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Abstract: In 2019–2020, an array weather radar (AWR) network consisting of seven X-band phased-
array radars (PARs), with a detection spatial resolution of 30 m and a temporal resolution of 30 s,
was built in the city of Foshan in China’s Guangdong Province. The detection time deviation in the
same space is within 5 s. Through variational data assimilation, the three-dimensional wind field
inside the storm can be obtained. This study selected instances of hail, thunderstorms, strong winds,
and short-duration heavy precipitation in 2020 to conduct a detailed analysis. The results show the
following: (1) The fine detection ability enables phased-array radars to detect the complete evolution
process of convective storms, including development, strengthening, and weakening, providing a
useful reference for judging the future variation trends of convective storms. (2) Through evolutionary
analysis of the three-dimensional wind field, the dynamic mechanisms of storm strengthening and
weakening could be obtained, which could serve as a reference to predict the development of storms.
The gust wind index and convection index calculated based on the three-dimensional wind field
could provide advanced warning for nowcasting. When the gust wind index was greater than
263, the probability of gale-force wind (above 17.0 m/s) was determined to be high. Moreover,
the warning could be provided 10–20 min in advance. A convection index greater than 35 and
the presence of concentrated contour lines were found to be conducive to the strengthening and
formation of a convection, and the warning could be provided 20 min in advance. These results
show that the application of PAR can provide important technical support for nowcasting severe
convective weather.

Keywords: phased-array radar; array weather radar; three-dimensional wind field; severe convection;
dynamic mechanism

1. Introduction

The weather radar is the most effective means of monitoring and giving early warning
of sudden hazardous weather events. Over the past 60 years, weather radar monitoring
networks have advanced significantly, and have played a vital role in monitoring and
warning of hazardous weather events, yielding significant social, economic, and ecological
benefits. The development of weather radar technology can be broadly divided into four
stages: analogue weather radar (1960s–1980s), digital weather radar (1970s–1980s), the
new generation of Doppler weather radar (1990s), and phased-array weather radar (2000s).
China has been transitioning from Doppler weather radar to phased-array weather radar.
Doppler weather radar can effectively monitor regional hazardous weather events such
as typhoons and rainstorms. However, its ability to monitor small- and medium-scale
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severe convective weather events such as tornadoes, hail, and short-term heavy precipi-
tation remains somewhat limited due to factors such as radar resolution, station network
density, technical systems, and business observation mode [1,2]. With its advantage of high
spatiotemporal resolution, phased-array weather radar has been applied in the United
States and other countries since 2000 [1–4]. In 2007–2008, the United States conducted
field tests on tornadoes, super convection cells, and squall lines using the one-dimensional
phased-array X-band weather radar (MWR-05XP). The tests indicated that the scanning
speed of the phased-array radar was far higher than that of the new-generation Doppler
weather radar, with comparable data quality. The two-dimensional phased-array radar
was found to detect rapidly changing weather systems more accurately than the Doppler
weather radar. China has been transitioning from Doppler weather radar to phased-array
weather radar, with relevant research and development on phased-array weather radar
technology having been carried out in recent years [4–7]. In 2007, the Chinese Academy
of Meteorological Sciences collaborated with the 14th Institute of China Electronics Tech-
nology Group Corporation to transform military phased-array radar and develop the first
domestic S-band one-dimensional active phased-array weather radar. In 2009, the Chinese
Academy of Meteorological Sciences and Sun Create Electronics Co., Ltd. collaborated to
develop a vehicle-mounted X-band phased-array weather radar. In 2017, the Meteorological
Observation Centre of China Meteorological Administration and Hunan Eastone Washon
Technology Co., Ltd. jointly used three X-band phased-array receiving and transmitting
subarrays to form a networked weather radar, and conducted observation tests at Chang-
sha Airport [8–10]. In 2015, Naruida Technology Co., Ltd. (Zhuhai, China) developed
a dual-polarization X-band phased-array weather radar, and began observation tests in
Guangzhou in May 2018 [11]. In summary, China’s phased-array radar has entered the
operational application phase.

