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ABSTRACT: Convectively generated cold pools play a crucial role in the convection initiation and development, but ob-
servations of their vertical structure are insufficient. In this study, quantitative vertical evolutions of cold pools during a
high-impact heavy rainfall event near the south coast of China were examined using observations from a 356-m-high
Shenzhen Met-Tower, and their potential impacts on heavy rainfall were further discussed through high-resolution surface
station network and radar observations. On 11 April 2019, heavy precipitation occurred near metropolitan Shenzhen, last-
ing for 50 min at its southern downtown and resulting in 11 deaths. During this event, a shallow cold pool was first observed
by the tower and yielded a long-lasting cooling of 2.6 K. Approximately 1 h later, another deeper cold pool accompanied
by a squall line was added from the west. This addition resulted in a more abrupt and intense surface temperature deficit
(5.1 K) and stronger gusty winds (23 m s21). When the two cold pools collided near Shenzhen, the low-level winds con-
verged at their intersection, dynamically enhancing the heavy-rain-producing squall line. Moreover, the collision of the two
cold pools reduced the temperature gradient at the northern edge of the merged cold pool, which could inhibit develop-
ment of the squall line. The area south of the squall line became a relatively favorable environment for convection initia-
tion, given the warm and moist oceanic environment. Consequently, the squall line turned northeast–southwest, forming a
training line mode that was nearly parallel to the eastward movement. This training line mode prolonged the precipitation
duration in the southern downtown area.
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1. Introduction

Since rainfall evaporation into the subcloud layer latently cools
the downdraft air, the cooled air reaches the surface and gener-
ates horizontally spread density currents, which are called cold
pools (Zipser 1977). Cold pools significantly affect convection ini-
tiation and development, and subsequently influence the forma-
tion and maintenance of heavy rainfall (e.g., Du et al. 2020b;
Wang et al. 2014; Jeong et al. 2016; Peters and Schumacher 2015;
Tsuguti and Kato 2014).

Both the dynamic and thermodynamic properties of cold
pools can create a preferred region for secondary convection
initiation (Torri et al. 2015). Dynamically, the interplay be-
tween horizontal vorticity generated by the buoyancy gradient
at the head of cold pools and vorticity from the background
vertical wind shear results in lifting of the outside less dense
warm air parcels, which is classical mechanical lifting theory
for the organization of convective systems such as squall lines
(RKW theory, e.g., Rotunno et al. 1988; Weisman et al. 1988;
Weisman and Rotunno 2004; Bryan and Rotunno 2014). Cold
pools interacting with low-level background winds can also
provide mechanical lifting even in the absence of wind shear

(Torri et al. 2015; Goff 1976). When two cold pools collide,
lifting becomes stronger (Feng et al. 2015; Haerter 2019;
Purdom 1976; Weaver and Nelson 1982; Torri and Kuang 2019;
Meyer and Haerter 2020). From a thermodynamic perspective,
tropical cold pools are identified with enhanced near-surface
moisture at their leading edge, called moisture rings. This struc-
ture promotes triggering of new convection with enhanced moist
static energy even in low-wind-shear conditions (Tompkins
2001; Torri and Kuang 2016). However, moisture rings and their
influence are usually found in numerical simulations and are sel-
dom observed (de Szoeke et al. 2017; Chandra et al. 2018).
These effects of cold pools on convection initiation and organi-
zation, which depend on their own properties, need further
observational evidence to verify the mechanisms found by nu-
merical studies.

Heavy rainfall is usually associated with mesoscale convec-
tive systems (MCSs) in two organizational modes: “back build-
ing or quasi-stationary” and “training line” (Maddox et al.
1979; Schumacher and Johnson 2005, 2006). Convective cells
are repeatedly triggered upstream of the back-building MCS,
and the MCS thus remains quasi-stationary. The training line
predominantly moves parallel with the orientation of linear
convection. The two organizational modes would both pro-
duce large accumulative rainfall over a particular area with the
repeated passage of convective cells (Doswell et al. 1996).Corresponding author: Yu Du, duyu7@mail.sysu.edu.cn
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MCSs in the two modes are often controlled by cold pool out-
flows (Peters and Schumacher 2015, 2016; Jeong et al. 2016;
Wang et al. 2014). Near the coast of South China, several ob-
servational studies within the Southern China Monsoon Rain-
fall Experiment have documented that the outflows from cold
pools in the moist environment lift highly unstable moist air
from the ocean, resulting in continuous convection initiations
along the mesoscale outflow boundary. The training convec-
tive cells and rainbands then form and move slowly through a
particular region, causing long-lasting rainfall (Wang et al.
2014; Wu and Luo 2016; Liu et al. 2018). Liu et al. (2018)
found that the intersection of upstream unstable oceanic air
masses with cold pool outflows and strong rear inflows builds a
rapid splitting and reestablishment process of bowing rain-
bands. This process eventually contributes to the formation of
rainband training. Although the contributions of cold pool
outflow to the production of heavy rainfall are revealed by a
few studies (Tsuguti and Kato 2014; Liu et al. 2018), more ob-
servational studies are still needed to focus on the detailed
evolution processes of cold pools and their possible roles in
the formation of heavy rainfall.

Rapid variations in near-surface properties of cold pools
can be observed by the high temporal resolution of surface
measurements in various environmental conditions, such as
surface meteorological sites (e.g., Engerer et al. 2008;
Chandra et al. 2018) and mobile mesonets (e.g., Geerts et al.
2017; Miller et al. 2020) on land, and uncrewed surface ve-
hicles and moored buoys over oceans (e.g., Wills et al. 2021;
Feng et al. 2015; Joseph et al. 2021). For instance, cold pools
over the equatorial Indian Ocean are documented with an av-
erage temperature decrease of ;1.5 K, a decrease in the wa-
ter vapor mixing ratio of ;1 g kg21 and wind speed increase
of 2 m s21 (Chandra et al. 2018). Stronger signals of cold pool
passage are found over midlatitude continents than over trop-
ical oceans (e.g., Joseph et al. 2021; Kirsch et al. 2021; Engerer
et al. 2008). Passages of cold pools in the midlatitude conti-
nent at Oklahoma can cause potential temperature anomalies
between 5.4 and 11 K, a pressure increase between 3.2 and
4.5 hPa, and gusty winds larger than 15 m s21 (Engerer et al.
2008).

