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Abstract Convective initiation (CI) episodes are defined as a series of Cls that occur in clusters in time
and space, and their prediction remains a challenge due to their complex mechanisms. In the present study,
high-resolution convection-permitting simulations and observations were conducted to investigate the source
of inhomogeneous instability for a cluster of daytime Cls gathering in a northeast-southwest oriented region

in South China where the convergence boundary for lifting was not evident. In the region of the CI episode,
low-level water vapor was enhanced significantly, which thus induced the heterogeneity of convective available
potential energy. The enhanced moisture and instability in the CI episode region were caused by a mesoscale
anticyclonic moisture channel. Mesoscale moisture transport formed under both the inertial oscillation of
ageostrophic winds and the mesoscale high-pressure disturbances in the daytime. The revealed mechanism is
further confirmed by sensitivity experiments, where mesoscale anticyclonic transport is highly sensitive. Water
vapor transport was affected by the evolution of mesoscale pressure disturbances and dominated the location
and shape of the CI episode. Stronger mesoscale pressure disturbances resulted in the subsequent mesoscale
anticyclonic airflow coming from various high-pressure systems and conveying moisture farther east, and
therefore, a CI episode occurred farther east by dozens to hundreds of kilometers. The climatology of the
daytime CI episode also showed that the various mesoscale moisture transports confined moisture within the CI
episode regions under weak convergence.

1. Introduction

Deep moist convection often occurs in South China with severe weather. Accurate and timely prediction of
deep moist convection initiation (CI) is important in providing an earlier warning than that provided by rapidly
developing thunderstorms, which may help save lives and property. Therefore, Cls in South China have received
increasing scientific attention in recent decades (e.g., Du & Chen, 2019a; Wang et al., 2014; Wu & Luo, 2016).
However, given the widely varying possible forcing and complex underlying surface effects in South China,
simulating or predicting when and where the individual CI is precisely triggered remains a challenge.

Many previous efforts have been made to clarify the mechanisms of CI. Dynamic lifting in the boundary layer
driven by synoptic weather systems is a strong favorable forcing for CI, such as shear lines/trough lines (e.g.,
Weckwerth & Parsons, 2006), synoptic cold and warm fronts (e.g., Wilson & Roberts, 2006) and LLJs (e.g., Du &
Chen, 2019a; Du, Chen, Han, Mai, et al., 2020; Moore et al., 2003; Trier et al., 2020). With weak synoptic lifting,
mesoscale convergence boundaries (such as gust fronts, horizontal convective rolls, land—sea breezes, drylines,
and topographically forced boundaries) may dynamically induce surface-based ascent and are widely found to
be precursors to CI in many observational experiments and numerical studies (e.g., Abulikemu et al., 2019; Bai
et al., 2019; Birch et al., 2015; Du, Chen, Han, Bai, & Li, 2020; Torri et al., 2015; Weckwerth et al., 2014).
Furthermore, the interactions among several mesoscale boundaries provide more favorable conditions with
enhanced updrafts for CIs, especially at the “triple point” (e.g., Bai et al., 2019; Trier et al., 2017). Some studies
have found that in the absence of identified surface boundaries, air parcels originating above the boundary layer
can be uplifted to the level of free convection (LFC) by gravity waves and bores in stable environments (e.g.,
Parsons et al., 2019; Wilson et al., 2018; Zhang et al., 2020). The CI in such situations is named elevated CI
and is found to be associated with elevated moist absolute unstable layers, where convection inhibition (CIN) is
reduced (e.g., M. R. Zhang et al., 2019; Trier et al., 2017). In addition, CI under weak dynamic forcing is also
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observed in thermally unstable preconditions with moderate CAPE and low CIN (e.g., Adler et al., 2011; Balaji
& Clark, 1988).

Distinct from the initiation of an individual convective cell, two or more pristine convection initiations clustered in
time and space are named convective initiation episodes (CI episodes) and are suggested to have a common mech-
anism by Wilson and Roberts (2006). CI episodes with widths of hundreds of kilometers and lifetimes of hours
are able to develop into highly organized convection systems. Wilson and Roberts (2006) demonstrated that CI
episodes during the IHOP (International H,O Project) were almost distributed near the surface-based or elevated
convergence, which were mostly forced by synoptic or gust fronts and synoptic or mesoscale convergence/conflu-
ence coupling with abundant instability at middle levels. Previous studies have found that nocturnal CI episodes
are usually accompanied by stable stratification and located along strong convergence boundaries near the surface
or at elevated levels (e.g., M. R. Zhang et al., 2019; Reif & Bluestein, 2018; Wilson et al., 2018). As a compar-
ison, daytime Cls are contributed by the diurnal cycle of solar heating, which creates favorable thermodynamic
conditions and produces an afternoon peak of the occurrence of CI episodes (Lima & Wilson, 2008; Wilson &
Roberts, 2006). However, it has seldom been revealed why daytime Cls are concentrated in a certain region. It
can be inferred that CI episodes prefer areas with more favorable thermodynamic conditions (Adler et al., 2011),
but the source of the extra thermodynamic energy in a certain region remains unclear. Bai et al. (2020a) revealed
that daytime ClIs prevailed in South China, as did daytime CI episodes. Understanding the mechanisms of the
extra instability confined in a certain range over land and advancing our knowledge of where daytime CI episodes
might occur are important for precipitation forecasting in South China.

Thermodynamic conditions largely depend on the distribution of temperature and moisture. The evolution of
moisture is found to play a key role in CIs (e.g., Bodine et al., 2010; Fabry, 2004, 2006; Weckwerth, 2000).
Numerical and observational studies have found that variations in moisture as low as 1 g/kg could make a differ-
ence between CI and no CI (Crook, 1996; Weckwerth et al., 1996). GPS-integrated moisture fields could provide
useful information for forecasting CI locations, as moisture changes over the previous 3 hr are important at the
locations of CIs (Radhakrishna et al., 2015). Moisture transport by LLIJs causes absolute unstable layers that
promote CI, which are important features for nighttime ClIs on the Great Plains and are commonly without
boundaries (e.g., Gebauer et al., 2018; Weckwerth et al., 2019). Such a process was also found in eastern China
by M. R. Zhang et al. (2019). In South China, CIs become active after the onset of warm-moist monsoon flows
and expand northward as the monsoon advances (Bai et al., 2020a). Du and Chen (2019a) and Du, Chen, Han,
Mai, et al. (2020) revealed that nocturnal CIs are closely linked to the interaction of LLJs over the South China
Sea with coastal terrain, which moistens the low-level boundary layer. Although moisture transport by nocturnal
LLIJs is usually found to play an essential role in nocturnal Cls, its specific role in daytime CI episodes over South
China has been little studied.

