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Abstract Hainan Island and Leizhou Peninsula in South China are characterized by abundant deep
convection initiation (DCI), relatively complex orography, and strong sea breezes. This study uses the high‐
resolution (0.02° × 0.02°, 10‐min interval) Himawari‐8 satellite data to identify the isolated DCI events and
employs statistical methods to relate the DCI occurrence to local orography and wind conditions. The statistics
are based on 10,731 DCI events that occurred during the daytime of 412 locally forced DCI days in the warm
seasons of 2016–2022. A 1‐month WRF simulation, driven by the averaged reanalysis fields of these locally
forced DCI days, is conducted to derive the local winds in the study area. The spatial distribution of DCI shows
hotspots over mountains with high elevation and large relief amplitude, as well as over certain coastal plains
experiencing strong sea breezes. DCI probability generally increases with elevation, relief amplitude, and speed
of sea breezes, exhibiting significant linear correlations. The hotspots of DCI events tend to appear over
mountains in the late morning and subsequently extend to coastal plains with strong sea breezes in the afternoon.
The quantitative relationships established in this study provide useful insights for improving the forecasting of
deep convection over tropical islands.

Plain Language Summary Tropical islands are hotspots of thunderstorms. Using high‐resolution
satellite data, this study obtains the precise formation times and locations of thunderstorms that occurred
over Hainan Island and Leizhou Peninsula in South China. The influence of orography and local winds on
the spatiotemporal distribution of these thunderstorms is explored. Results show that thunderstorms prefer to
form on high and steep mountains or coastal plains with strong sea breezes. Their occurrence frequency
increases with the height and slope of mountains, as well as the speed of sea breezes over coastal plains.
Thunderstorm hotspots over mountains generally occur earlier than those over coastal plains. These findings
may help improve the forecasting of extreme weather, such as heavy rainfall and strong winds, over tropical
islands.

1. Introduction
The initial formation of deep convective storms is often termed as deep convection initiation (DCI; Ziegler, 2014).
DCI frequently occurs near synoptic‐scale or mesoscale boundaries, where dynamic forcing and thermal circu-
lations can lift air parcels to the level of free convection (Fu et al., 2021; Markowski & Richardson, 2010). When
synoptic‐scale forcing is weak, mesoscale boundaries produced by surface heterogeneities, such as orography,
land‐sea contrast, and soil moisture contrast, can induce local thermal circulations, thereby controlling the DCI
process (e.g., Barthlott et al., 2016; Bennett et al., 2006; Guillod et al., 2015; Perlin & Alpert, 2001; Schneider
et al., 2018). The ability to accurately predict the location and timing of DCI is crucial for the forecasting of
subsequent extreme weather, such as heavy rainfall and strong winds. However, DCI processes associated with
surface heterogeneities are often poorly predicted by current weather and climate models, due to an insufficient
understanding and representation of initiation mechanisms in parameterizations, a lack of high‐resolution ob-
servations for initial and boundary conditions, and a great computational expense associated with high‐resolution
simulations (Brunet et al., 2023; Schneider et al., 2018; Zadra et al., 2018).
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For tropical islands, the strong thermal contrasts between the island and the surrounding sea give rise to land/sea
breeze circulations, which dominate the diurnal cycle of convection initiation and precipitation (Carbone
et al., 2000; Fovell, 2005; Qian, 2008). Island orography also impacts the convection initiation, as mountains
dynamically alter the flow by lifting, deviation, or blocking, and thermally induce orographic circulations
(e.g., Barthlott & Kirshbaum, 2013; Qian et al., 2012; Schneider et al., 2018). The impacts of sea breeze and
orography on convection initiation have been intensively studied over tropical islands around the world, such as
the Caribbean island of Dominica (e.g., Kirshbaum & Smith, 2009; Smith et al., 2009, 2012; Wang & Kirsh-
baum, 2015), the Hawaiian Islands (e.g., Esteban & Chen, 2008; Yang & Chen, 2008), and the Taiwan Island
(e.g., Kuo & Chen, 1990; Yeh & Chen, 1998). The interaction of large‐scale circulation with local sea‐breeze
circulation further complicates the thermodynamics over the island, and thus influences the subsequent initia-
tion and evolution of deep convection (e.g., Nugent et al., 2014; Smith et al., 2012).

