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ABSTRACT

Cold pools (CPs) significantly influence coastal heavy rainfall, but detailed observations of them are limited due to the
lack of vertical measurement instruments. This study statistically characterizes CPs in the coastal monsoon region of South
China using unique data from the 356-m-high Shenzhen Meteorological Tower. CP occurrence correlates with convective
activities influenced by the summer monsoon in the seasonal variations and land—sea breeze activities in the diurnal cycle.
The CPs predominantly dry the atmosphere, highlighting the dominant role of dry entrainment through convective
downdrafts in their formation, with a minor role of hydrometeor evaporation. The average CP depth is estimated at 668.0
m, deeper than tropical CPs but shallower than midlatitude counterparts. The CP properties exhibit diurnal variability,
largely influenced by mesoscale convective system (MCS) activities. MCS-induced CPs are deeper and more intense than
those from individual convective cells, while linear-MCS-produced CPs are the most intense. These observations from the
coastal monsoon region contribute to a comprehensive global understanding of CP characteristics, complementing existing
studies from midlatitude and tropical regions.
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Article Highlights:

¢ Cold pool events are associated with convective activities influenced by the summer monsoon and sea breeze activity.

* The wet conditions in monsoon coastal areas lead to reduced evaporation, causing most cold pools to reduce the specific
humidity.

* The depths of cold pools in this region are greater than over tropical ocean areas but shallower than over the midlatitude
continent.

1. Introduction

I . o o . Convectively driven cold pools (CPs) play a crucial
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Tenth Anniversary of Its School of Atmospheric Sciences. and producing heavy rainfall. These CPs dynamically interact
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Emails: duyu7 @mail.sysu.edu.cn, 40924641 @qq.com vection. One key process involves the strong gust winds at
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2 COLD POOL OBSERVATIONS IN MONSOON COASTAL REGION

the CP’s leading edge uplifting warm ambient air through
mechanical lifting (Rotunno etal., 1988). In tropical
oceanic regions, moisture rings at the CP edge contain
enhanced moisture, providing moist static energy for convec-
tion development (Tompkins, 2001; Feng etal., 2015).
Mechanical and thermodynamic forcing work synergistically
to reduce convective inhibition energy and lift parcels from
the surface (Torri et al., 2015).

Given the importance of CPs in weather systems, high-
resolution and sophisticated observation techniques are essen-
tial to capture their variations across different climate condi-
tions. For instance, de Szoeke etal. (2017) utilized a
research vessel to document CP characteristics in the central
Indian Ocean, reporting a mean temperature drop of 1.3°C
and a decrease in specific humidity of 0.6 g kg~! at the gust
front, following a minor humidity increase of 0.25 g kg~!
ahead of the front. In contrast, CP signals over midlatitude
continents are typically stronger due to greater evaporation
in the relatively dry conditions (e.g., Engerer et al., 2008;
Joseph et al., 2021; Kirsch et al., 2021). Moisture changes
caused by CPs over midlatitude land vary depending on loca-
tion (e.g., Wakimoto, 1982; van den Heever et al., 2021).
Tower measurements in Germany observed that CP passages
resulted in sustained increases in moisture (Kirsch et al.,
2021), while CPs in the Netherlands are characterized by a
dry interior (Kruse et al., 2022).

CP properties influencing convection development are
regulated by environmental humidity. Dry atmospheric pro-
files tend to promote entrainment, resulting in dry downdrafts
and subsequent evaporation (Markowski and Richardson,
2010; Boing et al., 2012; Marion and Trapp, 2019). Drager
et al. (2020) found that in simulations of continental CPs,
moisture rings tend to form on moist surfaces and disappear
under dry conditions. When the model’s intense rain evapora-
tion exceeds the drying effect of convective downdrafts, mois-
ture rings are simulated over tropical oceans, a phenomenon
not typically observed in real-world data (Torri and Kuang,
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2016; Chandra et al., 2018).