Liu Liping, Yu Minghui, Cheng Yuanhui, and others [12–15] conducted an application
analysis of phased-array radar in comparison with Doppler weather radar. They pointed
out that the spatiotemporal resolution of the detected data with phased-array weather
radar is far higher than that with a mechanical scanning radar. Moreover, the fine ob-
servation mode data of X-band phased-array radar reveal the triggering, development,
and evolution process of convection, offering new detection facts that are not available
with new-generation Doppler weather radar and C-band dual-polarization radar. In areas
covered by dual-polarization (or multi-Doppler) weather radars, three-dimensional wind
fields can be obtained through the three-dimensional variational data assimilation (3DVAR)
method. In 2009, Shapiro et al. [16] introduced the Taylor frozen turbulence hypothesis into
the 3DVAR inversion algorithm, which works well in small- and medium-scale weather
systems with moderate intensity and slow movement. In 2011, Potvin et al. [17] added
the vertical vorticity equation as a constraint in the optimisation algorithm to significantly
improve the accuracy of vertical velocity retrieval through advection correction and internal
evolution. Furthermore, they also found that the shorter the radar scanning times, the
better the retrieval results. In 2012, Potvin et al. [18] compared the performance difference
between the 3DVAR retrieval technology and previous wind field retrieval technology [16]
using simulated and real data, and pointed out that 3DVAR performed well in the retrieval
of high-altitude winds. From 2019 to 2020, Foshan City of Guangdong Province completed
the construction of seven X-band phased-array weather radars with a spacing of 25–30 km
between radars, providing the best observation field for the retrieval of three-dimensional
wind fields. During the flood season of 2020, these radars were used to observe several
large-scale severe convective weather events in Foshan City, yielding optimal results.

The achievements of the meteorological departments in studying phased-array radar
as the future of networked radar can be summarized in two points. (1) Phased-array
weather radar offers a significant advantage in temporal resolution compared with WSR-
88D, and is vital for expanding the national radar network to capture small-scale severe
weather events and improve disaster prevention and early-warning capabilities. (2) The
application of phased-array weather radar in the national weather radar network is techni-
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cally and operationally feasible. Given these two points, the construction and application
of phased-array radar is expected to become a research trend for networked weather radar
in China.

This paper proceeds as follows. Section 2 gives basic information on the PAR network
in Foshan, Guangdong Province. Section 3 introduces the three-dimensional wind retrieval
algorithm and tests its reliability. Section 3 also defines the gust wind index and convection
index based on the calculated three-dimensional wind field and elaborates on their physical
meaning. Section 4 provides analyses of selected hail, thunderstorms, gales, and short-term
heavy precipitation events that occurred within the effective detection range of the PAR in
2020 for radar detection characteristics, the evolution of three-dimensional winds, and the
application of the two indices. Finally, this paper concludes by summarising the advantages
of using fine PAWR detection and the three-dimensional wind field for the detection of
severe convection, aiming to provide a reference for applying PAR to severe convection
detection and to guide nowcasting and early-warning services.

2. The PAR Network in Foshan

Figure 1 shows the phased-array weather radar network in Foshan City, Guangdong
Province. The network has a radar interval of 25–30 km and an equilateral triangle layout.
There are five equilateral triangles. Subarrays are deployed at the vertices of the triangles.
The central area of Foshan, which is prone to strong convection, is covered jointly by two or
more radars, with a temporal resolution of 30 s and a range resolution of 30 m. To reduce the
time difference of data detection, the entrance angle-based grouping synchronous scanning
method is used. In the area covered by three radars, the maximum time difference of data
detection is approximately one-sixth the body scan time. The maximum detection time
deviation is less than 5 s in the same spatial location in the area. The layout and scanning
method of phased-array radars ensure that more accurate three-dimensional (3D) wind
field detection data can be jointly acquired in an area covered by two or more radars. This
may permit 3D wind field studies.
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Figure 1. Layout of the phased-array weather radar (PAWR) system in Foshan. The circles are the
maximum detection radii of the radars (30 km).