For the tropical islands in the South China Sea, deep convective storms frequently occur during the warm seasons,
resulting in a substantial amount of precipitation (e.g., Bai et al., 2020a, 2020b; Li et al., 2021). Hainan Island and
Leizhou Peninsula, surrounded by the South China Sea and characterized by relatively complex terrain, have
increasingly drawn scientists' attention in recent years for studying the key factors regulating the initiation and
evolution of deep convection (e.g., Liang & Li, 2024; Liang &Wang, 2017; Zhu et al., 2017, 2020). Previous real‐
case or semi‐idealized simulations on Hainan Island have focused on the lifting caused by sea‐breeze fronts,
orography, or the combination of sea‐breeze and valley‐breeze circulations (Liang et al., 2017; Liang &
Wang, 2017; Lu et al., 2025; Wang et al., 2018; Zhu et al., 2017, 2021). Over the Leizhou Peninsula, Fu
et al. (2021) performed a semi‐idealized simulation, and found that when a sea‐breeze front collides with another
sea‐breeze front, or a preceding convective gust front, convection can be initiated. These studies theoretically
explained how sea breezes and orography influence the diurnal cycle of DCI and precipitation over Hainan Island
and Leizhou Peninsula.

Using observational data (such as rain gauge, radar, satellite, and reanalysis data), the spatiotemporal distribution
of convection initiation and the corresponding environmental characteristics have been revealed from a long‐term
statistical perspective for the tropical islands in South China (e.g., Bai et al., 2020a, 2020b; Liang & Li, 2024;
Liang &Wang, 2017; Zhu et al., 2020, 2021). For example, using a radar reflectivity criterion of 40 dBZ, previous
studies have identified DCI events and shown hotspots over mountains and coastal areas of Hainan Island (Bai
et al., 2020a, 2020b; Liang & Li, 2024; Zhu et al., 2021). Their findings also highlighted the impact of large‐scale
environmental winds and local circulations associated with land‐sea contrast and orography on convection
initiation and precipitation.

Satellite observations are another important data source that can be used to identify DCI, since it can reveal early
stage cloud behaviors before the precipitation signal is captured by radars, and thus may provide additional lead
time for DCI nowcasting (Huang et al., 2017). Moreover, satellite observations are insensitive to underlying
orography, thereby avoiding the inaccuracies in ground‐based radar observations caused by beam blockage over
complex terrain. For example, Li et al. (2021) have identified deep convective systems over China using satellite
data with a spatial resolution of 5 km and found that Hainan Island is one hotspot. The spatial and temporal
resolution of satellite data is critical for accurate DCI identification. Previous studies have noted that the 5‐km
spatial and 30‐min temporal resolution may be insufficient to resolve some DCI processes (Huang et al., 2017).
Notably, Zhuge and Zou (2018) used the 1‐km visible and 2‐km infrared channels of Himawari‐8 satellite at 10‐
min intervals to develop DCI nowcasting algorithms. However, their evaluation was based on only about two
hundred DCI cases within a 3‐month period, and they did not examine the long‐term spatiotemporal character-
istics of DCI using high‐resolution satellite observations.

Previous simulation and statistical studies qualitatively examined the influence of surface heterogeneity, such as
orography and sea breezes, on DCI events that occurred over Hainan Island and Leizhou Peninsula, and have
provided valuable insights. However, their identification of DCI is constrained by the spatial and temporal
resolution of data, which limits the ability to detect DCI at very early stages and with high precision. Moreover,
the spatiotemporal distribution of DCI, as well as its quantitative relationships between DCI and relevant envi-
ronmental factors (e.g., orography and sea breeze) have not been statistically established based on long‐term high‐
resolution observations. In addition, the spatiotemporal characteristics of DCI over the Leizhou Peninsula remain
relatively underexplored. In this study, we identify DCI events that occurred over Hainan Island and Leizhou
Peninsula using the high‐resolution Himawari‐8 satellite data and explore the quantitative relationships of DCI
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with local orography and sea breeze strength. Section 2 introduces the data and methods used to identify DCI
events, describe orography, and obtain local winds. Results are given in Section 3, including the spatiotemporal
distribution of DCI events, and their relation to orography and sea breezes. The conclusions and discussions are in
Section 4.

2. Data and Methods
2.1. Orography of the Study Area

The study area (inner domain in Figure 1a, 108°E–112°E, 18°N–22°N) mainly covers Hainan Island and Leizhou
Peninsula. A larger area (outer domain in Figure 1a, 107.5°E–112.5°E, 17.5°N–22.5°N) is used for DCI iden-
tification in Section 2.2, since the clouds may cross the boundary of the study area during their evolution. This
study uses elevation and relief amplitude to describe the orography, as was done by Lu et al. (2023). The Earth
TOPOgraphy (ETOPO) 2022 elevation data (NCEI, 2022) with a resolution of 15 arc‐sec (∼0.46 km) is adopted
and converted to 0.02° × 0.02° (∼2 km × 2 km) to match the DCI locations obtained in Section 2.2. As shown in
Figure 1a, Hainan Island is characterized by high inland mountains (∼1.8 km) surrounded by plains. Across the
narrow strait is the Leizhou Peninsula, featuring a small hill (∼0.2 km) in the southern part.