In monsoonal coastal regions, CP outflows are one of
the key local factors contributing to heavy precipitation.
They interact with the complex coastal terrain and the moist
unstable monsoon flows (Liu et al., 2018; Du et al., 2020;
Zhang et al, 2022; Mai et al., 2023; Su et al., 2023). How-
ever, due to a lack of measurements, CP characteristics in
monsoon coastal regions, which experience humidity condi-
tions distinct from moist oceanic and dry continental
regimes, remain underexplored. In West African monsoon
regions, CPs during the pre-monsoon period are found to
enhance moisture and moist static energy under dry condi-
tions, thereby feeding subsequent convection, whereas they
tend to decrease moisture during the monsoon and retreat peri-
ods (Garcia-Carreras et al., 2013; Provod et al., 2016).

In South China, a coastal area influenced by the East
Asian monsoon, the recently equipped 356-m-high Shenzhen
Meteorological Tower (hereinafter referred to as SZMT,
Fig. 1) provides a unique opportunity to observe CPs in a
monsoonal coastal environment and their vertical structure
(Mai et al., 2023). Using this unique resource, this study
aims to compile a comprehensive statistical database of CP
observations in coastal monsoon areas. By adopting a method-
ology similar to that used in Germany (Kirsch et al., 2021),
this study enables direct comparisons with results from midlat-
itude continental regimes, thereby contributing to a more com-
plete global understanding. Additionally, the study investi-
gates CP variability in relation to various parent convection
modes, aiming to Dbetter understand the complex
rain—CP-rain relationship. These findings are expected to pro-
vide new insights into CP processes and coastal rainfall,
offer observational support for high-resolution simulations,
and ultimately aid in improving predictions of heavy rainfall
in global monsoonal coastal areas. Following this introduc-
tion, section 2 presents the observational data and CP identifi-
cation methodology, section 3 describes the CP features,
and section 4 provides a summary and discussion.

Fig. 1. (a, b) Terrain and bathymetry (units: m) near the observation instruments and their locations. The red cross, black
triangle, and red circle in (b) denote the locations of SZMT, G3502, and a range within a radius of 55 km from SZMT,

respectively. (c) Photograph of SZMT.
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2. Data and methods

2.1. Observational data

Observational data spanning 2018-20 utilized in this
study are derived from the 356-m-high SZMT, located on
the coast of South China (22.66°N, 113.89°E, Fig. 1).
SZMT records meteorological variables, including tempera-
ture, horizontal wind, and relative humidity, at 13 measure-
ment levels: 10, 20, 40, 50, 80, 100, 150, 160, 200, 250,
300, 320, and 350 m. Pressure data are available at 50, 100,
and 300 m. The data have a temporal resolution of 5 min,
which is sufficient to capture atmospheric changes during
CP activities. To eliminate potential biases from the overesti-
mation of the relative humidity sensor in nearly saturated con-
ditions, a correction method (Mai et al., 2023) is applied to
the relative humidity data. Data at the overestimated level is
corrected based on the bias between the 2018-20 average
and the estimated value obtained from a linear regression of
levels (10, 40, 50, 100, 150, 200, and 250 m), which are not
overestimated. Specific humidity is estimated using tempera-
ture, pressure, and relative humidity as in Mai et al. (2023).

Supplemental precipitation observations are collected
from the in situ surface station G3502, located approximately
250 m from SZMT. G3502 provides cumulative precipitation
data at 5-min intervals. The precipitation frequency is
derived from the occurrences of the 5-min precipitation rate.
Radar mosaic images, with a temporal resolution of 6 min,
are included to correlate CPs with the convective systems
that produce them.

2.2. Cold pool detection

To identify the passage of a CP, an objective detection
method is employed based on the approach in Kirsch et al.
(2021). The method begins by scanning the time series of
10-m temperature for a drop of = 2 K within a 20-min win-
dow. The timing of a CP passing SZMT (f) is defined as
the first moment when the 10-m temperature decreases by
over 0.5 K within the subsequent 5 min. The time series of
the subsequent 60 min is considered as the evolution of the
part of the same detected CP event. To ensure that the temper-
ature drops are a result of convectively driven CPs, only
CPs accompanied by convection (= 35 dBZ) within a radius
of 55 km from SZMT during the 2 h preceding their passages
are included. Previous studies have shown that CPs typically
propagate at a speed ranging from 8 to 15 m s~ (Grant and
van den Heever, 2016; Du et al., 2020; Meyer and Haerter,
2020). The chosen radius and time window thresholds
ensure that CPs propagating at ~10 m s~! are effectively cap-
tured.