Vertical structures of cold pools are insufficiently under-
stood due to a lack of vertical observations, for example, their
depth and strength, which are important parameters in the
process of triggering new convective cells (Borque et al. 2020;
Engerer et al. 2008; Rotunno et al. 1988). Although some lab-
oratory experiments and idealized numerical simulations have
presented the structure of density current, the observational
evidence remains insufficient, and vertical distributions of
parameters in and above cold pools are poorly observed
(Zuidema et al. 2017). Vertical observational characteristics
of cold pools are also needed for guidance and physical con-
straints for better parameterization, which would help to gen-
erate improved reproduction of the environment and a more
realistic diurnal cycle of precipitation in climate or regional
weather models (Del Genio et al. 2012; Maloney and
Hartmann 2001; Rio et al. 2009; Schlemmer and Hohenegger
2014; Hirt and Craig 2021; Schiro and Neelin 2018; Chandra
et al. 2018). From radar analysis of a case in Oklahoma, the

cold pool leading edge was estimated with large spatial and
temporal variations in its height but a constant propagation
speed (Borque et al. 2020). Using radiosonde data, Hitchcock
et al. (2019) estimated the strengths and depths of cold pools
associated with nocturnal MCSs during the Plains Elevated
Convection at Night field campaign. van den Heever et al.
(2021) used a number of novel campaign strategies, including
radiosonde, and found that cold pools in the continental
United States obtain a range of depths from 200 to 2300 m
and have a variety of vertical temperature structures. Using
the tower measure, cold pool depths are estimated to be
;500 m on average in the Netherlands (Kruse et al. 2022) and
746 m in Hamburg, Germany (Kirsch et al. 2021), both of
which are higher than the typical cold pool height over the
ocean (e.g., ;300 m; Terai and Wood 2013). Kruse et al.
(2022) further revealed the vertical circulation, vertical strati-
fication in temperature and moisture anomalies at different
portions of the cold pool.

However, observational studies of cold pools are still miss-
ing in some regions (e.g., South China) where the influences
of cold pools are also significant. The coastal South China re-
gion frequently encounters the convergence of moist tropical
oceanic airflows with drier midlatitude continental flows.
Since cold pools are significantly influenced by environmental
moisture, it is necessary to study their characteristics in this
specific region where the moisture conditions are different
from those in the tropical and midlatitude regions. Shenzhen
Met-Tower is located in coastal South China. It is 356 m high
and is equipped with a high vertical resolution with 13 mea-
surement levels. The Met-Tower is the second highest mast
structure in the world and the highest in Asia (Sun et al.
2020). It has been widely used to measure vertical meteoro-
logical and environmental parameters (Li et al. 2020; Chen
et al. 2020; Sun et al. 2020). It provides a good opportunity to
detect temporal and vertical variations in the boundary layer
from the surface to the urban canopy during passages of cold
pools in coastal South China.

On 11 April 2019, an extremely heavy rainfall event occurred
in Shenzhen city, South China (Fig. 1). This event resulted in a
maximum 30-min precipitation of 73.4 mm, which breaks the
historical high during April; this event was also responsible for
11 fatalities. In the present study, the vertical features of cold
pools during the heavy rainfall event are investigated with the
help of the Shenzhen Met-Tower. The present study aims to
achieve the following objectives: 1) to examine the fine spatio-
temporal evolution of cold pool properties from both vertical
and horizontal perspectives and 2) to explore the possible im-
pacts of cold pools on the development of convection and the
precipitation process from a purely observational perspective.
The remainder of this paper is organized as follows: section 2 in-
troduces the observational measurements and data used.
Section 3 presents an overview of the precipitation process and
detailed background conditions during the heavy rainfall event.
Vertical variations in cold pool properties detected by the
Shenzhen Met-Tower are described in section 4. Section 5 dis-
cusses the temporal evolution and the roles of cold pools in
heavy rainfall. A summary and discussion are shown in the final
section 6.
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2. Observational data

Figures 1a and 1b show the locations of multiple observa-
tion platforms used in this study to describe the heavy rainfall
event and the associated three-dimensional features of cold
pools that occurred on 11 April 2019, in Shenzhen city.

The 356-m-high Shenzhen Met-Tower (Fig. 1c) is located
in Shenzhen city (22.668N, 113.898E), denoted as a green
cross in Figs. 1a and 1b. The Met-Tower is equipped with in-
struments for basic meteorological observations, detecting
meteorological variables including temperature, horizontal
wind speed and direction, and relative humidity at 13 plat-
forms (10, 20, 40, 50, 80, 100, 150, 160, 200, 250, 300, 320,
and 350 m), and pressure at 3 layers (50, 100, and 300 m).
These variables are available at a temporal resolution of
10 s to assess the detailed evolution of cold pools. To correct
for the overestimation of relative humidity by sensors in
nearly saturated conditions, bias correction was performed
using long-term data from 2018 to 2020. The original rela-
tive humidity data were divided into two groups based on
10-m relative humidity that was lower or greater than 70%.
Biases were calculated for each group by determining the
difference between the group average of data during
2018–20 and the estimation value from a linear regression
between the height and the group average at specific levels
(10, 40, 50, 100, 150, 200, and 250 m), where relative humid-
ity was not overestimated as oversaturation. Additionally,
any relative humidity values over 100% were corrected to
100%. The specific humidity (q, kg kg21) is obtained based
on the following equation:

q 5
0:622es

p 2 0:378es
3

rh
100

,

where t, p, and rh are the temperature (8C), pressure (hPa),
and relative humidity (%), respectively, derived from the

Met-Tower, and the saturation vapor pressure es is calculated
with the equations in Alduchov and Eskridge (1996) :

es 5 1:000 71 3 e0:000 004 5pew

and

ew 5 6:1094 3 1017:625t/(243:041t):

To present the development of precipitation and surface
features of cold pools, in situ surface observations of 5-min in-
ternals are used. In total, 2825 stations in Guangdong Prov-
ince are used, but only the locations of stations near the area
of interest are presented in Fig. 1b. The surface observations
record 10-m wind values averaged within 2 min, instantaneous
1.5-m temperature and pressure, and 5-min precipitation ac-
cumulation. G3502 is an in situ surface weather station (blue
dot in Fig. 1b) located ;250 m near the Shenzhen Met-Tower
and acts as a supplement of precipitation observations for the
tower data. The G1173 station (orange dot in Fig. 1b) is lo-
cated in southern downtown Shenzhen, where rainfall peaked
during the event.