The location and timing of CI forecasting is dependent on the preconvective environment associated with mois-
ture transport (Degelia et al., 2018). Adding random perturbations, the representation of moisture transport by
LLJs, which create absolute unstable layers, determines the existence of Cls and their locations in WRF models
(M. R. Zhang et al., 2019). The sensitivity of uncertainties in the initial state in eastern China found that a larger
amount of low-level moisture carried by monsoon southwesterly airflows contributed to earlier CI during the
Meiyu season (Luo & Chen, 2015). However, the sensitivity of daytime CIs in South China to moisture transport
still needs to be further studied.

On 6 September 2018, several pristine daytime Cls were found to be clustered in time and space over inland South
China. This CI episode was found without obvious boundaries and was located in a region with higher convec-
tive available potential energy. This heterogeneity of instability was likely mainly caused by the inhomogeneous
moisture. Moisture transport was usually found through large-scale airflows such as monsoon flows or LLIJs for
nocturnal CIs in previous studies (e.g., Bai et al., 2020a; Du & Chen, 2019a; Du, Chen, Han, Mai, et al., 2020;
M. R. Zhang et al., 2019), but LLJs were often relatively weak during the daytime and were absent in the present
case. Thus, inhomogeneous moisture near the daytime CI episode region may form under other local factors.
Regarding the mechanisms of this daytime CI episode, the objectives of this study are as follows:

1. to explore the source of the heterogeneity of moisture or instability;
2. to examine the sensitivity of the revealed source in numerical models as well as the forecasting of daytime
CI episodes.
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Figure 1. Evolution of composite radar reflectivity (shaded) from (a—c)
observation (OBS) and (d—f) WRF simulation (CNTL) at (a and d) 22 UTC 5
September (b and e) 03 UTC 6 September and (c and f) 05 UTC 6 September
2018. Black boxes represent the CI episode regions where convections were
initiated in clusters. The red dot in (c) indicates the location of the sounding
profile at Qingyuan, and the red crosses indicate the locations of cities
mentioned in the paper.

The rest of this paper is organized as follows. A general case overview of
this CI episode is given in Section 2. Section 3 briefly introduces the model
configurations and evaluations. In Section 4, the thermodynamic heter-
ogeneity of CI episodes is investigated. Section 5 and Section 6 examine
the source of inhomogeneous moisture and the formation of the associated
mesoscale transport, respectively. Section 7 examines the sensitivity of the
source revealed above to initial conditions and explores its influence on CI
episodes. Section 8 presents the climatology of the daytime CI episode to
discuss the universality of the event and the revealed mechanisms. Finally,
the main results are summarized and discussed in Section 9.

2. Case Overview

At 03 UTC (11 LST = UTC + 08) on 6 September 2018, various convec-
tion cells were triggered close in time and were confined along a line-shaped
region where no nearby convection had occurred before (Figures 1a and 1b).
CI is defined as radar reflectivity first reaching 40 dBZ over an area of at
least 8 km?2, which has been widely used as a criterion in previous studies
(e.g., Bai et al., 2020b; Lima & Wilson, 2008; Wang et al., 2014; Wilson
& Roberts, 2006). Mosaic radar products with a 6-min temporal resolution
obtained from CINRAD radars are used in the present study to identify CIL.
Wilson and Roberts (2006) called such a series of Cls clustered in time and
space a CI episode. A linear CI episode was observed in western Guang-
dong (Figure 1c) in an orientation of SW-NE and a size of approximately
550 x 200 km from Maoming City to Yongzhou City (indicated by crosses).

Figures 2a-2d shows the synoptic circulations at 00 UTC 6 September, 3 hr
ahead of the linear CI episode, using the 0.25°-spacing National Centers for
Environmental Prediction Final Analysis (NCEP FNL) Operational Global
Analysis data. Northeasterly flows prevailed in the CI episode area, which
was located southeast of the South Asia high at 200 hPa (Figure 2a). Located
in the southwestern region of the western Pacific subtropical high (WPSH,
indicated by “H”), the studied linear episode area was dominated by easterly
winds at 500 hPa and southeasterly winds at 700 hPa (Figures 2b and 2c).
The WPSH induced downward motions and dynamically inhibited convec-
tions. At 850 hPa, southeasterlies near the CI episode area were caused by
flows northeast of a low-pressure disturbance (indicated by “L”) in the South
China Sea (Figure 2d), which contributed to the transport of water vapor
from the sea to Guangdong. A weak shear line (indicated by the red line in
Figure 2d) formed at the terminus of the southeasterlies near the CI episode,
but the associated convergence was weak (shown in Section 4). Meanwhile,
the southwest vortex (indicated by “SWV”) was located in the west, and the
subtropical high was located in the east. These pressure and flow patterns at

925 hPa were similar to those at 850 hPa (not shown). Before the CI episode, no obvious strong synoptic conver-

gence system was found near the CI episode region.

Figure 3a shows a radiosonde sounding released at Qingyuan station (red dot in Figure 1c) at 00 UTC 6 Septem-

ber, illustrating the vertical thermodynamic preconvective environment near the CI episode region. A tempera-

ture inversion layer occurred near the surface due to radiative cooling at night, while a deep moist layer existed

below 600 hPa. In addition, a nearly saturated inversion layer occurred at approximately 800 hPa. This strat-

ification provided a thermodynamically favorable condition for CI with a moderate surface-based CAPE of
1,399.02 J kg1, low surface-based CIN of 15.66 J kg~! and low LFC at 849.60 hPa.
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Figure 2. Horizontal distribution of geopotential height (contour and shaded) and horizontal wind fields (vector) from (a—d) NCEP FNL reanalysis data (NCEP FNL)
and (e-h) WRF simulation (CNTL) (a and e) at 200 hPa (b and f) at 500 hPa (values higher than 5,880 m are shaded) (c and g) at 700 hPa and (d and h) at 850 hPa at 00
UTC on 6 September 2018. The red line indicates a shear line at 850 hPa. “SWV”, “L” and “H” indicate the locations of the southwest vortex, low-pressure disturbance
and subtropical high, respectively.
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Figure 3. Skew T-logp diagrams of sounding released at Qingyuan station (red dot shown in Figure 1c) in (a) observation (OBS) and (b) WRF simulation (CNTL) at
00 UTC 6 September 2018. The solid black and blue line indicate the ambient temperature and dewpoint temperature profiles, respectively. The CAPE, CIN and LFC of
parcels lifted from the surface are shown in the diagrams.