Table 1 shows the main technical indicators of the PAR in Foshan. The radars use
digital multibeam, software-based signal processing and other technologies and have
high resolution, a fast scanning speed, and a flexible detection mode, and they exhibit
coordination between multiple radars. The frequency is 9.3–9.5 GHz, the transmit power is
≥320 W, the spatial resolution is 30 m, and the detection distance is up to 60 km. When the
wide-transmission and narrow-receiving mode is used, the pitch angle coverage is 0–72◦,
which can better observe medium- and small-scale severe convection. Multiple PARs can
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be synchronised to form an array radar. The maximum detection time deviation at the same
spatial position is less than 5 s, and the three-dimensional wind of the storm is obtained
through 3DVAR in the area covered by two or more radars. The spatial resolution of the
products provided by the AWR is 100 m × 100 m × 100 m, and the maximum height is
20 km. With distributed multitask parallel processing, the product update frequency is
30 s. The spatial resolution of the retrieved wind data is 200 m × 200 m × 200 m, with a
maximum height of 15 km and a temporal resolution of 2 min.

Table 1. Main technical indicators of Foshan phased-array weather radar.

Name Main Technical Indicators

Technical system Full solid state, coherent aperture Doppler,
one-dimensional phased array

Working frequency X-band
Transreceiver spacing 25–30 km

Spatial resolution 30 m
Positional resolution ≤1.6◦

Pitch resolution ≤1.6◦

Volume scan time 30 s
Intensity −15~+80 dBZ

Speed ±64 m/s
Spectral width 0 m/s~16 m/s

Antenna scanning method and range (position) 0–360◦ (mechanical scanning)
Antenna scanning method and range (pitch) 0–72◦ (electrical scanning)

Peak transmit power ≥320 w
Sensitivity ≤−110 dBm (@1 MHz)

Noise figure ≤4 dB

3. Three-Dimensional Wind Algorithm and Testing
3.1. Three-Dimensional Wind Retrieval Algorithm

For three-dimensional wind retrieval, the 3DVAR algorithm proposed by Shapiro et al. [16]
and Potvin et al. was used [17,18]. This method is based on the radial velocities of two or
more radars and is constrained by the atmospheric physical properties of the fluid field in
the covered area. The three initial components of wind, uvw, are descended from 0 using
the conjugate gradient method to obtain the optimal value of uvw, which satisfies the given
conditions. The algorithm improves the accuracy of the wind. In particular, the vertical velocity
is greatly improved compared with that shown with traditional methods. The cost function J
is defined as follows:

J = J0 + JM + JS

where JO is the observed radial velocity constraint, JM is the mass conservation constraint,
and JS is the spatial smoothing constraint. The calculation of each constraint is the same as
that based on Li et al. [10] and Potvin et al. [17]. The weight of each equation is assigned
based on error estimation. Currently, the weights used in PAR operations in Foshan are
as follows: Co = 1 for the observation constraint; Cm = 1500 for the mass conservation
constraint; and Cs = 0.01 for the spatial smoothing constraint.

A wind profiler radar is a tool for wind detection. To verify the effect of three-
dimensional wind retrieval, in this study, two wind profile radars located within the
effective detection range of phased-array radar were selected to test their detection data.
The wind profile radars have a horizontal wind speed resolution of 0.1 m/s, horizontal
wind direction resolution of 0.1◦, and operating frequency of 1330 MHz. The time period
of 20:00–22:30 (UTC+8, similarly hereafter) on 21 May 2020 was used for validity checking
(Figure 2). The meteorological process transitioned from convective precipitation to strati-
form precipitation, and the rain cloud passed through two wind profiler radar stations in
Sanshui District and Shunde District of Foshan. It can be seen from Figure 2a–d that the
speed and direction of the horizontal wind retrieved at different heights in different stages
of precipitation were consistent with those detected by the wind profiler radar and the
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differences were reasonable. Figure 2e shows that the trend in precipitation changes over
5 min intervals at the automatic weather stations near the wind profiler stations. Figure 2f
shows the wind speed differences between the horizontal wind speed detected by the
wind profiler radar and the retrieved horizontal wind speed. The wind speed differences
at 1–3 km were mostly within 3 m/s. For precipitation changes greater than 3 mm, the
differences were large, especially above 3 km, when they were greater than 5 m/s. It can
be seen that heavier precipitation results in a larger difference between the retrieved and
detected wind speeds. This is consistent with conclusions from previous research, which
found that during heavy precipitation, wind profiler radar detection can be subject to inter-
ference by various echo signals such as rainfall, clouds, and ice crystal particles, resulting
in a decrease in measurement accuracy, thereby generating results that vary significantly
from the retrieved wind speed [19–21]. Therefore, it is reasonable and credible to use the
three-dimensional wind obtained using 3DVAR for weather analysis.
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Figure 2. Comparison of retrieved wind (black wind barbs) and wind profiler radar wind (red wind
barbs): (a) At 20:06 on 21 May 2020 at a height of 2300 m; (b) At 20:06 on 21 May 2020 at a height
of 2300 m superimposed on reflectivity factor intensity; (c) At 22:00 on 21 May 2020 at a height of
1500 m; (d) At 22:00 on 21 May 2020 at a height of 1500 m superimposed on reflectivity factor intensity;
(e) Rainfall evolution of automatic weather station near the wind profiler stations at 20:10–21:35;
(f) The difference between the wind speed detected by the wind profiler radar and the retrieved wind
speed at 20:10–21:35; units: m/s.
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3.2. Gust Wind Index