Relief amplitude is used to quantify local variations of elevation and is defined as the difference between the
maximum and minimum elevation within a moving window (Lu et al., 2023). The optimal window scale is
determined by the elevation data resolution and the mean turning‐point analysis (J. Zhang et al., 2018, 2019). In
this study, the elevation resolution was 0.02° (∼2 km), corresponding to an optimal window size of 7 × 7 grid
points (∼14 km × 14 km). This window effectively captures peak‐to‐valley terrain variations in the study area. As
shown in Figure 1b, the spatial pattern of relief amplitude is similar to the elevation distribution in Figure 1a, but is
overall smoother.

We simply categorize the study area into mountains, plains, and sea areas, based on elevation thresholds of 100
and 0 m. Specifically, sea areas are defined as regions with elevation below 0 m, following the conventional
land–sea separation. Mountains are defined as areas with elevation greater than 100 m, which are also charac-
terized by relatively large relief amplitude. Plains are defined as areas with elevation between 0 and 100 m, which
are primarily located near the coasts and exhibit relatively small relief amplitude. The threshold of 100 m for
mountain‐plain classification leads to comparable areal coverage and DCI counts between mountains and plains,
thereby ensuring the statistical reliability of the subsequent analyses. The choice of 100 m also allows small but
dynamically important hills to be classified as mountains. These hills may significantly influence convective
development (Antonelli & Rotunno, 2025), such as the hill in the southern Leizhou Peninsula (maximum height
of about 200 m). Our previous study in North China has suggested that the dependence of DCI on elevation and
relief amplitude varies among different types of orography (Lu et al., 2023). This study also relates DCI to

Figure 1. Maps of the study area. Panel (a) elevation (unit: m, mean sea level), and (b) relief amplitude (unit: m, mean sea
level). The thin and thick black lines represent contours at 100 and 500 m, respectively.
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elevation and relief amplitude to quantify the effects of different orographies on DCI. We performed sensitivity
tests by changing the threshold of mountain‐plain classification to 50 m or 200 m. The number of grid points and
the DCI counts over each terrain type are changed, but the DCI density and the associated quantitative re-
lationships remain unchanged. Therefore, we only show the results using the 100 m threshold.

2.2. Identification of DCI Events

DCI is identified using the visible reflectance (0.47‐μm) and infrared brightness temperature (BT, 10.4‐μm) from
the Himawari‐8 satellite with a horizontal resolution of 0.02°× 0.02° (∼2 km× 2 km) and a temporal resolution of
10‐min (Bessho et al., 2016). The study period covers the warm seasons (May to September) of 2016–2022. As in
Lu et al., 2023, the locally forced days are selected to focus on local forcings associated with surface hetero-
geneities. The locally forced DCI days were manually selected by screening the hourly visible images of
Himawari‐8 satellite. A day is considered as a locally forced DCI day if at least one isolated, very bright cloud
forms within the study area, while no larger‐scale cloud systems, such as typhoon‐related or frontal clouds
characterized by elongated or rotating structures, affect the region throughout the day. A total of 412 days was
selected. These days are characterized by clear skies or shallow cumuli in the morning, followed by isolated DCI
occurrence in the rest of the day. Since most DCI events in South China occur during the daytime (Bai
et al., 2020a), this study only identifies daytime (08:00–18:00 LST) DCI events.

The DCI identification procedure in this study is built upon an algorithm that we previously developed for the
North China area (Lu et al., 2023). However, following Zhuge and Zou (2018), the procedure uses the visible
channel to exclude cirrus, applies a higher BT threshold, and adopts a higher spatial resolution to more accurately
identify deep convection initiation for the tropical islands in Southern China. Specifically, isolated deep
convective clouds are identified in each 10‐min satellite scene using a multi‐step procedure. Cold cloud regions
are first detected as contiguous areas with BT lower than 273 K and reflectance greater than 0.35. To ensure that
the cold cloud systems are isolated, only those spanning an area of less than 250 pixels (∼1,000 km2) are retained.
Among these isolated cold clouds, those containing a core colder than 253 K and larger than 2 pixels (∼8 km2) are
defined as isolated deep convective clouds. Using Level‐2 cloud product data of Himawari‐8 satellite, cloud‐top
heights (CTH) are computed for several representative DCI days (e.g., 23–26 September 2018). The mean CTH of
the entire isolated deep convective clouds (≤273 K) is approximately 8–9 km, while the mean CTH of the cold‐
core regions (≤253 K) reaches 9–10 km, consistent with expectations for deep convective cloud development.

These isolated deep convective clouds are then tracked across consecutive scenes using the temporal overlapping
method (Zhuge & Zou, 2018; Zinner et al., 2008), which regards a cloud in the current scene as the same cloud
from the previous scene if there is an overlap between them. To ensure that these isolated deep convective clouds
are developing upward, we track them in three consecutive scenes, and require their cloud top to consistently
maintain a cooling rate greater than 2.7 K per 10 min throughout these scenes. The cloud top temperature of each
isolated deep convective cloud is represented by the average BT of the coldest 25% of the cloud pixels (Walker
et al., 2012). Given the 10‐min temporal resolution, this cooling rate criterion requires a minimum lifetime of
longer than 20 min. Gupta et al. (2024) documented that isolated deep convective cells typically persist for about
70 min, suggesting that this threshold is expected to capture most DCI events.