A series of daytime CIs occurred close in time and confined in a line-shaped area with no favorable synoptic forc-
ing but with fairly thermodynamic conditions. To clearly elucidate the differences between the CI episode region
and the other regions, high-resolution WRF simulations were performed and are analyzed below.

3. Configurations and Evaluations of the WRF Simulation
3.1. WRF Model Configurations

To understand the mesoscale physical processes under the CI episode in detail, a high-resolution (4 km) simu-
lation was conducted with WRF model version 4.0. The simulation used a one-way nested grid configura-
tion for two domains with horizontal spacings of 12 km (d01) and 4 km (d02) (Figure 4). Both domains had
33 vertical layers in the terrain-following # coordinate. The MYJ PBL scheme was found to produce smaller
mean errors of MLCAPE and MLCIN forecasts and gave more realistic results than the YSU scheme (Coniglio
et al., 2013; Otkin & Greenwald, 2008). Moreover, referring to some numerical studies on CIs near South China
that generally reproduce convection processes well (e.g., Du, Chen, Han, Mai, et al., 2020; Zhang et al., 2021),
the simulation used the following physical parameterization schemes. The two domains were configured by the
Thompson microphysics scheme (Thompson et al., 2008), Mellor—Yamada—Janjic (MYJ) boundary layer scheme
(Janji¢, 1994), longwave rapid radiative transfer model for the GCM (RRTMG) radiation scheme, shortwave
RRTMG radiation scheme (Iacono et al., 2008) and Noah land surface model (Ek et al., 2003), while the Kain-
Fritsch cumulus scheme (Kain, 2004) was only applied in the outer domain. Combinations with other parame-
terization schemes were also used, and the chosen parameterization schemes showed a better representation of
the CI episode. The NCEP FNL data were used as the initial and boundary conditions to drive the model. The
simulation was initialized at 12 UTC 5 September 2018, which was 9 hr prior to the occurrence of the CI episode
that allowed the model to spin up.

3.2. Evaluation of the WRF Simulation

Figure 1 compares the performance of the high-resolution WRF simulation (hereafter CNTL) to observations
with regards to the series of Cls clustered linearly in South China. As detected by radar, almost no convection
occurred over South China at 22 UTC 5 September in the simulation, and several hours later, scattered convection
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Figure 4. Simulated domains (dO1 and d02) and terrain height (shaded) in South China. The red dot indicates the location of the sounding profile at Qingyuan. The red
crosses indicate the locations of cities mentioned in the paper.

cells were simulated (Figures 1d and le). Too many small and weak scattered CIs occurred over all of South
China in the simulation, but they were not observed in the radar observations due to the inability of the radar to
detect weak convections that were located away from radars and were lower than the lowest elevation or due to the
bias producing too many small convections in the models (e.g., Burghardt et al., 2014; Henderson et al., 2021).
The model overproduction of CI might be caused by the common use of the physical parameterizations that are
not ideally suited for use with horizontal grid spacings capable of explicitly resolving deep moist convection,
which possibly leads to CI errors by impacting the thermodynamic conditions prior to and during CIs (Burghardt
et al., 2014). However, dense and larger CIs occupying more than 8 km? were clustered in a linear-shaped area
(CI episode region, Figure 1e), which was similar to the observation. Simulated CIs in the northern portion of the
CI episode region were shifted eastward (~140 km) with errors in Hunan Province. A small bias in the orientation
(~9°) of the CI episode region was thus involved in the simulation, which made the region more zonally oriented.
Overall, the simulated CI episode was generally reproduced with a similar shape and at a similar position at the
same time (cf. Figures 1c and 1f).

The simulated synoptic background patterns were generally consistent with the reanalysis. Similarly, the South
Asia high at 200 hPa was located to the northwest of the CI episode region in the CNTL (Figure 2e). The WPSH
at 700-500 hPa dominated South China in the simulation but with a larger strength (Figures 2f and 2g). At a
lower level, cyclonic flows existed over the South China Sea as well but with a weaker intensity, and the weak
shear line was also reproduced near the CI episode region (Figure 2h). A generally similar vertical stratification
at Qingyuan was reproduced by the simulation as the observed soundings, where a similar nearly moist layer
occurred at 850 hPa, although the temperature inversion layer near the surface was missed by the model. The
simulated surface CAPE (1,659.80 J kg~!), CIN (1.51 J kg™") and LFC (1,201 m or 878.10 hPa) at Qingyuan
showed moderate CAPE, low CIN and low LFC similar to the observations (Figure 3b).
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Figure 5. Evolution of WRF-simulated divergence (shaded, units: 10~> s~!) and horizontal wind fields (vector) (a and d) at
200 hPa (b and €) at 850 hPa, and (c and f) vertical velocity (w, shaded, units: m s~') at 850 hPa at (a—c) 00 and (d—f) 06 UTC
6 September 2018. Black boxes represent the CI episode region.

According to the evaluations above, the simulation captured the occurrence and shape of the CI episode accom-
panied by the weak synoptic preconvective environment and unstable thermodynamic structure well. Therefore,
it is reasonable to explore the differences in the CI episode region and the other regions using this high-resolution
simulation.

4. Thermodynamic Heterogeneity in the CI Episode

Since the CI episode had a relatively wide range and commonly occurred under the same mechanism, the present
section compares the differences between the CI episode region and neighboring regions to clarify the physical
processes controlling where a cluster of CIs would be confined.