The strength of CP perturbation is quantified following
Kirsch et al. (2021). The unperturbed states are defined as
the medians within the 30-min window prior to #y. The magni-
tudes of CP-induced perturbation are determined as the differ-
ences between the extreme values within 60 min after 7, and
the unperturbed states. For temperature, the extreme value
is the minimum, while for pressure, relative humidity, and

horizontal wind speed, it is the maximum. For specific humi-
dity, the extreme values are determined by the sign of the
50-m value at 10 min after #; relative to the unperturbed
state, which indicate either moistening (positive) or drying
(negative) induced by CPs (e.g., Kirsch et al., 2021; Kruse
et al., 2022). We also tested other time windows (5, 15, and
20 min) and found similar results. Additionally, the CP
strength c is calculated using an equation that integrates tem-
perature perturbations (A7) at all measurement levels from
10 m (zp) to 350 m (z;), and is linked to the theoretical CP
speed (Rotunno et al., 1988; Grant and van den Heever,
2016):
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where Teyy is the unperturbed environmental temperature, cal-
culated as the median of the 30-min window prior to fy, and
g is the gravitational acceleration. Since this estimation
tends to overestimate (or underestimate) the strength of CPs
below (or above) 350 m when integrating AT at the measure-
ment levels, the CP strength is used solely for qualitative com-
parison.

In addition, we analyze the CP depth, which is measured
as the height where the temperature perturbation at 10 min
after 7y decreases to 0 K, based on the method outlined by
Kruse etal. (2022). If no 0-K temperature anomalies are
detected at the tower measurements levels, a linear extrapola-
tion of the temperature is performed to estimate the CP
height. Deviations of this estimation method are assessed
against all CPs shallower than the tower, whose depth can
be directly estimated with observation. The average deviation
is 45 m, which is acceptable given the tower’s vertical resolu-
tion (10-50-m intervals). Therefore, we believe this method
is reasonable and practical.

2.3. Classification of convection organizational modes

To achieve better knowledge of the relationship
between convective systems and CPs, CP events are
grouped by the morphology of their parent convections,
which are located closest to SZMT within the 30-min window
prior to ty. Following previous studies (Parker and Johnson,
2000; Schiro and Neelin, 2018), the parent convections are
classified into three types: individual convective cells
(CCs), linear MCSs (L-MCSs), and nonlinear MCSs (NL-
MCSs). A convection is defined as the contiguous area with
reflectivity = 30 dBZ. A CC is characterized by convection
with its length smaller than 100 km in any direction. An
MCS refers to convection with its length scale greater than
100 km. Following the MCS organizational mode classifica-
tion method in South China (Li et al., 2021), an MCS with a
length/width ratio of larger than 1.8 in an area with reflectivity
= 40 dBZ is identified as an L-MCS, while those not meeting
this criterion are categorized as NL-MCSs.
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3. Cold pool features

3.1. Seasonal and diurnal variations of CP occurrence

A total of 164 CP events were recorded at SZMT during
2018-20, with significant seasonal variations (Figs. 2a and
b). From May to June, during the pre-summer rainy season,
the rain belt swings over South China due to the combined
influences of synoptic systems in the westerlies and the sum-
mer monsoon flow (Ding, 1992). As the rainy season
begins, CP occurrences begin to increase (Fig. 2a). CPs
become active from June to September, accounting for
84.8% of all events, basically coinciding with the onset and
subsequent retreat of the summer monsoon. Despite a reduc-
tion in rainfall during the summer monsoon retreat in Septem-
ber, CP occurrences remain active. This persistence is likely
related to the relatively drier environmental conditions follow-
ing the summer monsoon’s retreat, which favors evaporation
(Fig. 2b). Although precipitation begins to increase signifi-
cantly in May due to the enhanced heat, moisture supply
from the summer monsoon flow and sea breeze activity
(Zhu et al., 2017), CPs remain inactive in May, which is dis-
tinct from patterns observed in other regions with good agree-
ment between CP activities and rainfall (e.g., Garg et al.,
2021; Joseph et al., 2021).

