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Abstract: The strong destructive winds during tornadoes can greatly threaten human life and destroy property. The
increasing availability of visual and remote observations, especially by Doppler weather radars, is of great value in
understanding tornado formation and issuing warnings to the public. In this study, we present the first documented
tornado over water detected by a state-of-the-art dual-polarization phased-array radar (dual-PAR) in China. In contrast to
new-generation weather radars, the dual-PAR shows great advantages in tornado detection for its high spatial resolution,
reliable polarimetric variables, and rapid-scan strategy. The polarimetric signature of copolar cross-correlation coefficient
with anomalously low magnitude appears to be effective for verifying a tornado and thus is helpful for issuing tornado
warnings. The Guangdong Meteorological Service has been developing an experimental X-band dual-PAR network in
the Pearl River Delta with the goal of deploying at least 40 advanced dual-PARs and other dual-polarization weather
radars before 2035. This network is the first quasi-operational X-band dual-PAR network with unprecedented high
coverage in the globe. With such high-performance close-range PARs, efficient operational nowcasting and warning
services for small-scale, rapidly evolving, and damaging weather (e.g., tornadoes, localized heavy rainfall, microbursts,
and hail) can be expected.
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1 INTRODUCTION

Tornadoes are violently rotating columns of air, in
contact with thunderstorms and the ground, which are
destructive to life and property. The growth in
availability of visual and remote observations,
especially by Doppler radars, is of great value to the
understanding of their formation and the issue of
warnings to the public. Doppler weather radars are one
of the most efficient modern systems for weather state
surveillance and short-term forecast and warning.
Currently, China has deployed a nationwide radar
network composed of more than 200 S - and C-band
weather radars, i. e., the China New Generation

Doppler Weather Radar (CINRAD) network [1-3].
Although these new-generation weather radars have
achieved great success in severe weather forecast and
warning [4-7], it is often hard for them to observe small-
scale weather systems like tornadoes, i.e., systems with
scales of O (100) m, limited by their sparse spatial
resolution and scanning time interval.

In recent years, dual-polarization phased-array
radars (dual-PARs) have demonstrated a significant
potential for detecting tornadoes efficiently due to its
agile electronic beam steering capability [8]. They
showcase great advantages in tornado detection with a
high spatial resolution, high accuracy measurement of
polarimetric variables, and rapid scan strategy. Among
dual-PAR and new-generation radar observations, the
rapid-scan PAR proved most advantageous in depicting
tornadic storm-scale processes such as the rapid
changes of mesocyclone intensity, storm organization,
and inflow magnitude [9,10]. Such PARs with fast
update speed were demonstrated to potentially increase
the lead time of tornado warning [11]. Also owing to the
high-temporal-frequency sampling capability, the rapid-
scan PAR would benefit storm-scale modeling by data
assimilation, which may prolong the lead time of
severe weather warning [12].

To precisely monitor tornadoes, a higher-
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performance observation system is required, especially
in developed city agglomerations such as the Pearl
River Delta (PRD) that are vulnerable to destructive
weather [13,14]. The PRD is a tornado-prone region in
China and is highly populated with busy river
ports [15-17]. A damaging tornado is a significant threat
to the lives and marine traffic in this area. In addition
to tornadoes, other small-scale weather systems such
as microbursts are also hard to observe by new-
generation operational radars. Due to such an urgent
need, a quasi-operational (experimental) network of
dual-PARs has been being established in the PRD
since 2017. By 2020, the Guangdong Meteorological
Administration has deployed a 17 dual-PAR network
in the PRD, providing unprecedentedly high sampling
resolution below 3 km altitude over the city
agglomerations. The early validation experiments on
thunderstorms, heavy rainfall and hail have suggested
that this dual-PAR network generates reliable remotely
sensed data [18]. This network will consist of a total of
40 advanced X-band dual-PARs by 2035. As the first
quasi-operational X-band dual-PAR network with
unprecedented high coverage in the globe, the network
will facilitate operational forecasting and warning
services on small-scale, rapidly evolving, and
destructive weather including tornadoes, downbursts,
hail, and local heavy rainfall.

This study presents a successfully observed
tornado by the newly established PRD dual-PAR
network. To our best knowledge, this is the first dual-
PAR detected waterspout (i. e., tornado over water) in
China that is documented in scientific literature. The
rest of this paper is organized as follows. Section 2
describes the radar data used in this study. The

observational analysis is presented in section 3. This
manuscript is summarized in section 4.