Although many previous studies have demonstrated that CI episodes are approximately distributed along the
surface-based or elevated lifting (e.g., M. R.; Zhang et al., 2019; Reif & Bluestein, 2018; Wilson et al., 2018;
Wilson & Roberts, 2006), Figure 5 presents the absence of near-surface or elevated convergence boundaries near
the CI episode region. Before the CI episode (00 UTC 6 September), both the divergence at 200 hPa (Figure 5a)
and convergence at 850 hPa (Figure 5b) were relatively weak in the line-shaped CI episode region (black boxes).
Despite the existence of a shear line near the CI episode (Figure 2h), convergence at low levels (<5 x 107° s71)
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Figure 6. Evolution of WRF-simulated (a—c) CAPE and (d—f) CIN at (a and d) 18 UTC 5 September (b and ) 00 UTC 6 September, and (c and f) 03 UTC 6
September 2018. Black boxes represent the CI episode region.

was weaker than the unfavorable convergence condition (1 X 10~* s~!) for CI found in M. R. Zhang et al. (2019).
Divergence at low levels were even stronger than that at high levels in most portions of the area. Differences in
preconvective convergence and lifting between the CI episode region and other regions did not exist, whereas
strong convergence and updrafts became significant in the CI episode after triggering as a result of positive feed-
back from convections.

Nevertheless, significant differences in thermodynamics between the CI episode region and the vicinity can be
seen in Figure 6. The surface-based CAPE increased after sunrise and reached a higher value in the CI episode
region, which provided a more unstable environment than the vicinity at 03 UTC 6 September when the CI
episode occurred (Figures 6a—6¢). The surface-based CIN gradually decreased to nearly zero throughout South
China prior to CI (Figures 6d—6f). Larger CAPE and negligible CIN in the CI episode area indicated that the air
parcel could have been lifted up to overcome CIN easily and could then have released stronger CAPE in the CI
episode region for denser and larger Cls. Different from the relatively even distribution of negligible CIN over
South China, the heterogeneity of CAPE between the CI episode region and the other regions suggests the domi-
nant role of CAPE in the CI episode location in the current case. In contrast, Adler et al. (2011) documented in a
case in West Africa that the location of Cls was controlled by inhomogeneous CIN.

To further clarify the reasons for the heterogeneity of instability in the CI episode region, Figure 7 further illus-
trates the temporal evolution of the vertical profiles of dynamic and thermodynamic variables averaged over the
CI episode area (black box in Figures le and 8a) and the less-CI area (red box in Figure 8a). In the CI episode
region, divergence at low levels accompanied by downward motions was present until the CI episode occurred
(Figure 7a), indicating an unfavorable preconvective dynamic environment. At the triggering time (~03 UTC),
updrafts were rooted near the surface in the boundary layer, suggesting surface-based ClIs. The average CAPE
increased significantly 3 hr prior to the CI episode (~00 UTC) and reached 2400 J kg~! near the surface 1 hr
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Figure 7. Temporal evolution of the vertical profiles of spatially averaged (a) vertical motion (w, shaded, units: Pa s~!), divergence (contour, every 1 X 107 s~!, units:
1073 s71), (b) vertical gradient of pseudoequivalent potential temperature (df,./dz, shaded, units: K m~"), CAPE (contour, every 400 J kg™, units: J kg™"), (c) specific
humidity (shaded, units: kg kg™!), and temperature (contour, every 2.5 K, units: K) over the CI episode area (shown as a black box in Figure 8a) (d—f) Same as (a—c)
except for over the less-CI area (shown as a red box in Figure 8a). Differences in (g) vertical motion, (h) CAPE and (i) special humidity (shaded) and temperature
(contour, every 1 K) between the CI episode and less-CI region. Positive values are shown as solid lines, and negative values are shown as dashed lines.

prior to the CI episode (~02 UTC, Figure 7b). Another diagnosed thermal variable is the vertical gradient of the
potential pseudoequivalent temperature (,.), which is calculated based on the Bolton equation (Bolton, 1980):

0.2854(1.0-0.28¢)
1000 a (@—254)[,(1‘&0‘814)
ese =1 X e\ el

p

where 7, is the absolute temperature, p is the pressure, g is the specific humidity, e is the base of the natu-
ral logarithm, and ¢, is the absolute temperature at the lifting condensation level (LCL). ¢, is obtained from
te = mtﬁ% + 55, where e represents the vapor pressure obtained from e = 0_6;’“. The negative vertical
gradient of #,, continued to increase after 00 UTC above the surface, which corresponded to the enhanced CAPE.
As a comparison, similar variables were examined over the less-CI region (Figures 7d—7f, red box in Figure 8a).
In the less-CI region, fewer scattered ClIs were observed compared with the CI episode region (Figures le and 1f
and 8a). The less-CI region was also characterized by an increase in CAPE or a negative vertical gradient of 6,
near the surface after 00 UTC due to radiation but with a much lower magnitude (e.g., CAPE of 1600 J kg~ at 02
UTC) than those in the CI episode region (Figures 7b and 7e). The differences between the CI episode region and

the less-CI region more clearly show the even stronger downward motions in the preconvective environment of

the CI episode region, as well as the more unstable environment featured by larger instability at low levels, which
contributed to more clustered CIs there compared with the less-CI region (Figures 7g and 7h).

The distributions of CAPE largely depend on the vertical structure of temperature and moisture in the CBL
(e.g., Adler et al., 2011; Crook, 1996). To clarify the dominant factors contributing to the extra unstable envi-
ronment in the CI episode region, the diurnal variations in temperature and specific humidity in the vertical
cross section were examined (Figures 7c, 7f and 7i). The surface and near-surface atmospheres in the two
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Figure 8. (a) Simulated composite reflectivity at 07 UTC 6 September and (b) temporal evolution of net moisture fluxes into the regions (shown as boxes in a) and
moisture fluxes through four boundaries of the CI episode region in the CNTL (c and d) Same as (a and b) except for INI12 at 06 UTC 6 September (e and f) Same as (a
and b) except for INI36 at 06 UTC 6 September. Black boxes represent the CI episode regions, while red boxes mark the less-CI regions.

regions were heated to a close temperature due to solar radiation (Figure 7c). An even higher near-surface
temperature was observed in the less-CI region after 05 UTC (Figure 7i). Meanwhile, the low level in the CI
episode region was moistened to an average of 0.019 kg/kg after 00 UTC, and the moist layer was deepened
(Figure 7c). However, the enhancement of moisture was less obvious in the lower CI region (Figure 7f). More
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moisture was transported into the CI episode region, which resulted in larger instability accumulation than in
the less-CI region, further resulting in multiple CIs clustered in the linear region in the weak lifting environ-
ment (Figures 7h and 71).