The S-band Shenzhen Doppler radar (red circle in Fig. 1b)
collects surveillance scans every 6 min. The radar has a range-
gate spacing of 250 m and nine elevations from 0.58 to 19.58.
The orange circles in Fig. 1a show the scanning radius of ap-
proximately 125 km at the highest elevation and 460 km at
the lowest elevation. The achieved radar base data are finally
interpolated to a horizontal grid resolution of 0.058 3 0.058 us-
ing natural neighbor interpolation. After interpolation, the
maximum reflectivity at the nine elevations is calculated as
composite reflectivity. The vertical environmental stratification
near Shenzhen city is revealed by the radiosonde sounding re-
leased every 12 h at Kings Park (red star in Fig. 1b). To show
the synoptic background, reanalysis data from the National
Centers for Environmental Prediction Final Operational

FIG. 1. (a),(b) Locations of observation sites in Guangdong Province. The gray shading in (a) indicates terrain height (m). The box de-
notes the enlarged domain shown in (b). The orange circles with radii of 125 and 460 km represent the PPI scanning range at highest ele-
vation and the maximum detection range of Shenzhen radar at lowest elevation, respectively. (b) The gray outline represents the range of
Shenzhen city. The small blue dots denote the locations of in situ surface stations near the area of interest. The large blue and orange dots
represent the locations of Stations G3502 and G1173, respectively. The green cross, red circle, and red star denote the locations of the
Shenzhen Met-Tower, Shenzhen radar, and Kings Park sounding station, respectively. (c) Photograph of the Shenzhen Met-Tower.
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Global Analysis (NCEP FNL) is adopted, which is available
every 6 h with a spatial resolution of 0.2583 0.258.

3. Case overview

Figure 2 depicts the overall temporal evolution of MCSs
within the heavy rainfall event. After entering the Guangdong
Province from the west at 1600 local standard time (LST 5

UTC 1 8 h), MCS-B moved eastward across the domain
(Fig. 2a). During the eastward movement of MCS-B, a number
of convective cells were initiated west of the Pearl River Estu-
ary and then organized into MCS-A (purple oval in Figs. 2b–d).
Then, MCS-A moved eastward and passed to the north of
Shenzhen (Fig. 2e). Meanwhile, MCS-B gradually developed
into a strong squall line characterized by a bow-shaped echo
(Fig. 2e). At 2106 LST, the strengthened MCS-B approached
Shenzhen Met-Tower and began to produce heavy precipitation
over Shenzhen city (Fig. 2f). It is worthy to note that the

MCS-B at the initial time was located beyond the PPI scanning
range of 125 km at the highest elevation. However, the move-
ment of the MCS out of the study domain and the detailed evo-
lutions of the MCSs within the domain, can be displayed using
the single Shenzhen radar due to the maximum detection radius
of 460 km.

The squall line MCS-B produced severe convective weather
in and around Shenzhen city, including short-duration heavy
rainfall, strong winds, hail and 704 lightning strikes during
2025–2325 LST. The maximum instantaneous surface wind
speed was recorded as 16.1 m s21 south of Shenzhen city at
2155 LST. Violent and abrupt rainfall generated maximum
5-min precipitation more than 10 mm at 56.8% of the in situ
stations of Shenzhen city and was even mostly concentrated
in only 10 min (e.g., G3502 in Fig. 3a). Intense rainfall south
of Shenzhen lasted longer, for example, at G1173 in Fig. 3a
for nearly 50 min. G1173 recorded cumulative precipitation of
63 mm within only 30 min, which even equals the maximum

FIG. 2. Temporal evolution of composite reflectivity (dBZ) derived from Shenzhen radar at (a) 1624, (b) 1654,
(c) 1800, (d) 1912, (e) 2000, and (f) 2106 LST 11 Apr 2019. The black cross denotes the location of Shenzhen Met-
Tower. Purple and blue dashed ovals indicate the approximate locations of MCS-A and MCS-B, respectively.
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10-h accumulated precipitation in another heavy rainfall event
(Luo et al. 2020). The accumulated precipitation of 27 in situ
stations in southern Shenzhen during 1200–2355 LST exceeded
50 mm, reaching the daily precipitation threshold of heavy rain-
fall according to the China Meteorological Administration.
The prolonged intense rainfall produced heavier hourly precip-
itation of over 40 mm h21 on average during 2100–2255 LST
south of Shenzhen (Fig. 3b), which is the downtown area with
the densest population, and caused 11 fatalities.

Synoptic background circulations at 1400 and 2000 LST
11 April are shown in Fig. 4 using the reanalysis data from
NCEP FNL. At lower levels, the northwesterly flow with cold

air north of Guangdong converged with the southwesterly
flow transporting the oceanic warm and moist air, and thus, a
west–east-oriented shear line was formed (Fig. 4a). Along the
shear line, a long linear convergence zone at low levels favored
the development and maintenance of MCSs (Fig. 4b), which is
a typical synoptic pattern of heavy rainfall in South China
(Chen et al. 2022). The shear line moved southward afterward,
and the northeasterly winds to the north moved farther south
as well (Figs. 4b,d).

As shown in Fig. 5, the skew T–logp diagram of the radio
sounding at Kings Park indicated a favorable thermodynamic
environment for MCS development. The low-level environment

FIG. 3. (a) Time series of 5-min precipitation accumulation (mm) at G3502 (blue bars) and G1173 (orange bars) in
situ surface stations. (b) Distribution of hourly precipitation (mm h21) averaged during 2100–2255 LST. The black
circles represent the locations of stations G3502 and G1173.