Diurnally, CP occurrences peak from noon to afternoon
(1200-1700 LST, Fig. 2c), corresponding to the peak in after-
noon precipitation. This suggests a link to afternoon thermal
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convections, consistent with the afternoon rainfall peak
(e.g., Du and Rotunno, 2018; Chen, 2020), as well as the
peak in convection initiation (Bai et al., 2020). Typically, a
lag is expected between the precipitation and the CP forma-
tion by its cooling. However, the varying propagation
speeds of convection and CPs obscure this lag, as seen in
Fig. 2¢, which depicts CP passages at the tower. Observational
studies have noted a small gap between CP passages and pre-
cipitation (Chandra et al., 2018), or gap of about 30 min
(Schiro and Neelin, 2018). Given the hourly resolution,
such a short lag time may not be discernible, making the
apparent alignment between CP events and precipitation
rate/frequency reasonable.

In South China, thermal afternoon convection is predomi-
nantly driven by solar radiation heating and land-sea
breezes (Zhu et al., 2017; Bai et al., 2020). The northward
sea breeze strengthens after 1000 LST (Fig. 2d), promoting
both precipitation and CP occurrences. After 1900 LST, as
the northward sea breeze transitions to a southward land
breeze, both precipitation and CP occurrences decrease. In
May, rainfall predominantly increases at night rather than in
the afternoon (Figs. 2a and d). Since thermal convective rain-
fall constitutes less of the overall rainfall in May, CP events
do not show a significant increase (Fig. 2a). Convective cool-
ing at night is generally weak and insufficient to meet the
threshold of CP identification (with AT, must be less than
—2 K within 20 min) in the relatively cooler nighttime envi-
ronment. As a result, cooler ambient temperatures and
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Fig. 2. Occurrence of CP events (bars) in (a, b) the annual cycle and (c, d) the diurnal cycle. Lines in (a) depict the precipitation
rate (mm h-!, black), the proportion of precipitation rate within 1200-2000 LST (%, gray), and in (b) the precipitation frequency
(black line) and specific humidity (g kg~!, gray) at 850 hPa. Specific humidity is averaged within a radius of 1° from SZMT of
ECMWF atmospheric reanalysis (ERAS) data. The lines in (c) display the diurnal cycle of precipitation rate (black) and
frequency (gray) on days with CP occurrences. The lines in (d) exhibit the diurnal cycle of the meridional component of wind
perturbations at 10 m (m s~!, gray) on days with CP occurrences, along with daily variations of precipitation frequency in May

(black).
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reduced rainfall suppress CP occurrence at night, with only
18.9% of total CP events observed between 2100 and 0700
LST.

These seasonal and diurnal variations emphasize the
close relationship between CP occurrence and convective
activity, consistent with findings in previous studies (e.g.,
Wang et al., 2014; Mai et al.,, 2023) and in other regions
(e.g., Garg et al., 2021; Joseph et al., 2021), and highlight
the influence of the summer monsoon and local forcing mech-
anisms in this area.

3.2. Vertical structure

The CP-related meteorological perturbations at various
heights are shown in Figs. 3a—e. The passages of CPs cause
a median temperature decrease of 3.68 K at 10 m and a

median pressure increase of 0.40 hPa at 50 m. Cold and
dense air within the CP tends to settle and accumulate near
the ground, causing smaller perturbations at higher altitudes
(e.g., a median decrease of 1.97 K in temperature at 350 m,
and an increase of 0.20 hPa in pressure at 300 m). The
denser air within the interior of CPs compared to the environ-
ment enhances horizontal winds at the CP edge (gust front),
with an increase of 3.3 m s~ at 10 m, and up to 4.7 m s~! at
160 m, where surface friction is absent. Above 160 m, wind
speed anomalies remain generally consistent. These near-sur-
face signals are generally stronger than those of CPs in tropi-
cal oceanic conditions and weaker than those in midlatitude
continental regions (Engerer et al., 2008; Terai and Wood,
2013; Chandra et al., 2018; Kirsch et al., 2021; Wills et al.,
2021).
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Fig. 3. Vertical distributions of perturbations in (a) temperature (K), (b) pressure (hPa), (c) relative humidity (%), (d) wind speed
(m s71), and (e) specific humidity (g kg=!), and (f) the frequency of CP depth (%). In panels (a—e), the horizontal line, box, and
whiskers represent the median, inter-quartile range, and the 5th and 95th percentiles, respectively, while crosses denote extreme
values. The colored thick lines and triangles represent the average value of CP events occurring during April-September (warm