Therefore, the current case displayed the inhomogeneous moisture distribution between the CI episode region
and the surrounding regions, which resulted in the corresponding heterogeneity of instability and thus the clus-
tered Cls within the linear CI episode region. We will further discuss the source of the inhomogeneous moisture
through moisture budget analysis in the following sections.

5. Source of the Inhomogeneous Moisture

To investigate the source of the additional enhancement in low-level moisture, the moisture budget in the CI
episode region (black box in Figure 8a) was analyzed. Moisture fluxes were calculated based on the equation
shown by Y. Zhang et al. (2019) and Du and Chen (2019b):

Zy X2
Q=/ / (pqvVn)dxdz
Zg X

where p, g, and V, are the air density, specific humidity, and velocity at every boundary, respectively. A positive
value of moisture flux indicates the direction into the region. Since most water vapor was concentrated below
2.0km (>0.013 kg kg~!, shown in Figure 7c), the moisture fluxes were integrated from the surface z, to z, = 2 km
and from the beginning x, to the end x, of the boundary.

As shown in Figure 8b, the net moisture flux in the CI episode region or less-CI episode region was nearly zero
from 12 UTC 5 September to 00 UTC 6 September. After 02 UTC 6 September, the net moisture flux was nega-
tive in the less-CI region near the CI timing, and moisture did not accumulate. In the CI episode region, the net
moisture flux started to increase significantly and reached a comparatively high value of nearly 3.2 x 107 kg s~!
near 05 UTC 6 September. The sum of the moisture fluxes through boundaries A and C played a dominant role in
net moisture fluxes in the CI episode region after 02 UTC 6 September. Before 23 UTC 5 September, the moisture
fluxes through boundary A (negative) and boundary C (positive) were nearly symmetric, and their contributions
canceled out each other in regard to the net fluxes because strong southeasterlies carried moisture from the South
China Sea into the CI episode region through boundary C and out from boundary A. After 23 UTC 5 September,
the directions of moisture fluxes through boundaries A and C were reversed due to winds changing from south-
easterlies to northwesterlies, which suggests that moisture flowed into (out of) the region through boundary A
(C). After 02 UTC 6 September, more moisture was transported into the region through boundary A from the
Beibu Gulf, but less moisture flowed out of the region through boundary C. The northwesterly moisture transport
was blocked and resulted in net moisture stored in the CI episode region.

The horizontal distributions and evolution of moisture fluxes at 925 hPa are further presented in Figures 9a-9c.
Before 21 UTC 5 September, southeasterly winds carried water vapor from the South China Sea into (out of)
the region through boundary C (boundaries A and B) (Figures 9a and 9b). On the western side, the south-
westerlies nearly parallel to boundary A could not bring water vapor into the CI episode region, resulting in
nearly zero net moisture fluxes into the region (Figure 8b). After 21 UTC on 5 September, the southwesterly
wind near boundary A gradually veered to westerlies or northwesterlies and formed a mesoscale anticyclonic
circulation (indicated by the thick blue vector in Figures 9b and 9c). The northwesterly flow was perpendicular
to boundary A and water vapor was from the Beibu Gulf into the CI episode region (Figure 9c). Moisture was
transported into the CI episode region through mesoscale anticyclonic transport and then flowed in a north-
eastward direction parallel to boundary C, which resulted in positive net moisture flux in the CI episode region
(Figure 8b).

The above analysis of moisture fluxes in the simulation reveals that the veering mesoscale anticyclonic airflow
transported moisture into the episode region, where convection was densely triggered. These processes can
be further validated by surface in situ station observations, despite smaller-scale disturbances near the surface
(Figure 10). The observed surface wind was averaged over 10 min and available every 5 min. Near and parallel
to the western border of the episode region (dashed-line box), the southwesterly surface winds gradually rotated
to westerlies or northwesterlies before 02 UTC and formed a mesoscale anticyclonic circulation (indicated by
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Figure 9. Evolution of simulated moisture fluxes (shaded) and horizontal wind fields (vector) at 925 hPa (a, d, g) at 18 UTC and (b, e, h) 21 UTC 5 September and (c,
f, 1) 00 UTC 6 September in the (a—c) CNTL (d—f) INI12, and (g—i) INI36 runs. Black boxes represent the CI episode regions, and red boxes represent the locations of
mesoscale anticyclonic airflow in each experiment. Thick blue vectors represent veering anticyclonic airflow.

blue vectors in Figures 10c—10e). Then, it converged with the winds near the eastern border. Figure 11a presents
the evolution of surface winds averaged in the region of diversion, where the background southwesterlies veered
obviously clockwise and a mesoscale anticyclonic flow formed. It clearly shows that surface winds rotated clock-
wise from southeasterlies to southwesterlies, which resulted in enhancement of the component into the western
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Figure 10. Evolution of observational 10-min average surface wind (vector) and specific humidity (dot) derived from surface in situ weather stations over South China
at (a) 19 UTC and (b) 22 UTC 5 September and (c) 00 UTC, (d) 01 UTC, (e) 02 UTC and (f) 03 UTC September 6. Boxes with solid lines in (a—f) represent the location
of the observed CI episode region, and dashed lines represent the location of mesoscale anticyclonic airflow. The thick blue vectors represent the veering airflows.

boundary (Figure 11a). Accompanied by the diversion of winds, the specific humidity increased significantly in
the observed CI episode region, which created a more favorable thermodynamic environment for CIs gathering
(Figures 10d-10f).

6. Formation of Mesoscale Moisture Transport

The evolution of low-level mesoscale circulations is shown in Figure 12 to be associated with the formation
processes of mesoscale anticyclonic moisture transport. A low-pressure vortex (indicated by “L”) occurred over
South China, and subtropical high pressure (indicated by “H”) surrounded it on the eastern side (Figure 12a).
After 20 UTC 5 September, as the subtropical high pressure strengthened and extended into South China, the
low-pressure vortex was correspondingly weakened and separated out into two weak, smaller-scale, low-pres-
sure disturbances over Hunan Province and the South China Sea (Figures 12b and 12c¢). Then, the subtropical
high pressure retreated back to the east. Meanwhile, the low-pressure vortex strengthened and the two divided
low-pressure disturbances merged into a low-pressure center (Figure 12d). The merged low-pressure center in
Guangdong Province separated out a mesoscale high-pressure center in Guangxi Province from the vicinity of
subtropical high pressure (Figure 12d). The mesoscale anticyclonic circulation associated with the mesoscale
high-pressure center then transported moisture into the CI episode region (Figures 9¢ and 12d).