Finally, each developing deep convective cloud, defined as a DCI event, is tracked back to the scene where it first
meets the development criteria, which is marked as its initiation time. The geometric center of the cloud is taken as
the DCI location. Following the aforementioned criteria, a total of 10,731 isolated DCI events were identified on
the 412 locally forced days. In the following sections, statistical analyses are employed to relate the spatio-
temporal distribution of these DCI events to local orography and local winds.

2.3. Local Winds

The Weather Research and Forecasting (WRF v4.5, Skamarock et al., 2008) model, configured with specially
designed initial and lateral boundary conditions, is used to simulate the local circulation. The global final analysis
data (FNL, 1° × 1°, NCEP, 2000) at 08:00, 14:00, 20:00, and 02:00 LST are averaged over the 412 locally forced
DCI days. This averaging removes day‐to‐day synoptic variability and yields a representative mean large‐scale
background environment. Using these averaged FNL fields, the simulation is initialized at 08:00 LST, with the
lateral boundary conditions being updated at the aforementioned four times. The same lateral boundary conditions
were repeated every day over a period of 30 days. Because the lateral boundary forcing is identical from day‐to‐
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day, the simulated diurnal evolution becomes highly repetitive after the initial spin‐up, exhibiting the mean
diurnal response to thermally driven local circulations (e.g., land–sea breezes or terrain‐induced circulations),
rather than to individual weather events (e.g., typhoon and frontal systems). This experimental design follows
prior semi‐idealized or climatological WRF frameworks (e.g., Bao & Zhang, 2013; Chen et al., 2017; Trier
et al., 2010; Y. Zhang et al., 2013; Zhu et al., 2017, 2021). For example, Zhu et al. (2017, 2021) used a 10‐year‐
averaged reanalysis data as initial and lateral boundary conditions. They found that the repeatedly developing
thermally driven activities, such as land‐sea breezes, are well captured by WRF simulations, while transient
atmospheric perturbations can be filtered out.

As shown in Figure 2a, two nested domains are used, with the inner domain focusing on the Hainan Island and
Leizhou Peninsula. The outer domain (D1) and inner domain (D2) have 180 × 180, 271 × 281 grid points with
horizontal grid spacings of 10 and 2 km, respectively. A total of 50 vertical levels were set with the model top at
50 hPa. The Yonsei University (YSU) boundary layer scheme (Hong et al., 2006), the Dudhia shortwave radiation
scheme (Dudhia, 1989), the Rapid Radiative Transfer Model longwave radiation scheme (Iacono et al., 2008), and
the single‐moment 6‐class microphysics (Hong & Lim, 2006) are used for both domains, while no cumulus
parameterization is used. The simulation was integrated for 30 days, and the first 2 days were considered as spin‐
up time. The wind field data is recorded every 10 min, and the hourly mean wind is used to analyze the local
winds.

The hourly mean wind fields contain multiscale motions, including large‐scale synoptic winds and the local‐scale
winds such as sea breezes. Therefore, the daily mean wind vectors, regarded as synoptic winds, are subtracted
from the hourly mean wind vectors to approximately obtain the local wind vectors, which exhibit a much more
prominent diurnal variation (Liang &Wang, 2017; Zhu et al., 2017). The local winds are further averaged over the
28 simulation days to mitigate day‐to‐day variations. Figure 2b shows the spatial distribution of the simulated
daytime‐averaged 10‐m local wind speed, which is calculated using the simulated local wind vectors. Strong local
winds are mainly along the northern coastline of Hainan Island and the western side of the Leizhou Peninsula,
particularly near the narrow strait between them, as well as over certain inland mountainous regions. It should be
emphasized that the wind fields shown in Figure 2b are averaged on all locally forced DCI days across Hainan
Island and the surrounding areas, and are not of any individual weather event.

The simulated pattern of local winds in Figure 2b is generally similar to that reported in previous studies over
Hainan Island or South China (e.g., Chen et al., 2016; Duan et al., 2023; Huang et al., 2016; Tu et al., 1993; Z. Z.
Zhang et al., 2014). Particularly, Chen et al. (2016) showed that sea‐breeze circulations in South China are
primarily established over low‐lying coastal plains and typically confined below 200 m, whereas inland

Figure 2. (a) Domain configuration of the WRF simulation, with the inner domain D2 focusing on Hainan Island and Leizhou
Peninsula. D2 is approximately the same as the outer domain of Figure 1a. Panel (b) Wind speed of the daytime‐averaged
(08:00–18:00 LST) local winds at 10 m height. The thin and thick black lines represent contours of elevation at 100 and
500 m, respectively.
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mountainous regions near the coastlines are mainly influenced by mountain–plain solenoids. Here, we adopt a
simplified interpretation in which daytime local winds over coastal plains and adjacent oceanic areas are assumed
to be primarily associated with sea breezes, whereas local winds over inland mountainous regions are mainly
governed by slope winds. Accordingly, sea breezes hereafter refer to the local winds over plains and oceanic
areas, whereas slope winds refer to the local winds over mountainous regions. In the following sections, we focus
on the relationship between this average wind field and the overall DCI spatial distribution, rather than on the one‐
to‐one correspondence between real‐time winds and individual DCI events.