2 DATA DESCRIPTION

The mosaics of radar reflectivity obtained from
operational weather radars were utilized to characterize
the morphology of convective systems. The radar data
used in this study were collected by two polarimetric
radars. The PAR deployed in Nansha District,
Guangzhou was located approximately 6 km to the
south of the reported tornado that will be discussed in
this study (Fig. 1). The other radar was an operational
S-band CINRAD that was deployed in Panyu District,
Guangzhou (CINRAD-GZ), which was located
approximately 30 km to the northwest of the tornado.
During this event, the PAR operated electronically
scanned X-band planar antenna with dual polarization
and used 12 elevation angles (0.9° , 2.7° , 4.5° , 6.3° ,
8.1°, 9.9°, 11.7°, 13.5°, 15.3°, 17.1°, 18.9°, and 20.7°)
in a 360° volumetric update time of about 90 s. The
radial gate spacing was 30 m and the azimuthal
interval was 0.9° . The CINRAD-GZ operated in
volume coverage pattern 21 (VCP21), scanning nine
elevation angles (0.5°, 1.5°, 2.4°, 3.3°, 4.3°, 6°, 9.9°,
14.6° , and 19.5° ) with a volumetric update time of
nearly 360 s. The data of this radar were collected in
250-m range bins approximately every 1° in azimuth.
During this event, the dual-PAR had a wider beam
width (horizontal 3.6°, vertical 1.8°) than the CINRAD-
GZ (~1° in the horizontal and vertical). The lowest
levels of the PAR and CINRAD-GZ were
approximately 420 and 490 m above the ground level
(AGL) at the tornado location, respectively. Following
the self-consistent method suggested by Park et al.

Figure 1. (a) Locations of the tornadic vortex signatures (TVSs; yellow dots) observed by the phased-array radar (PAR; triangle) in
Nansha District, Guangzhou from 12:51 to 12:57 LST on 1 June 2020. The PAR device is shown at the bottom-right corner. (b) Pho‐
to of the condensation funnel collected from media. (c) Condensation funnel snapshot taken in the direction as denoted by the white
arrow in (a). The black arrow represents the moving direction of the tornado.

(a) (b) (c)
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(2005) [19], the corrections of reflectivity (ZH) and
differential reflectivity (ZDR) attenuation were
conducted based on the specific differential phase KDP.

3 RESULTS

The reported tornado occurred from
approximately 12: 51 to 12: 57 local standard time
(LST) on 1 June 2020 over the water of the Pearl
River Estuary (Fig. 1a). It formed at the southern end
of a meridionally oriented linear mesoscale convective
system (referred to as the arrow in Fig. 2a). The
tornado was spawned by a weak supercell. Before the
tornadogenesis, a clear“hook”echo signature (tornado
often occurs nearby) was observed on a scale of 2 km
(Fig. 3a). The subsequent tornado was located within
the weak-echo hole at the tip of the hook echo at low
levels (e.g., Figs. 3c and 4a, b). Due to the relatively
coarse sampling resolution, the CINRAD-GZ was hard
to observe the fine structure and rapid evolution of the
supercell. For example, the PAR well captured the
weak-echo hole below 2.3 km AGL, while the
CINRAD-GZ appeared to totally miss the signature
even at the lowest level (Fig. 3d).

Owing to its super-high spatiotemporal resolution,
the PAR successfully captured the tornado vortex

signatures [TVSs [20]; Doppler velocity signature of a
tornado or of an incipient tornado-like circulation
aloft] (Figs. 2b, c). The maximum gate-to-gate
azimuthal radial velocity difference was 22 m s−1

directly over the tornadic circulation at 420 m AGL.
As shown in Figs. 2b and c, the cyclonic Doppler
couplets (indicative of the tornado circulation) are
generally 500 m in diameter. Although the CINRAD-
GZ also detected the TVS, the detailed structures are
missing (Fig. 2d). Apparently, the sampling resolution
of the new-generation weather radar is not high
enough to depict the fine structures and storm-scale
processes of the tornado and also its parent supercell
during this event. Accurate tornado detection and
warning will save lives, and support emergency
management and disaster mitigation. The rapid-scan
PAR with high spatial resolution in detecting tornadoes
give us confidence in future tornado forecast and
warning. It is worth noting that the tornado position on
the ground cannot be accurately identified because the
tornado occurred over the river (Fig. 1c). Considering
that the condensation funnel maintained in relatively
vertical shape and the lowest sampling level was only
~400 m AGL, we used the centroid of the lowest-level
TVS as the proxy of tornado position in this study.