The diversion of southwesterlies and the formation of anticyclonic moisture transport began before the formation
of the mesoscale high-pressure center (Figures 9b and 12d), which implies the existence of geostrophic adjust-
ment. To examine the contributions of geostrophic winds and ageostrophic winds to the formation of mesoscale
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Figure 11. Hodographs of spatially averaged (a) observational 10-min average surface wind over the dashed-line box in Figure 10 and (b) filtered total winds (black
curve), geostrophic winds (blue curve) and ageostrophic winds (red curve) at 925 hPa over the red box in Figure 9c in CNTL. The dots represent corresponding hours
beginning at (a) 20 UTC and (b) 16 UTC 5 September.

anticyclonic transport, they were further separated with a method used in Xue et al. (2018). The geostrophic
winds were calculated from the filtered geopotential height fields, which were filtered with a low-pass Barnes
filter (Barnes, 1964) to damp waves shorter than 500 km and retain waves longer than 1,000 km. The ageostrophic
winds were left by filtered total winds minus computed geostrophic winds. The hodographs of total, geostrophic
and ageostrophic winds averaged in the anticyclonic transport area (red box in Figures 9c and 12e) are presented
in Figure 11b. The geostrophic winds were parallel to the geopotential height contours and changed with their
evolution (Figure 12e). The total winds associated with mesoscale anticyclonic transport rotated clockwise from
16 UTC 5 September to the time of CI (black curve in Figure 11b). However, geostrophic winds over the anti-
cyclonic area (blue curve) rotated anticlockwise and contributed negatively to the clockwise rotation of total
winds, as the high-pressure disturbance was not yet isolated over Guangxi Province before 00 UTC 6 September.
According to inertial oscillation theory in the boundary layer (Blackadar, 1957; Xue et al., 2018), the winds were
enhanced at night, and the ageostrophic winds evidently rotated clockwise with time, which resulted in winds
turning from southwesterlies to westerlies (before 00 UTC) and thus transporting moisture eastward into the CI
episode region during nighttime. With the formation of isolated high-pressure disturbance during daytime (after
00 UTC), geostrophic winds were adjusted from easterlies to northeasterlies over the anticyclonic circulation area
(Figures 12d and 11b). Total winds were influenced by the strong southward component of geostrophic winds
and shifted to northwesterlies, conveying moisture from the Beibu Gulf into the CI episode region. The formed
mesoscale anticyclonic transport brought extra enhancement of humidity and instability in the CI episode region,
where the series of CIs clustered in time and space.

7. Sensitivity of Mesoscale Moisture Transport

As shown in Section 6, the evolution of mesoscale pressure disturbances generated mesoscale anticyclonic mois-
ture transport, which caused the heterogeneity of moisture and instability accumulation between the CI episode
region and other regions. To examine the sensitivity of this mesoscale moisture transport and its effects on the
daytime CI episode, variations in model initial conditions (including different initialization times and various
initial perturbations) were performed and described in the following section.

First, two sensitivity experiments (INI12 and INI36) were initialized at different initialization times, including 00
UTC 5 September and 00 UTC 4 September, 12 and 36 hr prior to the CNTL, respectively. Both the INI12 and
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Figure 12. Evolution of simulated geopotential height (shaded) and horizontal wind fields (vector) at 925 hPa at (a, f, and j) 13 UTC 5 September (b, g and k) 20

UTC 5 September (c, h, and 1) 01 UTC 6 September, and (d, i, and m) 03 UTC 6 September in (a—d) CNTL (f—i) INI12 and (j—m) INI36 runs. (e) Spatially filtered
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systems are denoted by “H” and “L”, respectively.
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Figure 13. Horizontal distribution of simulated composite reflectivity at (a, d, and g) 00 UTC (b, e, and h) 03 UTC and (c, f, and i) 05 UTC 6 September 2018 in the
(a—) CNTL (d—f) INI12, and (g—i) INI36 runs. Black boxes represent the CI episode regions in each experiment.

INI36 runs showed the occurrence of CI episodes in a linear region at a similar time as the CNTL (approximately
03 UTC 6 September), but their locations and shapes were different (Figure 13). In the INI12 run, the CI episode
region with a SW-NE orientation was located in the middle of Guangdong Province, which was farther east
(~75 km) from that in the CNTL (cf. Figures 13b—13c and 13e—13f). In the INI36 run, the CI episode occurred

MAI AND DU

16 of 25



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD036098

CNTL INI12
28°N : o 1 F -1
K/ | (d) CAPE [iba Lo/ g (ko)
27°N Yt 8| 17 L -
[ ¢ AT &y Eseoo
S : 3200
o H 2800
25°N § 20
24°N 2000
1600
23°N L 1200
22°N 800
H 400
21°N L
28°N )
27N 301
26°N 300
25°N 299
24°N 298
23°N 297
296
22N 295
21°N
28N (kg kg'")
27°N
B oo
26N H 0.019
o H 0.018
2o 1 0.017
24°N 0.016
= 0.015
i L 0,014
22°N - 0.013
H0.012
21°N L

108°E 110°E 112°E 114°E  108°E 110°E 112°E 114°E  108°E 110°E 112°E 114°E

Figure 14. Simulated (a, d, and g) surface CAPE (b, e, and h) temperature at 925 hPa and (c, f, and i) specific humidity at
925 hPa at 03 UTC 6 September 2018 in the (a—c) CNTL (d—f) INI12, and (g—i) INI36 runs. Black boxes represent the CI
episode regions in each experiment.

even farther east with more zonal orientation compared with the CNTL run (~200 km, ~14°, located in eastern
Guangdong Province, cf. Figures 13b, 13c and 13h, 13i).

The two sensitivity experiments were both characterized by weak convergence for lifting as that in the CNTL (not
shown). Figure 14 compares the horizontal distributions of thermodynamic conditions in the sensitivity and CNTL
runs. The locations of the high CAPE regions differed from each other, which matched well with the correspond-
ing CI episode region (black boxes in Figure 14). Horizontal distributions of low-level temperature were similar
among these experiments (Figures 14b, 14e and 14h), and temperature inhomogeneity was not found between the
CI episode regions and less-CI regions in those runs. In contrast, the regions with higher specific humidity varied
in locations among the three experiments (Figures 14c, 14f and 14i). Since CAPE is affected by both temperature
and humidity, the coincident distribution of CAPE and humidity verifies that the heterogeneity of CAPE was
mainly contributed by the spatial variations in moisture in the present case. A similar sensitivity to moisture on
CI timing can be seen in a case in eastern China documented by Luo and Chen (2015), where a larger amount of
low-level moisture carried by monsoon airflow corresponded to an earlier timing of CI, while a more crucial role
of temperature in controlling CI timing was found in a case that occurred in South China by Bao et al. (2020).