Strong ground-level winds in thunderstorms are often due to mid-level airflow sinking
to the ground. Based on the three-dimensional wind field obtained by the AWR, the
GUST_WIND_INDEX (GWI) is defined as the wind speed from the ground through an
altitude of 6 km, in which the downdraft flow can create a severe gust at the surface.
Therefore, vertical integration of the wind speed corresponding to the downward flow from
0 to 6 km was conducted to obtain a GWI product with a spatial resolution of 200 m × 200 m
and a temporal resolution of 2 min. A higher GWI indicates a greater possibility of strong
winds in the corresponding area. The calculation formula is as follows:

GWI =
N

∑
n

(
W* ∗

√
u2 + v2+w2

)
where W* is the vertical velocity of the downward flow (absolute value); n = 0, N = 6
indicates that the integration is from ground level to 6 km above ground.√

u2 + v2+w2 represents the magnitude of full wind speed.

3.3. Convection Index

Based on the three-dimensional wind field obtained by the AWR, the CONVEC-
TION_INDEX (CI) is defined as the vertical integration of the vertical vorticity of the
upward flow within a height of 0–3 km. A high CI can appear in a mature strong convective
cell, indicating that the convective cell will maintain its strength or strengthen; it can also
appear in front of or to the right of the convective cell, indicating that there is a high
possibility that a convection will be formed or will strengthen in the region. The calculation
formula is as follows:

CI =
N

∑
n

{
Wpos

(
∂v
∂x
− ∂u

∂y

)}
where Wpos is the positive vertical velocity of the upward flow; n = 0, N = 3 indicates that
the integration is from ground level to 3 km above ground level.

4. Radar Detection Characteristics of Severe Convection Weather
4.1. Hail
4.1.1. Weather Conditions

Due to a high-altitude trough, a shear line, and a cold front, there was heavy rain in Foshan
from 15:00 to 19:00 on 27 March 2020 and hail for approximately 10 min in Huangqi, Shaxi, and
Henggang in Dali Town, Nanhai District, Foshan. The maximum diameter of the hail was 2 cm.
During the hail, the 0 ◦C and −20 ◦C altitudes were 3.8 km and 7.1 km, respectively.