FIG. 4. Horizontal distributions of reanalysis geopotential height (gpm, contours) and wind vectors from NCEP
FNL at (a),(c) 850 and (b),(d) 925 hPa at (left) 1400 and (right) 2000 LST 11 Apr 2019. The shading in (a) and (c) is
precipitable water (kg m22), and that in (b) and (d) is divergence (1025 s21) at 925 hPa. The thick blue lines in
(a) and (c) denote the contour of 5880-gpm geopotential height at 500 hPa. The red thick dashed lines in (a)–(d) denote
the shear lines. The triangles represent the location of Shenzhen city.
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was moist, especially nearly saturated at layers near 925 and
700 hPa. The moist low-level environment produced moderate
convective available potential energy (CAPE, 1565 J kg21),
negligible convective inhibition (CIN, 0.25 J kg21) and a low
level of free convection (LFC, 939.4 hPa). Moderate CAPE was
also contributed by the relatively cold air at middle levels. A
dry layer occurred between 600 and 250 hPa above the low-
level moist layer. The sounding revealed an estimated precipita-
ble water of 47.70 mm. CAPE, CIN, LFC and precipitable
water shows comparable magnitudes for other extreme rainfall
events in coastal South China (Sun et al. 2021; Liu et al. 2018;
Wang et al. 2014). Horizontal winds veered from southerly at
near-surface to southwesterly at midlevel, with a vertical shear
of;23.15 m s21 beneath the midlevel (500 hPa). The moderate
vertical wind shear was conducive to the development of MCSs.

Therefore, the background environment was both dynami-
cally and thermodynamically favorable for convection initia-
tion and MCS maintenance, resulting in strongly convective
heavy rainfall.

4. Characteristics of cold pools derived from
Shenzhen Met-Tower

During heavy rainfall, Shenzhen Met-Tower captured the
vertical evolution of the boundary layer structure and identi-
fied the passage of cold pools, as shown in Fig. 6. The Met-
Tower observed two rapid temperature drops near 2008 and
2116 LST (Fig. 6a) as MCS-A and MCS-B passed by Shenzhen,
respectively (Figs. 2e,f). Both temperature decreases also corre-
sponded to pressure increases (Fig. 6c). The results suggest the

passages of two cold pools associated with MCS-A andMCS-B at
ShenzhenMet-Tower.

The passage of the cold pool from MCS-A caused the first
temperature deficit of approximately 2.6 K in 8 min at all
measurement levels (10–350 m) after 2008 LST (Fig. 6a). The
temperature at 350 m recovered quickly with an increase of
nearly 2.1 K in 11 min immediately after the 8-min decrease,
but the temperature recovery was not evident at lower levels,
with a minor increase of 0.4 K at 100 m. The temperature re-
covery was more rapid than the statistically average results in
previous studies [e.g., 1 h 20 min in Joseph et al. (2021)]. The
temperature at 300–350 m then decreased again with a smaller
magnitude of 0.7 K. The decrease, increase and decrease fluc-
tuations of temperature at the higher levels (150–350 m) sug-
gested the passage of vertical bulge structures in the cold pool
at the top of cold air masses instead of the recovery after cold
pool passage. The first bulge is probably the “head” of the
cold pool and can be seen in laboratory simulated density cur-
rents (e.g., Charba 1974). The temperature increase at high
layers between the two cooling events was caused by warm
air intrusion into the cold pool, which was probably related to
Kelvin–Helmholtz instabilities or superimposed with lobe and
cleft instabilities and can create turbulent mixing behind the
cold pool head (Grant and van den Heever 2016; Meyer and
Haerter 2020). At levels lower than 100 m, only slight warm-
ing was detected, which suggested the lasting influence of the
body of the cold pool. The result suggests that the depth of
the cold pool body behind the head was approximately equal
to 100 m. After the smaller cooling, the temperature above
100 m gradually recovered, but the temperature was still
lower than before 2008 LST, which can be attributed to noc-
turnal radiation cooling and the existence of stratiform
precipitation.

At 2116 LST, with the passage of MCS-B, another more
rapid temperature drop occurred with a larger magnitude
(Fig. 6a). The magnitude of cooling at 10–100 m was approxi-
mately 5.1 K in 15 min. The cooling weakened with increasing
height (e.g., 4 K deficit at 300 m). Due to the existence of
stratiform precipitation behind (Fig. 2f), the low temperature
in the boundary layer lasted for a longer time until nearly
40 min after cooling (2116–2156 LST). The long-lasting strong
temperature drop at all observational levels suggested that
the highest level of the tower remained in the interior of the
cold pool. Compared to the preceding cold pool of MCS-A,
MCS-B generated a deeper and stronger cold pool, when
given the magnitude of temperature deficits as cold pool
strength. As MCS-B moved away from the tower, the temper-
ature gradually increased after 2156 LST. The temperature re-
covery near the surface was relatively weak and slow
compared to that at higher levels. After the passage of the
second cold pool, a stable nocturnal low-level stratification
developed.

The shallow cold pool from MCS-A was detected with a
smaller temperature deficit and quick distinct temperature re-
covery at high levels, whereas the deep cold pool from MCS-B
caused a more intense temperature deficit and weak recovery
afterward at all measurement levels. The evolution of reflectiv-
ity at different levels at the Met-Tower position derived from

FIG. 5. Skew T–logp diagram of the radio sounding at Kings Park
(location denoted by red star in Fig. 1) at 2000 LST 11 Apr 2019.
Surface-based CAPE (J kg21), CIN (J kg21), and LFC (hPa) are
given in the top-right corner. The blue and black lines represent the
vertical profiles of the dewpoint temperature and temperature,
respectively. The red dashed line represents the parcel path.
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Shenzhen radar data showed that the passage of convective
systems only occurred at the second cold pool (2116 LST,
Fig. 6b). The results reveal that the shallow density current
propagated away from its parent MCS-A, while the deep cold
pool passed by Shenzhen Met-Tower was closely accompanied
by the convective system (MCS-B).

The pressure increases at all observed levels were accompa-
nied by temperature decreases during the two passages of
cold pools (Fig. 6c) due to the arrival of colder and denser air
masses based on the hydrostatic relation. Pressure in the shal-
low cold pool increased 0.7 hPa, while pressure obtained a
larger enhancement of 3 hPa by the later deeper cold pool.
The increase in pressure occurred 12 min before the tempera-
ture decreased and persisted for a short time (e.g., only 14 min
in the second process). The earlier onset of pressure increases
than temperature reduction was also found in other studies (e.g.,
Kirsch et al. 2021; Engerer et al. 2008).