3. Results
3.1. The Spatial Distribution of DCI Events

Figure 3 shows the spatial distribution of the 10,731 DCI events identified in Section 2.2 . Grid points with three
or more DCI events (pink dots in Figure 3a) are generally located over mountains and certain coastal plains. This
characteristic of the DCI hotspots is illustrated more clearly by the DCI density in Figure 3b, which is calculated
using the two‐dimensional kernel density estimation (KDE) and quantifies the number of DCI events per unit
area. High DCI density is seen over mountainous regions with relatively higher elevations, such as the mountains
of Hainan Island (area A), the hill in the southern Leizhou Peninsula (area D), and the hills of the South China
mainland (area F).

The coastal plains in the southwest (area B) and northeast (area C) of Hainan Island, as well as the western
coastlines of Leizhou Peninsula (area E), also exhibit high DCI density. These coastal DCI hotspots highly
overlap with areas where strong local winds develop, as shown by the black arrows in Figure 3b. The spatial
distribution of DCI events in Figure 3b closely aligns with the patterns derived from radar observations (e.g., Bai
et al., 2020a) and low‐resolution satellite observations (e.g., Li et al., 2021). Compared with radar‐based studies,
Figure 3b shows more pronounced DCI hotspots over mountainous regions, likely because satellite‐based
identification can avoid the underestimation of DCI events over complex terrain associated with terrain‐
induced radar beam blockage. Compared with low‐resolution satellite‐based studies, Figure 3b exhibits finer
details of DCI occurrence. In particular, evident contrasts in DCI density between mountain peaks and foothills on
Hainan Island, and similarly sharp variations are observed across the narrow Leizhou Peninsula. The enhanced
detection of mountainous DCI in our results therefore highlights key advantages of high‐resolution satellite‐based
DCI identification, particularly in regions with complex terrain. The fine‐scale DCI spatiotemporal distribution at
a high resolution of 0.02° × 0.02° is used to quantify the relationship between DCI occurrence and orography, as
well as local winds.

Figure 3. Spatial distribution of the 10,731 isolated DCI events. Panel (a) counts of DCI events at each 0.02° × 0.02° grid
point. Blue dots indicate that there are only 1 or 2 DCI events in these grid points, while pink dots indicate 3 or more DCI
events. The thin and thick black lines represent contours of elevation at 100 and 500 m, respectively. Panel (b) density of DCI
events (DCI events per square kilometer) from the two‐dimensional kernel estimation (filled color contours) and wind
vectors of the daytime‐averaged (08:00–18:00 LST) local winds. Note that the wind field here is the same as that shown in
Figure 2b, but it is represented by vectors here.
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3.2. Relation of DCI to Orography

The spatial distribution of DCI shown in Figure 3 indicates pronounced
differences in the occurrence probability across different orographic types. To
quantitatively characterize these differences, Table 1 presents the DCI counts
and their corresponding occurrence probabilities for the entire domain as well
as for each orographic type. The DCI probability is defined as the number of
DCI events normalized by the area of the corresponding orographic type. For
the entire domain, the DCI probability is approximately 0.07 DCI events per
square kilometer. The DCI probability is much higher over mountains
compared to that over coastal plains and sea areas. This indicates that
mountainous areas are more favorable for the occurrence of DCI events than
coastal plains.

To quantitatively evaluatewhether the terrain characteristics at locationswhereDCI events occur differ statistically
from the background terrain of the study area, Table 2 presents the mean values of elevation and relief amplitude,
along with the results of the t‐tests. Specifically, for the entire domain, mountains, and plains, the mean elevation
(and relief amplitude) at DCI locations are calculated and compared with the corresponding mean values of the
entire domain or of the same orographic type. Two‐sample t‐tests are further applied to assess the statistical sig-
nificance of these differences (O'Mahony, 1986; Student, 1908). As an illustrative example, the first row of Table 2
shows that the mean elevation of all DCI events over the entire domain is 133 m, substantially higher than the
domain‐mean elevation of 43 m. The p value (<0.01) indicates that this difference is statistically significant at the
0.05 significance level. Similar statistically significant differences were found for the relief amplitude.