4.1.2. Analysis of PAWR Detection

Analysing the composite reflectivity retrieval from the AWR, it can be seen that at
approximately 17:00 (Beijing time), a strong thunderstorm cloud cluster developed in Xinan
Subdistrict of Sanshui District and moved east-southeast, which successively affected the
towns and subdistricts of Danzao, Shishan, and Dali in Nanhai District. The thunderstorm
cloud reflectivity factor was 45–50 dBZ, and the development height was 6–7 km, which
mainly brought short-duration heavy precipitation and gales of gale force (above 17.0 m/s)
(the same below). The thunderstorm cloud developed rapidly after moving to Dali Town
at 17:50. Owing to the scanning data of the PAR, which quickly updates every 30 s and
has full vertical coverage of 0–90◦, the complete development process of the hailstorm was
clearly detected. Figure 3 shows the reflectivity factor and the zonal profile of the retrieved
wind along the storm centre (23.07◦ N). It can be seen that the reflectivity increased to
55 dBZ within 10 min, from 17:50 to 18:00. The echo top was high, above 10 km, and the
50 dBZ echo expanded to a height above the −20 ◦C layer (7.1 km). The vertical structure
of the storm showed a bounded weak echo region (BWER) at a height of 2–4 km, and a
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strong echo overhang at a height of 4–8 km. From an analysis of the three-dimensional
wind retrieval, it can be seen that as the hail cloud developed and matured, the strong echo
core was accompanied by a strong upward flow. It can be seen that during the hail, the
radar detection showed typical hail characteristics, including high-hanging strong echoes,
a reflectivity of 50 dB vertically extending to above the −20°C isotherm, a low-level BWER
and mid- to high-level echo overhang, and strong gradients in low-level reflectivity.
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The hail detection algorithm of Yu et al. [22] was used to calculate the vertical inte-
grated liquid (VIL), the probability of severe hail (POSH), and the maximum estimated
hail size (MEHS) of the thunderstorm cloud. It can be seen from Figure 4 that the trends
in VIL, POSH, and MEHS were very consistent, and the hail indices continued to increase
for the 15 min before the occurrence of hail (17:45–18:00). When hail occurred at 18:00, the
POSH was greater than 50%, the MEHS was 3 cm, and the VIL was greater than 35 kg
m−2. At 18:10, each index reached its peak, with a VIL close to 40 kg·m−2 and an MEHS of
3.0–3.5 cm. It can be seen that the peak times of the hail indices coincided with the time and
size of the hail. When the hail ended, the indices dropped sharply. The hail cloud rapidly
developed over 25 min, and then weakened within 10 min. The PAR detected the typical
vertical structure, such as echo overhang of the hail cloud 2 min before the beginning of the
hail, and the hail indices continued to increase 15 min before the hail occurred. The PAR
detected the entire process of the strengthening and weakening of the convective storm.
The continuous retrieval of the high time–frequency (30 s) hail indices during the three
stages of the hail cloud could be used to detect the entire process of the rapid changes in the
hail cloud. The characteristics of the vertical section of the convective storm were combined
with the hail indices and VIL evolution to comprehensively evaluate the probability of hail
occurrence; this made it easier to distinguish between ordinary storms and hailstorms, and
thus, they could be used by forecasters as early-warning indicators.
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Figure 4. Vertical integrated liquid (VIL), probability of severe hail (POSH), and maximum estimated
hail size (MEHS) detected by phased-array radar (PAR) at 17:30–18:30 on 27 March 2020 (The arrow
indicates the rising development of hail index).

4.2. Thunderstorm and Gale

Due to the southwest airflow, shear line, and weak cold air, from 14:00 to 15:00
on 10 May 2020, Chancheng District and Shunde District of Foshan from northwest to
southeast had strong thunderstorms appearing, and gale-force wind As seen from the
evolution of the convective storm detected by the PAR, this thunderstorm-and-gale process
had a high development altitude, with the echo top close to 18 km, and the 55 dBZ echo
expanded to 16 km. The storm moved rapidly, reaching 50 km/h. In the following sections,
the dynamic mechanisms of the GWI and CI are analysed based on AWR.

4.2.1. Gust Wind Index Analysis

Figure 5 shows the live observation at the automatic weather station when short-
duration heavy precipitation and a gale-force wind occurred in Shunde District, Foshan.
The figure shows the 5 min precipitation levels (green dots) and the instantaneous (30 s)
wind direction and speed. At 14:30 (Figure 5a), the heavy rainfall was mainly concentrated
in Chancheng District, north of Shunde District; downstream of the heavy rainfall area, gale-
force wind occurred in Shunde District. At 14:45 (Figure 5b), the main rainfall moved to
Shunde District. With the heavy rainfall area as the centre, many gale-force wind appeared
around the location. From the correspondence between rainfall retrieval and gale location
data, it can be seen that the main reason for gale formation was the near-surface outflow
caused by precipitation.