After the temperature decreased in the shallow cold pool,
the relative humidity decreased 16% at 300 m (Fig. 6d). Then,
the relative humidity recovered with the recovering tempera-
ture. During the deep cold pool that passed at 2116 LST, the

atmosphere first became drier and then reached saturation
rapidly because of the intense temperature decrease. To
clearly quantify the variations in moisture in the boundary
layer, we further calculated the specific humidity using the ob-
served temperature, pressure, and relative humidity (Fig. 7a).
Passage of the shallow cold pool resulted in 23.73 g kg21 of
specific humidity at 50 m and 24.44 g kg21 at 300 m, while the
deep cold pool caused 21.20 g kg21 at 50 m and 22.48 g kg21

at 300 m. Passages of two cold pools dried the boundary layer
at all observed levels and dried more strongly at higher layers.
It shows no significant moisture enhancement before passages
of the two cold pools, and moisture decreased afterward, which
indicates a drier interior of cold pools. These variations in mois-
ture do not suggest the existence of a moisture ring structure.

The complicated variations in specific humidity are consid-
ered to reflect the interaction of various formation processes
of cold pools: 1) evaporation cooling, which can moisten the
atmosphere, and 2) vertical import of upper-level dry air
masses, which can dry the atmosphere (Kirsch et al. 2021).
Kirsch et al. (2021) found that the evaporative cooling process
at midlatitudes contributes more to variability in temperature

FIG. 6. Time series of (a) temperature (K), (b) reflectivity (dBZ) and 5-min precipitation (mm), (c) pressure pertur-
bation (hPa), (d) relative humidity (%), (e) U component wind (m s21), (f) V component wind (m s21), and
(g) horizontal wind vectors (m s21) at different levels at Shenzhen Met-Tower during the heavy rainfall event on
11 Apr 2019. The dashed brown line in (b) represents the evolution of 5-min precipitation at station G3502, and the
solid lines show the evolution of radar reflectivity at the tower. Vertical dashed lines in each panel denote the start of
cooling at the lowest layer (10 m). The undisturbed state relative to pressure perturbation is the temporal average
between 1800 and 1900 LST.
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perturbation by cold pools and that the passage of cold pools
on average leads to moistening in the boundary layer. How-
ever, a decrease in specific humidity is usually observed by
cold pool passages in the tropics (e.g., Schiro and Neelin 2018;
de Szoeke et al. 2017). In this case, variations in specific hu-
midity during the two cold pools suggest that the influence of
rainfall evaporation was weaker than the convective down-
ward import of upper dry air mass in the current case of South
China. The import of upper-level dry and cold air masses also
caused stronger drying in higher layers. Figure 7b shows the
time series of the equivalent potential temperature (ue). The
decreases in ue documented in the two cold pool passages also
suggest that the entrainment of cold and dry air from upper
altitudes (e.g., midlevels) dominated the changes in specific
humidity (Zuidema et al. 2012), which contrasts to cold pools
that increased ue by precipitation evaporation (e.g., Wood
et al. 2011).

Figures 6e–g display the temporal evolution of horizontal
winds associated with cold pools. As the gust front ahead
of the shallow cold pool approached, the direction of wind
gradually veered from background southeasterly winds to
northwesterly winds (Fig. 6g). Correspondingly, the V wind
component shifted from southerly to northly and the U wind
component shifted from easterly to westerly near the appear-
ance of the first temperature deficit (Figs. 6e,f). The accelera-
tion of wind speed was relatively weak during the initial
cooling (;2 m s21, Fig. 6g). After the warm air intrusion at
the top of the shallow cold pool where temperature increased
significantly above 100 m (Fig. 6a), turbulence appeared at
the wake of the cold pool head and was presented as winds at
higher levels (above 150 m) frequently switched between
northerly and southerly (Figs. 6f,g, e.g., Charba 1974; Simpson
1969). The Met-Tower detected the properties of the head
structure at the top of the shallow cold pool, which were ob-
served with two couplets of temperature deficit and rising at
higher levels (Fig. 6a) as well as turbulent winds (Fig. 6g).

As the deep cold pool of MCS-B passed, the winds were
greatly accelerated by nearly 15 m s21, presenting as a strong
gust front (Fig. 6g). The wind direction was abruptly turned
westerly and yielded a significant increase in theU component
from a weak easterly to a strong westerly (Figs. 6e,g). The
wind shifts by gust fronts agreed with the expected wind

direction changes according to the relative positions and
movement directions of the corresponding MCSs to the tower
(Fig. 2).

Compared with the cold pool observations in another case
in coastal South China (Wang et al. 2014), the shallow cold
pool in this case caused a weaker surface temperature deficit
and a shift in wind direction, whereas the deep cold pool
caused a more intense surface temperature deficit signal. Dis-
tinct from the temperature deficit, the drying magnitudes of
specific humidity by the first cold pool were larger than those
in the second cold pool. The smaller drying might be related
to the accompanying on-going precipitation, which can reduce
the extent of drying through moisture evaporation. Despite a
decrease in specific humidity, the deep cold pool generated a
saturated boundary layer due to intense cooling.

5. Heavy rainfall associated with colliding cold pools

Strong convective precipitation was produced in Shenzhen
by the bowed echo, and long-lasting precipitation occurred in
the southern downtown area. During the intense precipitation
episode, two cold pools featuring varying characteristics were
observed by Shenzhen Met-Tower. The detailed effects of
these two cold pools on the production and persistence of
heavy rainfall in Shenzhen are further investigated through
observations in the following section.

a. Evolution of cold pools and MCSs

To investigate the influences of cold pools, the positions of
the two cold pools need to be clarified first. The leading edges
of cold pools can be identified as equivalent potential tempera-
ture perturbations or temperature depressions reaching a cer-
tain threshold (e.g., Schlemmer and Hohenegger 2014, 2016).
Here, we identified the position of the cold pool leading edge
as where equivalent potential temperature perturbation (u′e)
falls below a threshold of 24 K. The u′e in the current study is
calculated by the differences between ue at that time step cal-
culated from in situ station observations and unperturbed ue.
The unperturbed ue is the average during 1800–1900 LST
when Shenzhen Met-Tower had not undergone obvious cool-
ing from cold pools. The leading edges of cold pools are along
the contour of 24 K, which is obtained from natural neighbor
interpolation of u′e.