season, red) and October—March (cold season, blue).
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Effects on specific humidity are analyzed separately
due to the inconsistent signals observed in various climatic
regimes (Feng et al., 2015; de Szoeke et al., 2017; Trzeciak
et al.,2017; Schiro and Neelin, 2018; Kirsch et al., 2021). Fol-
lowing the judgement in section 2.2, only 35.37% of CPs
increase the specific humidity, while 64.63% cause drops of
moisture. The variability of humidity perturbation is linked
to two competing processes related to CP formation: evapora-
tion of raindrops moistens the atmosphere, and downward
transport of dry air masses from mid-levels reduces the atmo-
spheric humidity (Wood et al., 2011; Zuidema et al., 2012).
In the moistening CP group, stronger evaporation outcom-
petes the drying of downward transport of mid-level air, caus-
ing increases in specific humidity, particularly near the sur-
face because of the larger evaporation there (Fig. 3e). In the
drying group, downward entrainment of dry air is the principal
factor, with greater moisture reductions at higher levels.
More CP passages (64.63%) are followed by a decrease in
specific humidity, indicating the dominance of downward
import of upper dry air masses in the formation of a large pro-
portion of CPs in this region. This is probably related to the
suppressed evaporation in the wet conditions. Generally, the
CPs lead to a median decrease of 1.15 g kg=! in specific
humidity at 50 m and 1.42 g kg~! at 300 m. This differs to a
study over the continental midlatitudes, in which an average
increase was observed and 64% of the variability in CP
strength was attributed to evaporative cooling alone (Kirsch
et al., 2021). Despite the reduction in specific humidity, the
cooling in temperature results in an increase of 15.44% inrela-
tive humidity at 10 m, which diminishes to 7.87% at 350 m
as the cooling weakens (Fig. 3c).

The depth of the CP is a critical parameter for subsequent
convection triggering. In this study, most CPs have estimated
depths of 200400 m (25.0%) and 400-600 m (34.9%),

Before«— to —After CP passage

with an average depth of 668.0 m and a maximum of
3640.7 m (Fig. 3f). When using the vertical temperature gradi-
ent after 5, 15, and 20 min of CP passages to estimate CP
depth, comparable average depths of 616.9 m, 679.5 m, and
629.6 m are obtained, respectively. This is higher than the
average of 300 m observed over tropical oceans (Terai and
Wood, 2013; de Szoeke et al., 2017), but slightly lower than
the depth of 746 m over continental Germany (Kirsch et al.,
2021). A comparable CP depth of about 500 m has been
inferred from a tower at a coastal region in the Netherlands
(Kruse et al., 2022).

CP signals between warm and cold seasons are com-
pared. CPs in the warm seasons exhibit features similar to
all events. CPs during cold seasons produce larger pressure
increases than those in warm seasons. However, perturbations
of temperature and relative humidity are smaller in cold sea-
sons due to weaker precipitation (Fig. 2a). Decreases in spe-
cific humidity in cold seasons are weaker since more CPs
(57%) have a positive sign of specific humidity change, indi-
cating moisture enhancement, which is probably related to
the surpassing evaporation under the drier conditions. This
corresponds to the increase in moisture after CP passages
over dry soils found in the numerical study by Drager et al.
(2020). Their study shows that dry soils lead to greater day-
time surface heating, which produces drier conditions in the
subcloud layer, ultimately resulting in more evaporative cool-
ing. CPs during cold seasons have an average depth of
667.8 m, which is approximately the same as that during
warm seasons (673.6 m). Perturbations in wind speed do not
vary much between different seasons.

3.3. Temporal evolution during CP passage

Figure 4 displays the composite time series before and
after CP passages. After CPs pass (), the near-surface tem-
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Fig. 4. Composite time series relative to the unperturbed state of (a) temperature (K), (b) pressure (hPa), (c) specific humidity
(g kg™, (d) horizontal wind speed (m s~1), and (e) horizontal wind field (m s~1), respectively.
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perature rapidly drops within 20 min and reaches its minimum
around 30 min post-passage. Then, the near-surface tempera-
ture slowly recovers but remains lower than the pre-CP unper-
turbed state even one hour after 7. This evolution is consistent
with the findings from previous studies (e.g., Schiro and
Neelin, 2018; Kruse et al., 2022). Pressure perturbations
peak approximately 20 min after #o. Compared with the sus-
tained cooling, the pressure increases nearly recover one
hour after ;.