Overall, for DCI events occurring in the entire domain and in mountains, both mean elevation and mean relief
amplitude are significantly higher than their respective background values, indicating a clear preference for
elevated and topographically complex terrain. In contrast, over plains, where relief amplitude exhibits limited
spatial variability, the mean relief amplitude of DCI events does not differ significantly from that of all plain
areas, despite slightly higher elevation.

These differences indicate that DCI events are not randomly distributed with respect to terrain, but are prefer-
entially associated with regions of higher elevation and greater relief amplitude. To quantitatively evaluate the
relations of DCI to elevation and relief amplitude, we conducted the linear regression analyses with the function
Y = β0 + β1X + ε, where β0 (intercept) and β1 (slope) are the regression coefficients, and ε represents the random
error. Elevation and relief amplitude are segmented into bins with a width of 100 m, ensuring sufficient DCI
events in each bin for statistically robust regression. The DCI probability in each bin is adopted as the response
variable (Y), and the corresponding elevation or relief amplitude is used as the explanatory variable (X),
respectively. A strong and statistically significant linear relationship between the response and explanatory
variables is considered to exist when the regression slope (β1) is large, the goodness of fit (R

2) approaches 1, and
the p value is less than 0.05 (Chatterjee & Hadi, 2006; Lu et al., 2023). Sensitivity tests suggest that the con-
clusions are qualitatively the same when the bin width is changed from 100 to 200 m (not shown).

As shown in Figure 4a, DCI probability increases monotonically with elevation. The linear relationship between
DCI probability and elevation is strong and statistically significant at a significance level of 0.05. A significant

Table 1
DCI Counts, Area, and DCI Probability (DCI Events per Square Kilometer)
for the Entire Domain and Three Orographic Types

DCI counts Area (km2) DCI probability (DCI/km2)

Domain 10,731 161,604 0.07

Mountains 3,302 17,836 0.19

Plains 4,338 39,612 0.11

Sea 3,091 104,156 0.03

Table 2
Comparisons of Mean Elevation and Mean Relief Amplitude (RA) for DCI Events Occurring in the Entire Domain,
Mountains, and Plains, Versus the Mean Elevation and Mean Relief Amplitude for the Entire Domain or the Corresponding
Orographic Type

Mean elevation (m) p value Mean RA (m) p value

Total DCI events versus entire Domain 133 versus 43 p < 0.01 236 versus 87 p < 0.01

DCI events over mountain areas versus mountain areas 382 versus 315 p < 0.01 613 versus 529 p < 0.01

DCI events over plain areas versus plain areas 38 versus 35 p < 0.01 118 versus 118 p = 0.49

Note. The p values are obtained from the two‐sample t‐test, with those in bold denoting statistical significance at a 0.05
significance level.
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correlation between DCI probability and relief amplitude also exists (Figure 4b). Compared with elevation, the
linear relationship between DCI and relief amplitude is weaker, with relatively smaller goodness of fit R2 and
regression slope β1. In the study area (Figure 1), the mountainous regions with high elevation correspond to large
relief amplitude, while the coastal plains have relatively low elevation and small relief amplitude (Figures 1a and
1b). This suggests that only one of elevation or relief amplitude, may be needed in practical applications for
regions like Hainan Island. However, in other regions, the relationships among these variables may differ sub-
stantially. For example, over North China, DCI exhibits more complex relationships with elevation and relief
amplitude (Lu et al., 2023). This highlights the need to consider the combined effects of elevation and relief
amplitude when assessing the probability of DCI occurrence.

3.3. Relation of DCI to Local Winds

To examine the impacts of local winds on DCI probability, we classified local wind conditions as either weak‐
wind (<1.44 m/s) or strong‐wind (≥1.44 m/s). The threshold is chosen based on the 10‐m local wind speed
averaged over the daytime and the entire domain. Using this threshold and the daytime‐averaged local winds
shown in Figure 2b, each grid point in the study area can be classified into areas of weak wind or areas of strong
wind. As shown in Table 3, the DCI probability in strong‐wind areas is approximately twice that in weak‐wind
areas, although the total number of DCI events is nearly identical in both categories. The daytime‐averaged and
domain‐mean wind speeds for all DCI events is 1.56 m/s. Results from a two‐sample t‐test indicate that the mean
local wind speed of all DCI events is significantly higher than the entire‐domain average, further confirming that
DCI events are more likely to occur in areas with stronger local winds.

Figure 4. Relationship between DCI probability (DCI events per square kilometer) and (a) elevation, and (b) relief amplitude.
The triangles indicate the mean DCI probability for each bin: filled triangles represent bins with elevation above 0 m and
more than 50 DCI events, while open triangles indicate bins with elevation below 0 m or fewer than 50 DCI events. The
number of DCI events in each bin is labeled adjacent to each triangle. The black line shows the result of linear regression
conducted using these filled triangles. The regression equation, goodness of fit (R2), and p‐value are indicated in each panel.