FIG. 7. Time series of (a) calculated specific humidity (q, g kg21) and (b) equivalent potential temperature (ue, K)
at three measurement levels of Shenzhen Met-Tower during the heavy rainfall event on 11 Apr 2019. Vertical dashed
lines denote the start of cooling at the lowest layer (10 m).
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Zoomed in on Fig. 2, Fig. 8 displays the detailed evolution
of MCSs and the corresponding movement of cold pools.
MCS-A passed north of Shenzhen city and generated a cold
pool (its southern leading edge is denoted as purple solid line
in Fig. 8a). When MCS-A propagated northeastward under
the southwesterly steering flow, the leading edge of its cold
pool nearly stagnated (Fig. 8a). The separated cold pool then
moved slowly southward to the tower and caused the first
temperature deficit at the tower (Fig. 6a).

Originating from the west, MCS-B was organized into a
squall line (Figs. 8a–c). MCS-B propagated eastward in close
proximity to its cold pool (blue line). At 2106 LST, MSC-B
and its strong cold pool, which caused a large temperature
deficit, arrived at the Pearl River Estuary. Meanwhile, the
strong cold pool by MCS-B collided with the weak cold pool
by MCS-A (Fig. 8c). Then, the merged cold pool and MCS-B
continued to move eastward together. When the merged cold
pool and MCS-B passed through the Met-Tower, it caused a
stronger temperature decrease and gusty wind acceleration

(Figs. 6a,g). In Fig. 6, the simultaneous appearance of strong
gust wind, intense cooling and high radar reflectivity suggests a
close distance between MCS-B and its cold pool leading edge.
As the bow-shaped echo MCS-B reached Shenzhen city, the
northern portion of MCS-B gradually weakened, while its
southern portion was sustained and slowly progressed east-
ward (Figs. 8d,e). In addition, as the southern portion contin-
ued to develop eastward, the orientation of MCS-B then
shifted from a nearly north–south direction to northeast–
southwest direction (Figs. 8e,f).

Figure 9b further presents the propagation of cold pools with
a longitude–time Hovmöller diagram derived from in situ sur-
face stations at approximately 22.78N (Fig. 9a). Since 2000 LST,
a notable decrease of ;3 K in temperature had been sustained
east of 113.88E (purple arrow in Fig. 9b), which denotes the last-
ing cooling by the weak shallow cold pool. Meanwhile, intense
cooling propagated eastward with a general movement speed of
16.6 m s21 (blue arrow in Fig. 9b). This cooling corresponded to
the existence of the deep cold pool and presented as a strong

FIG. 8. Temporal evolution of composite reflectivity over 25 dBZ (dBZ, shaded) and surface temperature (K, dots)
at (a) 2018, (b) 2036, (c) 2106, (d) 2124, and (e) 2148 LST 11 Apr 2019. The solid lines represent the positions of the
cold pool leading edges associated with MCS-A (purple), MCS-B (blue), and the merged cold pools (cyan). The
crosses denote the locations of Shenzhen Met-Tower. (f) Composite reflectivity above 40 dBZ (shaded) at 2036, 2118,
and 2200 LST to show the morphological evolutions of MCS-B. The dotted and dashed boxes denote the range for av-
erage calculation in Figs. 10a and 10b, respectively.
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boundary (large horizontal gradient) of the temperature anom-
aly. After 2100 LST, the strong cooling edge encountered and
merged with the precedent quasi-stationary weak cold pool
near the Pearl River Estuary. As the merged cold pool moved
through Shenzhen, the zonal temperature difference between
the cold pool and the ambient environment weakened.

b. Precipitation enhancement due to cold pool collision

From the longitude-time Hovmöller diagram of 5-min pre-
cipitation in Fig. 9c, precipitation moved eastward synchro-
nously with the eastward strong temperature decrease in
Fig. 9b. The rainfall in Shenzhen city was thus mainly pro-
duced by MCS-B. Precipitation strengthened near the Pearl
River Estuary. In the horizontal wind field, the direction of
the southeasterly surface background wind veered after the
arrival of the weak cold pool and to northeasterly near
2100 LST (black and purple arrows in Fig. 9d). Changes in wind
direction were also observed by Shenzhen Met-Tower, as
shown in the previous section, in which the weak gust front
shifted winds from background southeasterly to northwesterly
and turned to northeasterly near 2030 LST (Figs. 6e–g). In the
west, the strong nearly westerly gust front moved eastward with
the propagation of the deep cold pool (blue arrow, Figs. 9b–d).
Surface winds at the rear of the nearly westerly gust front

gradually veered to northeasterly as the convective portion of
MCS-B passed by. When the intense gust front moved to the
Pearl River Estuary, its intense nearly westerly could strongly
converge with the northeasterly that was previously influenced
by the weak gust front (blue and purple arrows in Fig. 9d) and
dynamically enhance the precipitation near the Pearl River
Estuary (Fig. 9c). The enhanced rainfall later maintained and
moved eastward, finally bringing heavy rainfall to Shenzhen
(Fig. 9c).

Figures 8 and 9b both show the collision between the two
cold pools. As in many previous studies, collision between me-
soscale boundaries is a trigger for new convection and a
maintenance mechanism for MCSs (e.g., Droegemeier and
Wilhelmson 1985a, b; Torri et al. 2015; Feng et al. 2015;
Purdom 1976; Torri and Kuang 2019). The collision of cold
pools can help the interaction of positive pressure anomalies at
their leading edges, generating strong vertical motion to lift air
parcels. When the gust front of the merged cold pool passed by
Shenzhen, the strong wind gusts caused by convective down-
drafts weakened. According to the density current theory, the
weakened gust front was possibly contributed by the decreased
temperature difference and density difference between the
cold pool and the environment cooled by the precedent cold
pool (Figs. 9b,d, Simpson 1969).