Figure 2. (a) Snapshot of the mosaic of radar reflectivity (units: dBZ) in south China obtained from National Meteorological
Center. (b), and (c) Radial velocity (units: m s−1) at the 0.9° elevation angle of the dual-PAR showing the tornadic vortex. The
tornado location (black cross) and the inbound (blue arrow) and outbound (red arrow) directions are also shown for reference.
(d) Same as (b) but for the 0.5° radial velocity of the CINRAD-GZ.
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In addition to the super-high resolution, the
polarimetric variables obtained from the PAR are also
helpful for tornado detection [21,22]. For example,
anomalously low copolar cross-correlation coefficient
(ρHV) and ZDR were located right at the tornado location
(Fig. 4c-g). The ρHV is often associated with lofted
tornadic debris which typically has random orientation
and irregular shape and thus results in a low ρHV
signature. Because the present tornado was located
over the water surface and thus tended to carry little
debris, the low ρHV signature may be primarily a result
of the diversity of water-drop sizes, orientations and
shapes induced by the strong shear in the tornadic
circulation zone [23,24]. As shown in Figs. 4c, d, the
tornado zone is characterized by ZDR close to 0 dB,

suggesting randomly oriented scatters in that region.
The polarimetric variable ρHV is usually effectively
used for verifying a tornado, especially when the
tornado is not visually observed, and thus aids in the
subsequent tornado warning. During this event, low
ρHV signatures were observable collocating with the
TVSs (referred to as the crosses in Figs. 2 and 4g) at
the lowest level of the dual-PAR, while they were not
observed by the CINRAD-GZ (not shown). Because
the PRD region will have densely deployed dual-
PARs, polarimetric tornado signatures tend to be
detected at a relatively close range with high
probability in the future, and would thus be helpful in
potentially extending the tornado-warning lead time.

Figure 3. (a) - (c) Reflectivity (units: dBZ) at the 0.9° elevation angle of the dual-PAR showing the evolution of the tornadic
supercell around the hook echo region. The“hook”echo signature is labeled in (a) for reference. The weak-echo hole around the
tornado (black cross) in (c) is enlarged in the bottom-right corner in (a). (d) Same as (c) but for the 0.5° reflectivity of the
CINRAD-GZ. For the four panels, the distance scale is presented at the bottom-left.
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4 SUMMARY

This paper presents the first documented tornado
detected by a dual-PAR network in China. The tornado
formed on the water at the mouth of the Pearl River
with a duration of approximately 7 min. The low-level
tornadic vortex was relatively weak and small in
diameter in contrast to the midlatitude violent
tornadoes. Although the tornadic vortex was small and
short-lived, the dual-PAR was still able to detect it
effectively owing to the super-high spatiotemporal
resolution. In agreement with previous studies, the
polarimetric signature of the copolar cross-correlation
coefficient is powerful for tornado detection and

verification. In conclusion, the future of tornado
detection and warning in China seems to be bright,
relying on the high-performance dual-PAR observing
system. The establishment of a dual-PAR network is of
fundamental importance for both the weather service
and tornado research communities. The high-resolution
data with high-accuracy measurement of polarimetric
variables may help us better understand the internal
physical processes and microphysical information of
destructive tornadoes and their parent storms. The
documented tornado in this paper may be a

“milestone”of the dual-PAR-based tornado detection
and warning system for large city agglomerations in
China in the near future.

Figure 4. (a) Reflectivity (ZH, units: dBZ), (d) differential reflectivity (ZDR, units: dB) and (e) copolar cross-correlation
coefficient (ρHV) at the 0.9° elevation angle around the tornado location (crosses marked by arrow) at 12:57:02 LST on 1 June
2020. Vertical cross sections of (b) ZH, (d) ZDR and (d) ρHV along the line AB as shown in (a), (c) and (e), respectively. The
tornado location is marked by the black cross below the lowest radar level. (g) Copolar cross-correlation coefficient enlarged
around the tornado locations (crosses) at different time.
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