The sources for the different moisture distributions were further examined. In the INI12 and INI36 runs (Figures 8c—8f),
each CI episode region obtained a net moisture flux input after 00 UTC similar to that of the CNTL run. In the three
experiments, mesoscale anticyclonic moisture transport acted as the main contributor that transported net moisture
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fluxes entering through their SW-NE oriented boundaries (boundaries A and C). In the INI36 run, nearly no CI
occurred over the original CI episode region in the CNTL run (indicated as “no-CI”, red box in Figure 8e) because the
net moisture input was correspondingly weak there (Figure 8f). More net moisture input occurred in eastern Guang-
dong than in western Guangdong (no-CI region) and thus favored Cls east of the episode region in the CNTL run.

All three experiments showed strong anticyclonic moisture transport as the source of additional instability, which
caused northwesterly transport through boundary A near the western part of each CI episode region (Figure 9),
but anticyclonic transport varied in locations. The anticyclonic transports located farther east in the INI12 and
INI36 runs could deliver moisture farther east than in the CNTL run. The evolution of geopotential height at
925 hPa (Figure 12) was also illustrated to be linked to the various locations of horizontal moisture transport.
A low-pressure vortex occurred in South China in the three experiments but was stronger in the INI12 run and
strongest in the INI36 run (Figures 12a, 12f and 12j, indicated by “L”). Similarly, the low-pressure vortex weak-
ened with the westward invasion of the neighboring subtropical high before 01 UTC 6 September (Figures 12b,
12g and 12k). Due to the stronger low-pressure vortex in the INI12 and INI36 runs, the subtropical high invaded
westward more lightly (Figures 12g and 12k). Then, the low-pressure vortex was separated into two isolated
low-pressure disturbances. The eastern one in INI12 was located farther east than the one in the CNTL run. In
the INI36 run, the isolated mesoscale disturbance was much stronger and located farther east than that in the
INI12 run. After 01 UTC 6 September, the subtropical high in the INI12 and INI36 runs did not invade the strong
low-pressure vortex and did not isolate a mesoscale high-pressure disturbance on land as it did in the CNTL runs.
Moisture from the Beibu Gulf was still transported with anticyclonic circulation but through airflow northwest of
the subtropical high over the sea in the INI12 and INI36 runs (Figures 12i and 12m). The anticyclonic circulation
was located farther east in the INI12 run and conveyed moisture to the middle of Guangdong (Figures 9f and 121i),
while the anticyclonic circulation in the INI36 run transported moisture even farther east to eastern Guangdong
(Figures 9i and 12m). The ageostrophic winds also played an essential role in the formation of anticyclonic trans-
port in the INI12 and INI36 runs, as in the CNTL run (not shown).

These three sensitivity experiments showed diverse locations of mesoscale anticyclonic transport at different
initialization times due to their distinct formations. The inhomogeneous distribution of instability by anticyclonic
transport thus changed and finally moved into the locations of the subsequent CI episode region.

In addition, 20-member ensemble simulations were conducted by the WRF model with the same configuration
as the CNTL run other than initial conditions from global ensemble forecast system (GEFS) data. Despite initial
perturbations, the CI episode was generally well represented at the nearby location and had a similar linear shape
in most ensemble members (Figure 15). Distinct from the large errors in different initialization times, the mesos-
cale low-pressure disturbances over South China and the mesoscale high-pressure disturbance were reproduced
in small initial perturbation simulations well (not shown). The formation of mesoscale anticyclonic transport
near the western border of the CI episode region was thus in good representation when considering the uncer-
tainties in the input data, which contributed to good reproduction of CI episodes. In particular, the simulated CI
episode region was located slightly farther east (~50 km) in member 03 and obviously farther east (~110 km) in
member 11 (Figures 15¢ and 15k) than in CNTL. Correspondingly, the anticyclonic transport and the resulting
more unstable regions in members 03 and 11 were located farther east than those in the CNTL run (Figures 16a,
16b and 16e, 16f). In member 08, stronger convection was simulated in the nearby CI episode region compared
with the CNTL run (Figure 15h). Before initiation, stronger mesoscale anticyclonic transport formed more highly
unstable conditions in the CI episode region (Figures 16¢ and 16g). Variations in mesoscale pressure disturbances
generated from uncertainties in all sensitivity experiments resulted in the corresponding offsets of locations of
mesoscale anticyclonic transport and the CI episode region. The above results further confirm the decisive role of
mesoscale anticyclonic moisture transport on the location of daytime CI episodes revealed in the previous section.

8. Climatology of Daytime CI Episodes

Wilson and Roberts (2006) documented that CI episode events during IHOP showed a maximum during the
daytime. Statistics on daytime CI episodes in South China were also conducted in this study. Quantitatively,
the CI episode is defined as two or more convections initiated in a time interval less than 12 min, and the
distance between each initiation should not exceed 50 km. We focused on the CI episode occurring during the
daytime from 06 to 18 LT and irrelevant to preexisting storms.
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Figure 15. Simulated composite reflectivity of the 20 ensemble members at 03 UTC 6 September 2018. Black boxes represent the CI episode regions in every member.