Figure 6 shows the evolution of the GWI superimposed on the evolution of gale-
force wind over the next 20 min. From 14:00 to 14:10, the strong echo was still mainly in
Chancheng District, north of Shunde District (Figure 6). As seen from Figure 6, the centre
of the high GWI (≥263) was in the central and northern part of Shunde District, and the
areas with gale-force and above-gale winds over the next 20 min were near the centre of
high GWI areas or in high-gradient areas of the GWI. From 14:20 to 14:30, the high GWI
areas moved from northwest to southeast with a severe convective echo, forming a high
GWI area around the strong convective cell. Correspondingly, gale-force and above-gale
winds occurred in the Shunde area in the next 20 min. It can be seen that the high GWI
area spatially coincided with the locations of gales, indicating that the GWI based on the
AWR was able to nowcast strong wind relatively well. A higher GWI indicates a higher
possibility of gales, with warnings 10–20 min in advance.



Atmosphere 2023, 14, 781 9 of 17

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 18 
 

 

Chancheng District, north of Shunde District; downstream of the heavy rainfall area, gale-

force wind occurred in Shunde District. At 14:45 (Figure 5b), the main rainfall moved to 

Shunde District. With the heavy rainfall area as the centre, many gale-force wind appeared 

around the location. From the correspondence between rainfall retrieval and gale location 

data, it can be seen that the main reason for gale formation was the near-surface outflow 

caused by precipitation. 

 

 

Figure 5. Five-minute rainfall and instantaneous wind direction and speed at the ground-level au-

tomatic station at 14:30–14:50 on 10 May 2020 (red wind barbs indicate gale force above 17.0 m/s; a 

full-length barb indicates 4 m/s); (a) 14:30 (b) 14:45. 

Figure 6 shows the evolution of the GWI superimposed on the evolution of gale-force 

wind over the next 20 min. From 14:00 to 14:10, the strong echo was still mainly in Chan-

cheng District, north of Shunde District (Figure 6). As seen from Figure 6, the centre of the 

high GWI (≥263) was in the central and northern part of Shunde District, and the areas 

with gale-force and above-gale winds over the next 20 min were near the centre of high 

GWI areas or in high-gradient areas of the GWI. From 14:20 to 14:30, the high GWI areas 

moved from northwest to southeast with a severe convective echo, forming a high GWI 

area around the strong convective cell. Correspondingly, gale-force and above-gale winds 

occurred in the Shunde area in the next 20 min. It can be seen that the high GWI area 

spatially coincided with the locations of gales, indicating that the GWI based on the AWR 

was able to nowcast strong wind relatively well. A higher GWI indicates a higher possi-

bility of gales, with warnings 10–20 min in advance. 

(a) 

(b) 
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full-length barb indicates 4 m/s); (a) 14:30 (b) 14:45.
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4.2.2. Convection Index Analysis

Figure 7 shows the evolution of composite reflectivity intensity and the CI during this
severe convection process. The black dotted ellipse and the black solid ellipse provide a
comparison of the development of convective storms at the same location 20 min apart.
The areas with a high CI (≥35) or where the contour lines were concentrated were the areas
where convection strengthened over the next 20 min, and the direction of concentrated
contour lines was consistent with the development and strengthening of the convective
storm. It can be seen that the CI could effectively predict the area where the convection
would strengthen in the future, as much as 20 min in advance.
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Figure 7. Evolution of composite reflectivity (colour diagram, unit: dBZ) and convection index
(contours, unit: 10−3·s) ((a) 14:36, (b) 14:42, (c) 14:56, and (d) 15:02). (Black dashed ellipses and black
solid ellipses are the development of convection storms before and after 20min at the same position).

4.2.3. Dynamic Mechanism of Storm Evolution

To further study the dynamic mechanism of storm strengthening and the interaction
between storms, a zonal section (22.9◦ N) was taken along the centre of the storm, as shown
in Figure 8. It can be seen from Figure 9 that the left and right storms were connected in the
wind field, as the outflow of the downward flow at the bottom of the storm on the right
became the inflow of the storm on the left, forming a cycle where the storm on the right
continuously provided energy to the one on the left. The storm on the left developed and
strengthened and stimulated a new convection in the middle troposphere (at the altitude of
the 0 ◦C layer). The new convection continued to gain energy from the storm on the left
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and continued to strengthen. At the same time, the storm on the left gradually weakened,
creating a replacement process of old and new storms. This dynamic mechanism enables
storms to continuously be replaced as they move forward so that the storm can spread
downstream and strengthen.
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4.3. Local Heavy Precipitation

