mainly documented the variances of each sce-
nario and potential errors of retrieval winds from the WISS-
DOM.

3.4 Discussions

WISSDOM typically employs multiple S-band radar ob-
servations, sometimes supplemented with one or two ad-
ditional short-wavelength C-band or X-band radars. The
present study thus aimed to quantify the contributions of S-,
C- and X-band radars in WISSDOM in terms of radar reflec-
tivity, U -winds, V -winds, and W -winds. To clarify this, the
horizontal and vertical differences between scenario S and
scenario SCX are presented in Figs. 13 and 14, respectively.

The differences in the radar reflectivity between scenar-
ios S and SCX were relatively minor (±5 dBZ) (Fig. 13a)
except for a larger difference (> 15 dBZ) over the mountain-
ous areas (i.e., the northeastern part of the synthesis domain).
These characteristics reveals typical squall line as most pre-
cipitation areas were located behind the leading edge. It is
possible that the S-band radars could not cover lower lev-
els because they are located at high altitudes or that the ter-
rains blocked the C-band and X-band radars due to the lower
altitude of the radar sites. Strong positive U -winds (∼ 3–
9 m s−1) appeared behind the convection areas of the squall
line, while negative U -winds (< 6 m s−1) were observed in
the areas in the southeastern region of the synthesis domain
(Fig. 13b). This means that incorporating the short- wave-
length radars enhances both rear-to-front and front-to-front
flow structures. These results were also consist with typical
squall line as stronger rear-to-front flow can be found in this
case.
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Figure 11. (a) Average vertical profiles of the U -wind speed (thick black line) observed at RWP1 at 04:30, 05:30, and 06:30 UTC on 2
August 2020. The thin lines with numbers and colors indicate different scenarios. Number 1 colored black indicates scenario S (see Table 3).
Numbers 2, 3, 4, 5, and 6 colored red, blue, green, pink, and orange indicate the scenarios C, X, SC, SX, and SCX, respectively. (b, c) The
same as (a) but for V -winds and W -winds. (d), (e) and (f) are the same as (a), (b), and (c) but for RWP2. Note that only two time steps
(04:30 and 05:30 UTC) were included in (f). (g), (h) and (i) are the same as (a), (b), and (c) but for RWP3.

A second convergence area was detected in between the
northern and southern segments of the squall line, with ob-
viously negative (> 15 m s−1) and positive V -winds present
in Fig. 13c (X =∼ 0–75 km, Y =∼ 100–150 km). Positive
V -winds also penetrated the northern segment of the squall
line, which could be explained by the less organized precip-
itation structures in this region. These results indicate that
the short-wavelength radars provided detailed wind infor-

mation for WISSDOM analysis. Significantly positive W -
winds differences (> 3.5 m s−1) were present in advance of
the squall line extending to the gust front (Fig. 13d). Incor-
porating short-wavelength radars observations resulted in a
noticeable increase in the overall differences in W -winds.
The results reasonable reproduced stronger updraft along the
leading edge of squall line.
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Figure 12. (a) Mean bias (MB) of the U -wind speed (solid lines marked with U) and V -wind speed (dashed lines marked with V) for every
scenario in WISSDOM and for the sounding (black lines marked with S), RWP1 (red lines marked with 1), RWP2 (green lines marked with
2), and RWP3 (blue lines marked with 3) data. The thick black line indicates the mean MB of U -winds and V -winds. (b) The same as (a)
but for W -wind speed (solid lines marked with W) and mean MB of W -winds. (c) The same as (a) but for the root mean square difference
(RMSD), but The thick black line indicates the mean RMSD of U -winds and V -winds. (d) The same as (c) but for the W -wind speed (solid
lines marked with W).

Table 4. Comparisons between the sounding and RWPs for each scenario during 04:30 and 06:30 UTC on 2 August 2020.

Mean Bias (MB, m s−1) Root Mean Square Difference (RMSD, m s−1)

U -winds V -winds W -winds U -winds V -winds W -winds

S 0.1/1.6∗ 0.2/2.6 –/1.3 1.6/3.5 1.6/4.1 –/1.7
C 1.2/1.4 1.1/1.6 –/1.3 2.5/3.4 1.6/3.6 –/1.6
X 0.8/0.9 0.8/2.6 –/1.5 1.5/4.5 2.1/4.5 –/1.6
SC 0.6/1.2 0.7/2.1 –/1.2 1.7/3.2 1.7/4.0 –/1.7
SX 0.2/1.5 0.2/2.6 –/1.3 1.5/3.6 1.6/4.2 –/1.7
SCX 0.7/1.4 0.5/2.0 –/1.0 1.7/3.1 1.7/3.9 –/1.5

∗ Sounding/RWPs.

https://doi.org/10.5194/amt-18-6371-2025 Atmos. Meas. Tech., 18, 6371–6392, 2025



6388 C.-L. Tsai et al.: Advantages of using multiple Doppler radars

Figure 13. (a) The difference in the radar reflectivity between scenarios SCX and S (S is subtracted from SCX) at 2 km m.s.l. (b), (c) and (d)
are the same as (a), but for U -, V -, and W -winds, respectively.