FIG. 9. (a) Locations of in situ surface stations (triangles) near 22.78N used in (b)–(d). The green cross represents
the location of Shenzhen Met-Tower. The red outline represents the range of Shenzhen city. (b)–(d) Longitude–time
Hovmöller diagrams of (b) surface temperature anomalies (K), (c) 5-min precipitation (mm), and (d) surface horizon-
tal wind vectors (m s21) from the stations shown in (a). Vertical dashed lines show the longitude of Shenzhen Met-
Tower (113.898E). The temperature anomaly is the difference relative to the temporal average of 1800–1900 LST.
The purple and blue arrows in (b) represent the movement of cold pools from MCS-A and MCS-B, respectively. The
square in (c) highlights the strengthening of precipitation. The black and purple arrows in (d) generally indicate
the wind direction shift affected by the cold pool from MCS-A, and the blue and purple arrows in (d) roughly show
the convergence near the Pearl River Estuary.
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c. Morphological transformation of the MCS due to
cold pool collision

In addition to the enhanced precipitation intensity near
Shenzhen city, the large accumulation of rainfall at the south-
ern downtown of Shenzhen was also contributed by the long
rainfall duration (Fig. 3).

The long-lasting rainfall was associated with the shift of
MCS-B’s orientation shown in Fig. 8 and MCS-B’s orientation
is also shown intuitively in Fig. 8f. The evolution of MCS-B,
which mainly produced heavy rainfall in Shenzhen, was fur-
ther examined with longitude-time or time-latitude Hov-
möller diagrams, as shown in Fig. 10. In the west, the
convective part (.25 dBZ) in a southern portion of MCS-B
(average between 22.48 and 22.658N, denoted as a dotted box
in Fig. 8f) propagated eastward with a similar speed as the
cold pool of approximately 19.92 m s21 (Figs. 10a and 9b).
The propagation speed was objectively estimated with the lin-
ear trend of the maximum composite reflectivity at each longi-
tude in Fig. 10a. There is a difference between the two
measured speeds in Fig. 9 and 10a because Fig. 10a focuses on
the speed of a portion of MCS-B rather than the whole con-
vective system, and different average areas are adopted in
Figs. 9b and 10a. As it reached Shenzhen (east of 113.88E),
the strongly convective portion of the convection extended a
considerable distance behind the line. Additionally, the south-
ern part of MCS-B experienced a slight reduction in speed
(from 19.92 to 12.24 m s21). The two factors above result in
heavy rainfall passing through a certain longitude over a lon-
ger period of time. As shown in Fig. 10b, the northern portion
of the bow-echo MCS-B gradually dissipated after 2100 LST
when it arrived Shenzhen. The southern portion of MCS-B
developed and propagated to the south. MCS-B became
shorter in the meridional range. Taken together, MCS-B ex-
perienced a shift in its orientation after reaching Shenzhen,
from oriented nearly meridionally to zonally, and a slower
eastward propagation across southern Shenzhen.

The large cumulative rainfall results from a strong precipi-
tation rate as well as a long duration of rainfall over the same
area (Doswell et al. 1996). A large number of extreme rainfall
events are contributed by MCSs featuring quasi-stationary or

repeated passages of convective cells, which prolongs the du-
ration of rainfall over a particular region (Peters and
Schumacher 2015, 2016; Wang et al. 2014; Jeong et al. 2016).
As the eastward MCS-B turned northeast–southwest ori-
ented, it was organized into the “training line” mode, which
moved nearly parallel to the convective line (Schumacher and
Johnson 2005, 2006; Peters and Schumacher 2015). Therefore,
MCS-B prolonged the passage time over southern Shenzhen
by approximately 50 min, causing heavy rainfall at the most
populated downtown (Fig. 3).

It is known from the observations of the tower and surface
stations that the weak cold pool cooled the surface of Shenzhen
before the arrival of MCS-B, and the low near-surface tempera-
ture was sustained for time under stratiform precipitation and
nocturnal radiation cooling (Figs. 6a and 9b). When the east-
ward MCS-B and its cold pool arrived at Shenzhen, the deep
cold pool collided with the weak cold pool. As MCS-B and
the merged cold pool further propagated into Shenzhen, the
leading edge of the merged cold pool did not coincide well
with the bow-shaped echo as it did previously (Figs. 8a–c).
Before collision with the shallow cold pool, large temperature
gradients perpendicular to the edge of MCS-B were both at
the northern (0.34 K km21) and southern edges (0.6 K km21).
The shallow cool pool cooled the ambient temperature at
Shenzhen and reduced the temperature difference with the
merged cold pool interior, so the edge of the merged cold
pool was away from the north end of MCS-B. The tempera-
ture gradient in the northern portion of MCS-B was thus
small (approximately 0.15 K km21, Fig. 8c), which can also be
seen from Fig. 9b. Then, near the edge of the northern portion
of MCS-B, the gust front and the associated lifting were likely
weak; additionally, few new convective cells could be initiated
there. Under the lower possibility of convection initiation, the
northern portion of the bow-shaped echo MCS-B would grad-
ually dissipate (Figs. 8 and 10b).

For the southern portion of the bow-shaped echo, the ambi-
ent surface temperature in southern Shenzhen was unaffected
by the precedent shallow cold pool. The ambient surface tem-
perature was much higher due to the southwesterly warm-
moist flow (Figs. 8c–e). In addition to the surface temperature

FIG. 10. (a) Longitude–time Hovmöller diagram of composite reflectivity (dBZ) averaged over 22.48–22.658N. The
vertical dashed line represents the longitude of Shenzhen Met-Tower (113.898E). The blue and cyan lines show the
estimated propagation of the southern part of MCS-B. Black dots are the locations of the maximum composite reflectivity
at the longitude. (b) Time–latitude Hovmöller diagram of composite reflectivity (dBZ) averaged over 1138–114.58E.
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decrease in the interior of the deep cold pool, the temperature
inside the cold pool was much lower than the exterior ambi-
ent temperature. Therefore, there was still a large tempera-
ture gradient (approximately 0.6 K km21) along the south
edge of the cold pool. The temperature gradient is relevant to
the buoyancy gradient. The horizontal buoyancy gradient can
baroclinically generate horizontal vorticity and provide up-
ward motions (e.g., Trapp and Weisman 2003; Wu and
Lombardo 2021). Warm and moist air through the low-level
southwesterly from the ocean can then be lifted. Thus, the
large temperature gradient along the cold pool edge was ben-
eficial to the gust front and updrafts initiating convections and
maintaining MCS. The southern portion of the bow-shaped
echo could continue developing and sustain. MCS-B also
tended to move southeastward under the favorable conditions
at the southern edge. Combining the dissipation of the north
end and the slow eastward movement of the south portion,
MCS-B evolved from north–south oriented to northeast–
southwest oriented under the changes in horizontal thermody-
namic distribution by the cold pools colliding. Finally, MCS-B
turned to a training line mode and achieved a longer resi-
dency over the southern downtown for approximately 50 min,
resulting in large losses in the area.