The composite of specific humidity decreases after 7y,
indicating a dry interior of CPs (Fig. 4c). This dry interior is
likely due to the suppression of evaporation and the signifi-
cant contribution of the downward transport of mid-tropo-
spheric dry air masses, as suggested in section 3.2. This fea-
ture is commonly observed in wet regimes, such as the West
African Sahel during the monsoon season (Provod et al.,
2016), tropical oceans (Chandra etal., 2018; Schiro and
Neelin, 2018), and midlatitude coastal regions (Kruse et al.,
2022). This contrasts with the results from the West African
Sahel during the pre-monsoon period (Provod et al., 2016)
and midlatitude continents (Kirsch et al., 2021), where the
moistened interiors of CPs cause specific humidity
increases. The variability in the humidity signal across vari-
ous regimes aligns with results from simulation studies,
which show the characteristics of CP interiors are distinct
under various soil moisture conditions (Drager et al., 2020).
Dry soil generates a dry subcloud layer, where a moist CP
interior appears, whereas wetter soil conditions produce
drier CP signals. The moist CP interior over dry soil results
fromsignificanthydrometeor evaporation within the CPs’ par-
ent rain shafts. In contrast, over the wet soil, a nearly hydrom-
eteor-free downdraft originates from the cloud base, generat-
ing a larger negative surface moisture perturbation.

The drops in specific humidity imply the absence of evi-
dent moisture rings at CPs’ leading edges, unlike those over
tropical oceans. This difference might be due to the smaller
magnitude of latent heat fluxes over land (Chandra et al.,
2018; Drager et al., 2020; Kruse et al., 2022). The specific
humidity keeps decreasing until about 35 min after 7, and
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then gradually recovers.

A gust front, generated by the enhanced pressure gradi-
ent, forms at the CP edge, with the maximum signals of 10-
m wind appearing within the first 5 min (Fig. 4d). The
strongest winds below 160 m occur 5 min after fy, while
winds above 160 m reach their peak 10 min later. This timing
window corresponds to the length of the CP nose (Goff,
1976; Kruse et al., 2022). Winds near the surface recover
around 30 min after fy, while winds at higher altitudes take
more than one hour to fully revert to the unperturbed state.
The wind anomalies associated with the gust front are primar-
ily westerlies (Fig. 4e). Gust fronts vary in directions and
intensity at different portions of a CP. However, they are typi-
cally strongest in the direction of the parent convection’s prop-
agation. The prevailing westerlies suggest that eastward-mov-
ing convective systems are the most common producers of
CPs in this region. Behind the gust front, the drag of cold-
air outflow caused by the surface friction induces a backflow
of cold air near the surface (Goff, 1976). As a result, the
near-surface winds rotate clockwise from westerlies to north-
easterlies, indicating the passages of backflow behind the
gust front. The sharp gradients in temperature, pressure,
humidity, and wind speed at the CP edge suggest a boundary
conducive to convection initiation. Time series of CP pas-
sages in the warm season exhibit features similar to all
events, while CPs in the cold seasons show a more gradual
evolution.

3.4. Cold pools related to different convection modes

According to the identification in section 2.3, 50.3% of
CPs are related to CCs. At nighttime (1800-0800 LST),
more CPs are produced by MCSs (55.6%). A greater propor-
tion of daytime CPs (0900-1700 LST) are generated by
CCs (66.7%). On average, CPs generated by CCs are shal-
lower, with an average depth of 595.8 m, while those by
MCSs are deeper, with 770.5 m for L-MCSs and 733.4 m
for NL-MCSs (Fig. 5a). Correspondingly, CPs produced by
MCSs are stronger, and L-MCS-related CPs exhibit the great-
est strength (Fig. 5b).