Table 3
The Second to Fourth Columns Are Comparisons of DCI Events, Area, and DCI Probability BetweenWeakWinds and Strong
Winds, Respectively

DCI counts Area (km2) DCI probability (DCI/km2) Mean local wind (m/s) p value

Weak wind areas 5,583 104,760 0.05 1.56 versus 1.44 p < 0.01

Strong wind areas 5,148 56,844 0.09

Note. The last two columns show the comparison of mean wind speed of all DCI events versus the entire‐domain average, and
the bolded p value suggests a statistically significant comparison.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD045737

LU ET AL. 8 of 14

 21698996, 2026, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

045737 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [20/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



As shown in Figure 5a, under weak local winds, DCI events are mainly concentrated over the mountains in
Hainan Island. In these regions, upslope winds are produced when solar radiation heats the slopes. The con-
vergences of upslope winds play dominant roles in initiating convection (Gong et al., 2025). When the local winds
are stronger (Figure 5b), DCI hotspots are mainly located over the coastal plains of Hainan Island and the Leizhou
Peninsula, indicating a stronger influence of sea‐breeze–induced low‐level convergence and lifting over flat
coastal terrain.

Regression analyses show no significant linear relationship between DCI probability and local wind speed for
DCI events occurring over the entire domain (Figure 6a) or over the mountains (orange line in Figure 6b) at the
0.05 significance level. However, for DCI events occurring over plains (green line in Figure 6b), DCI probability
increases monotonically with the wind speed, and the linear relationship is statistically significant. This corre-
lation indicates that local winds, particularly in the form of sea breezes, substantially influence DCI occurrence
over low‐lying coastal plains on tropical islands (e.g., area C and E in Figure 3b).

Figure 5. DCI density for (a) weak winds, and (b) strong winds. The thin and thick black lines represent contours of elevation
at 100 and 500 m, respectively. The overlaying green hatching lines denote the regions of weak winds and strong winds,
respectively.

Figure 6. Relationships between DCI probability (DCI events per square kilometer) and local wind speed for DCI events
occurring over (a) the entire domain, and (b) mountains (orange) and coastal plains (green). The lines show the results of
linear regressions conducted using these filled triangles, which represent bins with more than 50 DCI events.
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3.4. Temporal Distribution of DCI Events

The DCI time varies among the DCI hotspots. To illustrate such variation, we calculated the KDE‐estimated DCI
density at each hour and showed it in Figure 7. Most DCI events take place between 11:00 and 17:00 LST. During
this period, the locations of DCI hotspots shift continuously as the sea breezes gradually intensify, moving toward
the center of the island and peninsula.

In the morning (09:00–11:00 LST, Figures 7a and 7b), local winds are weak, and only a few DCI events occur,
evenly distributed across the study area. Around noon (11:00–13:00 LST, Figures 7c and 7d), local winds start to
gradually intensify due to solar heating, and low DCI frequency appears near the coastlines. Meanwhile, higher
DCI frequency starts to form over the mountains in the southwest of Hainan Island, away from regions affected by
strong sea breezes. The acceleration of DCI by mountains has also been reported by Lu et al. (2025) using semi‐
idealized WRF simulations. From afternoon to evening (13:00–18:00 LST, Figures 7e–7i), sea breezes further
strengthen and propagate inland, with the sea‐breeze convergence zone gradually shifting from northern to central
Hainan Island. The convergence and associated lifting promote frequent DCI occurrences near the coastlines,
which then exhibit a tendency to migrate inland in the late afternoon. During this period, DCI continues to
frequently occur over the mountains.

Figure 7. Hourly DCI density (filled color contours) and vectors of local winds during 09:00–18:00 LST. The number at the bottom right corner of each panel denotes the
hourly DCI counts of the entire domain.
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On the Leizhou Peninsula, the small hill in the south first initiates convection before 13:00 LST (Figure 7d). In the
afternoon (Figures 7e–7g), sea‐breeze fronts continuously collide over the central part of the peninsula, forming a
persistent convergence zone. This leads to sustained DCI occurrence over the central peninsula, with a tendency
to expand from south to north. The observed spatiotemporal evolution of DCI on the Leizhou Peninsula is broadly
consistent with a previous idealized modeling study, which reported that orography of modest height (∼200 m)
can force deep convection to develop before the collision of sea‐breeze fronts at the peninsula center (Antonelli &
Rotunno, 2025). Our results further highlight how small‐scale topography modulates both the timing and
preferred locations of DCI under realistic environmental conditions.

The temporal variation of DCI frequency shows that mountains and the associated relatively weak upslope winds
are responsible for early DCI occurrences. In the afternoon, however, relatively strong sea breezes play crucial
roles in DCI over the coastal plains. Figure 8 illustrates the temporal variation of DCI events under weak‐ and
strong‐wind conditions. The number of DCI events under weak winds is higher before noon, and becomes slightly
lower than that under strong winds in the afternoon (Figure 8a). The local minimum in DCI counts between 10:00
and 11:00 LST is likely related to a routine data gap in Himawari‐8 observations due to the daily housekeeping,
which may have led to missed detection of DCI events occurring at or near that time.