Due to the influence of warm and humid airflow from the south, short-term heavy rain
with rainfall intensity ≥ 18 mm occurred in Xinan Street of Sanshui District, Dali Town of
Nanhai District, and Shishan Town in Foshan City from 16:30 to 17:30 on 4 September 2020.
Local wind gusts of level 7 (15.5 m/s) occurred in some areas of Dali Town around 17:00.
As shown in Figure 10a, there were three independent developing mesoscale convective
systems (MCS): A, B, and C. The convective storms mainly developed and disappeared in
situ and did not propagate significantly. The three developmental stages of the convective
storms, namely the initiation, mature, and decay stages, were completed within 40 min.
Taking convective storm B as an example, the period of 16:30–16:45 was the initiation stage
of the storm (Figure 10b), which had a horizontal diameter of approximately 11 km and a
vertical height of around 10 km. As can be observed from the vertical profile of the three-
dimensional wind field, updrafts and downdrafts converged within the range of 2–5 km
inside the MCS, and the thickness of the reflectivity factor core (≥55 dBZ) developed
over approximately 6 km. The period of 16:45–17:00 was the mature stage of the storm
(figure omitted), and the MCS storm scale further strengthened, with a vertical height
exceeding 12 km. The period of 17:00–17:20 was the decay stage of the storm (Figure 10c).
The reflectivity factor core of the MCS decreased significantly, and the storm intensity
weakened rapidly. The convective storm had a high rainfall efficiency overall, with the
intensity of convective storm B exceeding 20 mm within 15 min.
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Figure 10. The radar analysis data for 4 September 2020: (a) Reflectivity factor map at 17:00; (b) Ver-
tical profile of the reflectivity factor of the MCS (B) development stage at 16:50 along the black
line shown in (a); (c) Vertical profiles of the reflector factor and the horizontal wind field during
the extinction phase at 17:20; (d) GUST_WIND_INDEX (GWI) at 17:00; (e) Reflectivity factor and
convection index at 16:52; (f) Three-dimensional wind field and vertical velocity field of convective
storm B at 17:00 (a full-length barb indicates 4 m/s).

4.3.1. Early-Warning Index Analysis

Figure 10d,e show the GWI and CI calculated based on the three-dimensional wind
field. Figure 10d shows the GWI of three storms in the mature period (17:00). It can be seen
that the GWI of A and C were relatively low (<150), which indicates a low probability of
strong winds. The actual situation showed that only local rainstorms occurred from these
two storms. For storm B, from 16:46 to 17:00 (Figure 10d), the GWI increased to above 263.
The actual situation showed that there was a gale-force wind in Dali Water Conservancy
at approximately 17:00, which means that the GWI was effective as an early warning. In
terms of the CI (Figure 10c), it can be seen that for the three convection cells, the areas
with a high CI and concentrated contour lines were located inside the storm body, which is
different from the case described in Section 4.2.1, where the area with concentrated contour
lines was located downstream of the storm movement. This is an indication that a severe
convective storm would strengthen in situ. The CI was between 15 and 35 during the storm
development and maturity stages; in the withering stage, the CI decreased significantly to
below 15, and the area with concentrated contour lines disappeared.

4.3.2. Analysis of the Evolution Process of a Convective Storm

A vertical section of convective storm B was used to analyse its characteristics at
different stages, as well as the dynamic mechanism of its evolution. The convective storm
was in the rapid development stage at 16:30, and its interior was controlled by a strong
upward flow, with an upward velocity greater than 12 m/s, and the velocity increased with
altitude. At 17:00 (Figure 10f), the storm entered the maturity stage, in which upward and
downward flows coexisted. During this stage, rainfall reached 8 mm in 5 min. As rainfall
intensified, the drag effect of rainwater particles formed a strong downward flow, which
then expanded vertically and horizontally. The storm was controlled by the downdraft,
at which point precipitation expanded to the entire convective cloud. When the source of
warm and humid air was cut off by the cold pool extending to the ground, the convection
cell gradually withered. Through an analysis of the PAR three-dimensional wind field and
early-warning indices, it can be seen that there is no dynamic mechanism of interaction
or mutual transmission between individual local storms. The areas with high CI and
concentrated contour lines are located inside the storm body, and the increase in the GWI
could serve as an early warning for moderate-to-severe gales (above grade 7).
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5. Case Test for Indices

Two brief periods of heavy rainfall, thunderstorms, and wind that occurred within the
easy detection range of phased-array radars in 2021 were selected to test the effects of the
related indices.