(b)
40 | .
" :
£ 35 o
< 30 |
G) L3
& 2 .
o 20 L4
5L+
CC L NL

Fig. 5. Distributions of (a) CP depth (m) and (b) strength (m s~!) for different convection

modes. Dots denote average values.
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Overall, the CPs generated by MCSs demonstrate
stronger perturbations and larger gradients of all measured
variables at each level (Fig. 6). Furthermore, the specific
humidity affected by CC-related CPs slightly increases at
50 m within 10 min of 7y, which is similarly presented in
Chandra et al. (2018) (Fig. 6g). Gust fronts produced by dif-
ferent types of convections exhibit various directions, with
southeasterlies for CC-related CPs, northwesterlies for L-
MCS-related CPs, and westerlies for NL-MCS-related CPs
(Figs. 6m—o0). This suggests that the typical movement direc-
tion of each type of convection varies, which is influenced

by the background environmental flows. For instance, CCs
often occur in the afternoon when a southeasterly sea breeze
drives convection northwestward. For MCSs, which can
develop more deeply, they are affected by the westerlies and
principally move eastward. After NL-MCS-related CPs
pass, it takes longer (~45 min) for the temperature and humid-
ity to reach their minimums, and for the winds to recover.
This period is shorter for L-MCS-related CPs (~25 min).
Since CPs from two types of MCSs result in comparable mag-
nitudes of wind perturbations (Figs. 6k-1), it can be inferred
that these CPs have similar propagation speeds (Goff,
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Fig. 6. Composite time series of variables relative to the unperturbed state for CPs related to different convection modes. The left
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pressure (hPa), (g—i) specific humidity (g kg=1), (j—1) horizontal wind speed (m s~!), and (m-o) horizontal wind field (m s~1).
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1976). Therefore, the long duration of signals related to NL-
MCSs suggests a greater length in the directions of MCS prop-
agation compared to L-MCS-related CPs.

3.5. CP signals in the diurnal cycle

Figure 7 illustrates the diurnal variations of CP signals.
The most intense signals of pressure and wind speed in the
diurnal cycle exhibit a primary peak at night (2000-2300
LST) and a secondary peak in the early morning
(0400-0700 LST) (Fig. 7a). Conversely, pressure and wind

perturbations are relatively weak in the middle of the night
(0000-0300 LST) and in the afternoon (1200-1500 LST).
The composite of specific humidity perturbation shows a
reduction compared to the unperturbed value throughout the
day (Fig. 7b), with a similar bimodal pattern, with the primary
peak at night (2000-2300 LST), a minor peak in the early
morning (0400-0700 LST), and a minimum in the afternoon
(1200-1500 LST).

Most measured variables have similar diurnal patterns
across all levels. However, temperature deficits at the near-
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Fig. 7. Diurnal variations of averaged perturbations in (a) pressure at 50 m (hPa), wind speed
at 10 m (m s~1), temperature (K) at 10 m (solid) and 350 m (dashed), (b) relative humidity at
10 m (%) and specific humidity at 50 m (g kg=!), and (c) averaged CP strength (m s~!) and

depth (m).
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surface levels and higher levels show different diurnal varia-
tions. The maximum temperature perturbation at 10 m is
observed at 1200-1500 LST, while at 350 m, it occurs at
2000-2300 LST (Fig. 7a). When calculating the CP strength
with the integrated anomalies, CPs have peaks near
2000-2300 LST and 0400-0700 LST in depth and strength
(Fig. 7c), indicating that more cold air masses deposit
within these CPs. This results in more notable increases in
pressure and smaller vertical gradients of temperature pertur-
bations, with temperature deficits at high levels remaining
large and thus able to dissipate at higher altitudes. This sug-
gests a deeper CP depth, corresponding to the larger depths
of 798.6 m and 732.2 m at 2000-2300 LST and 0400-0700
LST. CPs occurring at 1200-1500 LST are shallower
(650.0 m), producing weaker perturbations in pressure and
larger vertical gradients in temperature changes, which
shows a large discrepancy between cooling at low and high
levels. The cooling therefore decays at low altitudes. Numeri-
cal studies also emphasize varying CP intensity variations
when considering the near-surface cooling and the integrated
buoyancy, highlighting the necessity for detailed observations
of the vertical structure of CPs (Grant and van den Heever,
2016).