Figure 8b further shows the DCI probabilities under weak winds, strong winds, and all conditions, which are the
hourly DCI counts in Figure 8a divided by the areas under each wind condition. Consistent with the DCI counts in
Figure 8a, the DCI probability under weak winds reaches a maximum between 13:00 and 14:00 LST, and remains
at a relatively high value thereafter. In contrast, the DCI probability under strong winds peaks about 1 hr later,
between 14:00 and 15:00 LST, and then gradually decreases. The distribution of all DCI events closely follows
that of strong winds. Overall, after 11:00 LST, the DCI probability under strong winds is substantially higher than
that under weak winds, indicating that more DCI events occur in areas with strong winds. The domain‐averaged
hourly local wind speed shown in Figure 8b (pink line) peaks approximately 1 hr later than the DCI probability of
strong wind, suggesting that the sea‐breeze circulation plays an important role in modulating DCI evolution in the
afternoon.

4. Conclusions and Discussions
This study investigates the statistical characteristics of isolated DCI events and their relation to orography and
local winds over Hainan Island and Leizhou Peninsula during the warm seasons of 2016–2022. The high‐
resolution (0.02° × 0.02°, 10 min) Himawari‐8 satellite data were used to manually select the locally forced
DCI days and automatically identify DCI events. The timing and locations of 10,731 DCI events that occurred
during the daytime of 412 locally forced DCI days were collected and further related to the orography and local
winds in the study area. The orography of the study area is described with elevation and relief amplitude. The
general pattern of local winds is derived from a 1‐month WRF simulation, which is initialized with the averaged
reanalysis fields of the 412 locally forced DCI days.

Figure 8. Temporal variation of (a) DCI counts, and (b) DCI probability (DCI events per unit area) for all the DCI events
(black), DCI events under weak local winds (light blue), and DCI events under strong local winds (dark blue). The pink line
in (b) is the domain‐averaged hourly 10‐m wind speed.
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DCI hotspots are distributed over mountains and certain coastal plains of Hainan Island and Leizhou Peninsula.
The DCI probability over mountains is greater than that over plains. Comparisons conducted with t‐tests suggest
that DCI events tend to occur at areas with high elevation and large relief amplitude. Linear regression analyses
further suggest that the DCI probability increases linearly with elevation and relief amplitude, and the linear
relationships between them are strong and statistically significant.

On average, stronger local winds are associated with a higher DCI probability. For DCI events occurring over
coastal plains, the DCI probability increases monotonically with wind speed, and the linear relationship between
them is statistically significant. However, for DCI events occurring across the entire domain or over the
mountains, there is no significant linear relationship between DCI probability and local winds. This suggests that
researchers should consider the influence of sea breezes on DCI, especially in the low‐lying coastal plains of
tropical islands. Over these regions, daytime thermal contrasts between land and sea drive onshore sea‐breeze
flows, and the associated low‐level convergence and lifting can become the dominant mechanism for convec-
tion initiation. Note that the upslope winds also facilitate the occurrence of DCI over mountainous regions.
However, the speed of the slope winds is generally slower compared to the sea breezes, and the quantitative
relationship between the slope winds and DCI density is much more complicated and requires further
investigation.

The temporal distribution of DCI events indicates that the main period for DCI occurrence is during 11:00–17:00
LST. Deep convection tends to occur earlier over the mountains in the southwest of Hainan Island and the south of
the Leizhou Peninsula, where local winds are weak. In the afternoon, DCI events are observed both in the
mountains and in some areas of the coastal plains. On days when local forcing dominates, the intense solar ra-
diation induces upslope winds over mountainous regions and sea breezes around coastal areas, both of which
promote the initiation of deep convection.

These results reveal that the DCI occurrence is closely controlled by the small‐scale orography and local wind
circulation. Mountains trigger early daytime convection through thermally driven upslope winds, while sea
breezes dominate afternoon DCI over coastal plains, highlighting the spatiotemporal organization of convective
initiation at fine scales. This study underscores the importance of high‐resolution observations and modeling in
capturing these local effects, which are often unresolved in coarse data sets. Understanding these dynamic‐
thermodynamic couplings provides critical guidance for improving the prediction and monitoring of localized
convective hazards in tropical coastal regions. On the other hand, DCI remains challenging for both weather
forecasting and climate projection. For weather forecasting, our results suggest that more attention should be paid
to the coastal regions and the mountainous regions to better understand and forecast DCI. In climate models, the
quantitative relationships established in this paper can be used to improve cumulus parameterization schemes. For
example, multiple regulatory factors reflecting the increased probability of DCI occurrence—such as elevation
rise, increased relief amplitude, or strengthened local winds—could be incorporated into the trigger function of
cumulus parameterization.
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