Figure 11 shows the evolution (including formation and disappearance) of a convective
storm during a brief heavy rainfall (hourly rainfall 50 mm) that occurred in Foshan on
31 July 2021, as well as the early-warning effect of the convective index. The contour lines
show the variation of the convective index at regular 10 min intervals from 17:30 to 18:00.
The contour planes show the development of the convective storm in the next 10 min. In the
development and maintenance stages (a and b), the high-value area of the convective index
(>35) and the contour line dense zone coincide with the high-value area of the reflection
factor in the next 10 min. In the disappearing stage (c and d), the convective index decreases
overall, the contour line dense zone disappears, and there is no obvious high-value area.
Hence, we can conclude that the convective index has a significant early-warning effect on
the formation and disappearance of storms.
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Figure 12 shows the early-warning effect of the wind index in a windy process in
Foshan City that occurred on 7 August 2021. The contour planes show the wind index
at regular intervals of 10 min from 17:30 to 18:00. The wind shafts display the automatic
observatory data in the next 10 min. During the transit of the wind, the storm followed
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the high-level steering wind to move westwards, and the area near the low-level strong
convection formed a high-value area of the wind index. Evidently, the high values of the
wind speed in the next 10 min observed by the automatic observatory highly coincided
with the high-value area of the wind index.
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Figure 12. Contrast effect of the wind index (choroplethic map) and automatic observatory wind
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6. Conclusions

After the establishment of the PAWR network at Foshan in China’s Guangdong
Province in 2019–2020, multiple severe convective weather events that occurred in Foshan
in 2020 were well detected. Based on the three-dimensional wind field obtained using
the AWR, this paper has introduced a gust wind index and a convection index. Using
selected instances of hail, thunderstorms, gales, and short-duration heavy precipitation, this
study involves in-depth analysis of the structure of storm development and the evolving
characteristics of the early-warning indices. The main conclusions are as follows.

1. Hail clouds develop rapidly and descend within 10 min. The PAR detected the typical
vertical structure of hail clouds 2 min before the start of hail. Hail indices continued to
increase 15 min prior. The PAR detected the entire process of a hail cloud developing,
strengthening, and then weakening, which could provide accurate detection facts for
the formation and disappearance of hail and the development of and changes to the
vertical structure.



Atmosphere 2023, 14, 781 16 of 17

2. PAR has the advantage of high spatiotemporal resolution, which can locally detect
the three-dimensional structure of severe convective weather processes that develop
and wither rapidly in advance. The three-dimensional wind field obtained based on
the 3DVAR retrieval algorithm can be used to obtain the internal interactions and
dynamic mechanisms of the storm earlier and more accurately, which makes it an
excellent reference to predict the future development of storms.

3. The early-warning indices calculated based on the three-dimensional wind field can
provide advance warning for nowcasting. When the GWI is greater than 263, the
probability of gale-force wind is great. When the GWI is less than 150, the probability
of gales is low. A CI greater than 35 and the presence of concentrated contour lines are
conducive to the strengthening and formation of a convection. Although the two new
early-warning indices based on the three-dimensional wind field retrieved from AWR
discussed in this study worked relatively well for the cases in Foshan, more examples
are needed to verify and improve the algorithm.

This study examines and discusses the phased-array radar detection characteristics of
hail, thunderstorms, strong winds, and short-term heavy precipitation instances. Based on the
three-dimensional wind field, the convective enhancement index and surface gale warning
index were calculated, with good forecasting outcomes achieved for several cases in Foshan.
However, owing to the small number of cases, more verifications of the early-warning effect,
business applications, case verifications, and improved algorithms are required.
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