Differences in the average radar reflectivity along the A-A’
cross-section are displayed in Fig. 14a. Most of the positive
radar reflectivity differences were present below 1 km m.s.l.
behind the convection area of the squall line. The maxi-
mum positive radar reflectivity differences were observed at
around X = 75 km (> 35 dBZ), coinciding with the strong
convection of the squall line. The short-wavelength radars
thus provided important observations at lower levels for the
WISSDOM analysis. Figure 14b revealed significant posi-
tive U -winds differences (∼ 3–15 m s−1) behind the squall
line from∼ 3 km m.s.l. down to the ground. The real-to-front
flow was intensified by adding the short-wavelength radar

observations. Consequently, while the U -wind component
exhibited substantial changes, the V -winds differences be-
hind the squall line remained minor (Fig. 14c), suggesting
that the short-wavelength radar observations had little im-
pact on the V -wind component in that region. Positive W -
winds differences (∼ 1–2 m s−1) were found in advance of
the squall line up to the boundary of the gust front (Fig. 14d).
The short-wavelength radars thus resolved the updraft above
the gust front where new cells were generated.

The precipitation and kinematic structures of the scenario
SCX were most similar to a typical squall line (cf. Figs. 7, 8f,
and 9f). The performance of the scenario SCX was also quan-
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Figure 14. Same as Fig. 13 but for the average cross-section corresponding to the box along A-A’ in Fig. 13.

titatively evaluated (cf. Fig. 12), with the results indicating
that the optimal scenario used a larger number of radars span-
ning multiple wavelengths, including the S-, C-, and X-band
radars. Although the S-band radar can provide good coverage
of radar reflectivity without obvious attenuations, the precip-
itation and radial velocity information were usually missed
at lower layers because of the high altitude of the radar sites.
The C- and X-band radars were characterized by significant
attenuations but still provided sufficient radial velocity in-
formation, especially in the lower layers. In WISSDOM, the
availability of additional data improves the accuracy of the
retrieval for low-level boundary conditions. Thus, the C- and
X-band radars are essential in WISSDOM synthesis for more
accurate 3D wind retrieval if they can cover more lower-level
areas. Based on the setup, it was beneficial in this case study,
however, the performance of WISSDOM retrieval requires
further evaluation using other cases and weather phenomena.

4 Conclusions

This study first employed 11 radars in WISSDOM to retrieve
3D winds from a squall line system that passed Seoul, South
Korea, at 05:30 UTC on 2 August 2020. Different scenar-
ios were established (cf. Table 2) to identify the differences
between radars with different wavelengths when adopted in
WISSDOM. The advantages of combining the four S-band,

two C-band, and five X-band radars were documented, and
the performance of each scenario was evaluated.

Based on the results of this study, the four S-band
radars provided good radar reflectivity and radial veloc-
ity with sufficient coverage and without attenuation (cf.
Fig. 5a). However, there were no available observations
below ∼ 1 km m.s.l. due to the high altitude of the radar
sites (cf. Table 1). Although the two C-band and five X-
band radars experienced significant attenuation, they were
able to fill the observation gaps for the S-band radars near
the surface. The more complete observations allowed for
the retrieval of high-quality winds from WISSDOM be-
cause their lower boundary conditions could be more ac-
curately described. Scenario SCX produced structures sim-
ilar to those of a typical squall line. Thus, a more substan-
tial rear-to-front flow and a stronger updraft were found in
scenario SCX, highlighting the importance of adding short-
wavelength radars to WISSDOM.

The performance of each scenario was quantitatively eval-
uated using the MB and RMSD between the sounding obser-
vations, RWPs, and 3D winds retrieved by WISSDOM. The
MB for the U - and V -winds between the sounding obser-
vations and scenario SCX were −0.7 and 0.5 m s−1, respec-
tively, while the RMSD was 1.7 m s−1 for both components.
Similarly, the average MB was −0.1, 0.2, and 0.6 m s−1 and
the RMSD was 2.3, 3.6, and 1.2 m s−1 for the U -, V -, and
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W -winds, respectively, when comparing the WISSDOM re-
trieval results and the three RWP observations (Table 4).
These results indicate that the scenario SCX was the optimal
and most stable configuration, though there were differences
between the retrieved WISSDOM winds and the RWP obser-
vations near the margins of the synthesis domain.

This study suggests that a network of radars operating at
multiple wavelengths can be used to derive high-quality 3D
winds using WISSDOM for severe weather systems such as
squall lines. Although the results are positive in this case
study, the configuration of WISSDOM retrievals may vary
case by case. This finding is a great step forward but has only
been tested in a squall line-type system, geographically posi-
tioned so the current network and WISSDOM configuration
has a positive result, but that for other cases, that configura-
tion might change. In the future, other weather systems such
as typhoons and fronts can be included in the analysis. Fur-
thermore, the effect of combining radars in other wind re-
trieval algorithms such as SAMURAI and MUSCAT should
also be documented, while more 3D wind observations are
required to verify the performance of these algorithms. In
addition, the impact of severe weather needs to be clearly un-
derstood in order to prevent disasters, for which optimizing
the performance of WISSDOM holds great importance.
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