In total, 92 daytime CI episodes were identified in 2018 over South China by 6-min mosaic radar products. The
occurrence distribution of these daytime CI episodes is shown in Figure 17. CI episodes were active during
11-13 LT along the coastline or near mountains. However, these clustered Cls during the daytime also appeared
in other areas. To determine where daytime Cls would statistically be clustered in, the environmental conditions
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Figure 16. (a—d) Distributions of simulated moisture fluxes (shaded) and horizontal wind fields (vector) of ensemble members 03, 11, 08 and the CNTL run at
925 hPa at 00 UTC 6 September (e-h) CAPE of the three ensemble members and the CNTL run at 03 UTC 6 September. The thick blue vectors denote the mesoscale

anticyclonic airflow.

from hourly ERAS data around the central CI in each daytime CI episode were examined. Most daytime CI
episodes occurred in a low-level weak convergent or even divergent precondition (Figure 18a), as in the case stud-
ied in the previous section, unlike the nocturnal CI episodes, which are usually located along strong convergence
boundaries with widely varying possible mechanisms (e.g., M. R. Zhang et al., 2019; Reif & Bluestein, 2018;
Wilson et al., 2018). The heterogeneity of composite moisture was also observed between the episode region and
the surroundings (Figure 18b), similar to the current case. Figure 18c spatially averaged the specific humidity
within 1° from the central location of the CI episode. On average, moisture around the center of the CI episode
accumulated 7 hr before CI and reached a maximum as convection began to be triggered, creating a thermody-
namically favorable environment for the daytime CI episode.

Next, the moisture transport for the heterogeneity of moisture near daytime CI episode regions was investigated.
The moisture transport in each daytime CI episode was classified based on the prevailing low-level wind directions
near the episode region from the south ocean, including southwesterly, southeasterly, southerly, anticyclonic, and

20 1)
25N
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Number of events

20N

6 8 10 12 14 16 18
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Figure 17. (a) CI occurrence distribution for daytime CI episodes and (b) diurnal variation of daytime CI episode occurrence
during 2018.
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Figure 18. Composite of (a) divergence (s71), (b) specific humidity (g kg=') at 925 hPa around the central CI in each daytime CI episode at the initiation hour. (c)
Composite time series of specific humidity (g kg~") at 925 hPa before and after the occurrence of the daytime CI episode.

cyclonic transports. CI episodes in the environment of low-level convergence were not included in the classification.
Figure 19 presents a composite of moisture flux and winds at 925 hPa in each classification. In all types, the sources
of enhanced moisture within the CI episode regions were the mesoscale transports that were strong at the central
location of the CI episode, rather than large-scale moisture transport (Figure 19). Similar to the anticyclonic trans-
port in the studied case, mesoscale transports carried moisture to the locations of the daytime CI episode region and
thus enhanced the moisture in the episode regions and created additionally unstable conditions for triggering there.

9. Summary and Discussion

A large number of convective cells initiated and clustered in a region at a similar time are named CI episodes and are
commonly formed under similar environmental conditions. Many previous studies have mainly focused on nocturnal CI
episodes under unfavorable thermodynamic conditions and usually along various kinds of strong convergence bound-
aries (e.g., M. R. Zhang et al., 2019; Reif & Bluestein, 2018; Wilson et al., 2018). Clustered Cls are also commonly
observed during the daytime, when a favorable unstable environment due to solar radiation is widely provided, but it is
seldom revealed why additional instability and daytime CIs are confined within a certain region. Both observations and
convection-permitting WRF simulations were performed to investigate the source of the inhomogeneous instability
during a typical event of a daytime CI episode in South China. In the preconvective environment, extra CAPE accu-
mulated in the CI episode region compared with the neighboring regions and had an additional transport of moisture.

The additionally enhanced moisture in the daytime CI episode region in the current case was a primary result
of mesoscale anticyclonic moisture transport through the western boundary from the Beibu Gulf. The existence
of anticyclonic moisture transport and its moistening were validated with observational evidence. Anticyclonic
moisture transport formed under the effects of both nocturnal clockwise-rotating ageostrophic winds by inertial
oscillation and mesoscale high-pressure disturbance-influenced geostrophic winds in the morning.

Sensitivity experiments initialized at different initial conditions were further conducted to verify the sources of
the CI episode and to examine the sensitivity of mesoscale anticyclonic transport to model uncertainties. Stronger
mesoscale pressure disturbances in initial conditions resulted in mesoscale anticyclonic airflows under various
formation processes and conveyed moisture farther east; thus, the CI episode occurred farther east by dozens to
hundreds of kilometers. The timing of the CI episode was in good agreement with the initial conditions in this
case. The location errors of the CI episode in the present study largely depended on mesoscale moisture transport,
which was sensitive to the bias of mesoscale disturbances.

Moisture transport through larger-scale airflows, such as monsoon flows or low-level jets, is commonly found and
strengthens precipitation or thermodynamically supports nocturnal CIs in South China (e.g., Bai et al., 2020a; Du
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Figure 19. Composite of moisture flux (km m~!s~'hPa~!, shaded) and wind field (m s~

longitude (°)

longitude (°)

, vector) at 925 hPa around the central CI in each daytime CI episode for five

mesoscale moisture transport types, including (a) southwesterly, (b) southeasterly, (c) southerly, (d) anticyclonic, and (e) cyclonic types. The numbers in brackets denote
the number of cases in the classification.

& Chen, 2019a; Du, Chen, Han, Mai, et al., 2020). The mesoscale anticyclonic moisture transport that determines
the location of the daytime CI episode in the current study is a new finding. The mesoscale anticyclonic moisture
transport influenced by the mesoscale pressure disturbances was sensitive in the models and largely changed the
locations of confined daytime Cls, thus a key for forecasting.

Statistics on daytime CI episodes in 2018 show a high frequency in South China and a wide possibility in loca-
tions. Unlike the widely revealed nocturnal CI episodes that prefer to occur along strongly convergent regions,
this study found that the daytime CI episodes were in weak low-level convergence and clustered in moister
patches. As in the studied case, mesoscale transports carried moisture to the episode regions to enhance low-level
moisture and trigger a series of daytime CIs there. In addition to the mesoscale anticyclonic transport in the stud-
ied case, other types of mesoscale transport were also found, which might also be sensitive in models and largely
influence the locations of daytime CI episodes, but more numerical studies are needed in the future.

Further studies also need to be conducted on the relationship between the predictability of mesoscale disturbances
and the predictability of Cls. In addition to synoptic forcing (e.g., Hanley et al., 2011; Melhauser & Zhang, 2012),
storm-scale or mesoscale environmental variations have been found to bring differences in the location and
timing of CIs and even to the structure and ensuing development (Adler et al., 2011; Fabry, 2006). More daytime
ClI episode cases and related statistical studies will be examined in the future to find other sources of daytime CI
episodes and to achieve a general understanding of daytime CI episodes.

Data Availability Statement

The surface, mosaic radar products and the sounding data used for observational verification are available at
National Meteorological Information Center of the China Meteorological Administration via http://data.cma.
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