The L-MCS-related CPs dominate at night (2000-2300
LST) and in the morning (0400-0700 LST) (Fig. 8). As
shown in section 3.4, L-MCSs produce the strongest and deep-
est CPs. This is consistent with the diurnal cycle in which
stronger and deeper CPs cause larger perturbations in the cor-
responding period (Fig. 7). At 0000-0300 LST and
1200-1500 LST, when CPs are more frequently associated
with CCs, they tend to generate shallower CPs causing
weaker anomalies (Figs. 5 and 6). Thus, CPs during these
hours are shallower, leading to weaker perturbations.

4. Summary and discussion

This study utilizes observational data from SZMT, col-
lected during 2018-20, to analyze the characteristics of CPs
in a coastal monsoon region of South China. CPs mainly

occur after the onset of summer monsoon (June—
September), and exhibit a pronounced diurnal cycle, with
high frequency in the afternoon (1200-1700 LST). The occur-
rence of CPs is closely linked to convective systems influ-
enced by the summer monsoon and land—sea breeze activi-
ties, which modulate their seasonal and diurnal patterns,
respectively. The wet conditions driven by the summer mon-
soon also modify the CP occurrences.

The tower observations provide insights into the vertical
variations of CP properties, capturing signals in the near-sur-
face boundary layer. The passage of a CP causes a pronounced
temperature decrease, rise in pressure, and increasing in rela-
tive humidity at lower levels, as well as distinct acceleration
of winds below 160 m. The magnitudes of these perturbations
are generally intermediate between those observed in tropical
and midlatitude regions (e.g., Engerer et al., 2008; Terai and
Wood, 2013; Wills et al., 2021). CPs can either increase or
decrease the specific humidity in the boundary layer, with
stronger moistening near the surface or greater drying at
higher altitudes. Of the observed CPs, 64.63% feature a dry
interior in specific humidity, similar to the structure
observed under wetter conditions (e.g., Provod et al., 2016;
Chandra et al., 2018; Schiro and Neelin, 2018). This suggests
that the transport of dry air through convective downdrafts
is a primary process in CP formation, surpassing the effects
of the suppressed evaporation within the humid monsoon-
influenced climate. The average CP depth is estimated at
668.0 m, which is deeper than tropical oceanic CPs yet shal-
lower than those in midlatitude continental regions (Terai
and Wood, 2013; Kirsch et al., 2021).

Distinct CP structures, including the CP nose, back-
flow, and gust front, are identified by the tower. Moisture
rings near the CP edge are less common compared to those
in tropical ocean areas, likely due to the smaller magnitude
of latent heat fluxes over land (Drager et al., 2020; Kruse
et al.,2022). The absence of moisture rings suggests an impor-
tant role played by mechanical lifting in CPs for convection
initiations, while their thermodynamic forcing appears less
significant. Sharp gradients in temperature, pressure, and

100 ‘
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(0]
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§ 40 ‘
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L 20 ‘
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00-03 04-07 08-11 12-15 16-19 20-23
LST

Fig. 8. Diurnal cycle of the percentage of parent convection modes producing CPs.
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wind speed at the CP edge foster convergence, triggering
new convection activities.

CPs associated with MCSs are generally stronger and
deeper, yielding more intense signals than those from individ-
ual CCs. L-MCSs produce the strongest and deepest CPs.
With high occurrence of L-MCS-type CPs at night
(2000-2300 LST) and in the early morning (0400-0700
LST), signals of CPs and their depth and strength peak at
these two times in the diurnal cycle. CPs related to NL-
MCSs exhibit a longer duration, attributable to the longer
length of the MCS in its propagation direction. The directions
of outflow anomalies vary across diverse convection modes,
revealing the different typical movement directions for each
mode, which are driven by varying background wind flows.

This study underscores that CPs exhibit varied structures
across different convective modes and large-scale weather
conditions, leading to various effects or interactions with com-
plex local factors that impact subsequent development and
organization (e.g., Peters and Schumacher, 2015; Du et al.,
2020). These findings highlight the need for further investiga-
tion into CP properties under varying synoptic conditions to
clarify the complex relationships between heavy rainfall and
the CPs they initiate. Such research will also contribute to
improving the parameterization of CPs and the prediction of
coastal precipitation events in numerical simulations.
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