6. Summary and discussion

Convectively driven cold pools are an important factor for
convection initiation and MCS development, but their quanti-
tative observational features in South China have been sel-
dom studied, which limits our ability to accurately represent
cold pools and the associated precipitation in numerical mod-
els for this region. On 11 April 2019, an extremely heavy rain-
fall event produced a maximum 30-min rainfall of 73.4 mm
over Shenzhen city, resulting in significant losses. The present
study applies Shenzhen Met-Tower data to examine the verti-
cal structure of cold pools in this event and to provide an ob-
servational reference dataset for cold pool evolution. The
study also investigates the potential influences of cold pools
on the heavy rainfall at Shenzhen in conjunction with radar
and surface in situ station observations.

Observations from the Shenzhen Met-Tower show the pas-
sages of two cold pools with different intensities. The first
shallow cold pool yielded a cooling of 2.6 K at all measure-
ment layers. The head structure of the shallow cold pool was
observed above 100 m with evident temperature fluctuations
and wind turbulence, which suggests an estimation cold pool
body depth of approximately 100 m. The second deep cold
pool caused a stronger temperature drop of 5.1 K at 10 m 1 h
later. The temperature drop decreased in higher layers (4 K
at 300 m). Pressure increases were observed nearly 12 min
prior to cooling. Similar magnitudes of pressure increase oc-
curred in all layers: 0.7 hPa in the shallow cold pool and 3 hPa
in the deep cold pool. The cold pool passages resulted in a
change in the horizontal wind direction, with the shallow cold
pool leading to weak wind acceleration (;2 m s21) and the
deep cold pool causing intense gust wind acceleration of more
than 15 m s21. No significant moisture enhancement occurred
ahead of the cold pool, suggesting the absence of a moisture

ring. The interior of the cold pool became drier, similar to a cold
pool study over the Netherlands (Kruse et al. 2022). The shallow
cold pool dried the atmosphere strongly for 23.73 g kg21

of specific humidity at 50 m and was drier at higher levels
(24.44 g kg21 of specific humidity at 300 m). The observed varia-
tions in moisture with height are in contrast to those reported in
Germany by Kirsch et al. (2021), where enhanced moisture oc-
curs in the cold pool interior and moister at higher levels. These
differences in vertical structures may suggest variations in the
contributions of rainfall evaporation and vertical transport of
upper-level air masses in these regions. Although the deep
cold pool yielded larger signals of temperature, pressure and hor-
izontal wind speed, the drying effect was relatively weak
(21.20 g kg21 of specific humidity at 50 m and 22.48 g kg21 at
300 m), which may be relevant to the simultaneous arrival of
rainfall evaporation. The stronger cooling of the deeper cold
pool led to the formation of a saturated boundary layer.

In this case, precipitation was intensified near Shenzhen
and lasted longer in the southern downtown area of Shenzhen
due to the collision of two cold pools. Figure 11 provides
schematic diagrams illustrating the potential effects of this
colliding on the strengthening of precipitation and the trans-
formation of the morphology of MCS. Low-level winds con-
verged at the gust fronts of the two cold pools, dynamically
intensifying precipitation near the Pearl River Estuary
(Fig. 11a). As MCS-B moved farther east with the merged
cold pool, it transformed into a training line–type MCS, with
a morphology parallel to its movement direction (Fig. 11b).
Previous case studies (e.g., Peters and Schumacher 2015,
2016; Wang et al. 2014; Liu et al. 2018) have documented that
back-building or training MCSs usually form as unstable air
parcels with high CAPE are lifted by isentropic upglide and
baroclinicity associated with the cold pool caused by a forward-
propagating MCS, initiating and developing convection upstream
of the MCS. Similarly, in this case, the warm ambient environ-
ment from the ocean retained a large temperature gradient
and generated baroclinicity at the southern edge of MCS-B,
promoting convection triggering and maintenance. On the
other hand, detailed observations of the evolution of the cold
pools indicate that surface cooling by the precedent shallow
cold pool reduced the temperature gradient at the northern
leading edge of the subsequent deep cold pool. As a result, af-
ter the cold pool collision, the weak temperature difference at
the front of the merged cold pool decreased the likelihood of
isentropic upglide and unfavored the northern portion of
MCS-B maintenance. In addition to intense mechanical lifting
produced by cold pool collision (Feng et al. 2015; Haerter 2019;
Torri and Kuang 2019; Meyer and Haerter 2020), the collision
also altered the horizontal thermodynamic distribution, which
contributed to a transition in MCS-B’s organizational structure.
The transformed training line MCS-B crossed southern Shenzhen
with a new northeast–southwest orientation, resulting in longer
residency of heavy rainfall in the densely populated downtown
area.

The present study investigates the processes and mecha-
nisms of cold pools purely from an observational perspective.
The findings suggest that colliding cold pools may potentially
strengthen precipitation and transform the morphology of
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heavy-rainfall-producing MCS. However, other factors, such
as the southwest–northeast-oriented coastline and coastal ter-
rain (Du et al. 2020a,b, 2022), where the marine boundary
layer jets converge and provide lifting for convection triggering
due to land-sea differential friction and topographic mechanical
lifting, may also influence the enhancement and change in ori-
entation of MCS-B. Investigating their relative contributions
and detailed mechanisms of these factors requires numerical
simulations and related sensitivity experiments. Moreover, the
dataset derived from the Shenzhen Met-Tower has high tempo-
ral and vertical resolutions, making it an essential observational
reference for comparison against high-resolution simulations in
South China, which can help improve the ability to accurately
represent precipitation (Kirsch et al. 2021; Rio et al. 2009). To
establish a reference dataset with higher reliability and compare
it with other regions (e.g., Engerer et al. 2008; de Szoeke et al.
2017; Joseph et al. 2021), further examination of the magnitude
and vertical variations of perturbations caused by cold pools in
the boundary layer is necessary for climatology near the coastal
South China region.
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