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Novel perspectives on multiple-peak
diurnal convection over a tropical
mountainous island from idealized large-

eddy simulations
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Two robust peaks in the diurnal evolution of orographically-locked precipitation are simulated in large-
eddy simulations with an idealized ocean-plain-mountain topography. The ensemble experiment
designis guided by sounding statistics from summertime afternoon thunderstorms in Taiwan to obtain
realistic variability of free-tropospheric moisture associated with the intensity of the summertime
subtropical high. The convection in the first peak is directly modulated by convective available
potential energy, while the convection in the second peak is associated with low-level moist static
energy (MSE) transport by the island-scale (40-km) local circulation, producing more extreme rainfall.
When the initial free troposphere is drier, the convection in the second peak is strengthened. Both the
environmental adjustments by the first peak and local circulation development contribute to the
sensitivity of the second peak to free-tropospheric moisture. This work highlights the critical roles of
convection-environment interaction and upstream MSE supply in enhancing extreme diurnal

precipitation over complex topography.

Diurnal convection plays a critical role in the global climate system as it
drives circulation and significantly influences the energy balance and
hydrological cycle'” by redistributing heat™ and moisture’ within the
atmosphere. Previous research has revealed patterns of active diurnal con-
vective systems and precipitation over tropical islands, such as the Maritime
Continent (MC) region. Over these islands, convective activity tends to peak
in the late afternoon and evening over islands*’ and propagate inland*’. The
development of diurnal convection is modulated by the intricate interac-
tions among radiation'’", diurnal land-sea circulation’™"*, and organized
convective systems'’.

Previous studies reveal that the characteristics of tropical diurnal
convection, including the peak intensity and timing, can respond to the
large-scale environment associated with synoptic, intraseasonal, and
interannual variability (e.g.""). When examining the temporal evolution of
diurnal rainfall, many studies adopted a simplified depiction of a smooth
cycle with a single peak. Curve fitting or frequency filtering is often applied
to the time series to extract the leading harmonics and, thereby, obtaining
the peak time and amplitude as the first-order characteristics of the diurnal
cycle over a specific location. However, observations with hourly (or more
frequent) sampling can reveal the existence of multiple peaks in the tem-
poral evolution from noon to evening, such as those observed in the

GoAmazon campaign®. As the long-term rain gauge network observations
in Taiwan provides the valuable observational record to study diurnal
precipitation over complex terrain, the statistics over the southwestern
regions of the island also confirm that multiple precipitation peaks can
sometimes occur within the diurnal evolution (Fig. 1a), and there is a higher
probability to detect the multiple-peak feature over the mountainous sites
(Fig. 1b). These observed details showcase the complexity in the diurnal
convection evolution. We hypothesize that the multiple peaks are caused by
distinct physical processes rather than by statistical variations due to
changing environmental conditions. The development of moisture in the
atmosphere is considered an important factor contributing to the vari-
abilities in diurnal convection. Previous studies point out that, generally in a
moister environment, diurnal convection tends to initiate earlier’>” and
exhibit higher intensity”". This is attributed to less entrainment in convec-
tion, which promotes more significant convection development™ and the
release of more instability™”. In the scenario of multiple convective peaks, the
sensitivity to ambient conditions may be modulated if the earlier convection
provides the pre-conditions of the later convection. Therefore, the under-
lying physical processes regarding the formation of different precipitation
peaks, as well as their response to environmental conditions, are worth of
dedicated investigation in order to appropriately understand how the
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Fig. 1 | Multiple-peak precipitation observed in southwestern Taiwan. a The
observed composite diurnal rainfall evolution over Fengihu station (the white arrow
in Fig. 1b) over the southwestern mountain areas of Taiwan when multiple rainfall
peaks (red line, 51 days) or single rainfall peak (black line, 313 days) are detected in
the daily precipitation time series. b The probability of detecting multiple rainfall
peaks in the daily precipitation time series over southwestern Taiwan. The color of

each circle shows the probability for each rain gauge station, while the size of the
circle signifies the total count of rainfall days. The grey shadings represent the 500-m
and 2000-m elevation contours, respectively. The statistics are based on Central
Weather Administration hourly rain gauge observations during May-Sep.,
1996-2020 for days not affected by strong synoptic weather systems (typhoons,
fronts, strong southwesterly monsoon flows, or northeasterly flows).

diurnal cycle can be modulated by large-scale variability and future climate
change.

In Taiwan, diurnal convection is most prevalent when the summertime
Western Pacific Subtropical High (WPSH) covers the island*. Under this
large-scale convectively suppressed condition, the initiation of the diurnal
convection is primarily dominated by local circulation owing to differential
heating of the terrain; thus, convection frequently occur over specific hot-
spots, leading to orographically-locked spatial patterns’*. The configura-
tion of the mountains and valleys constrains the flow of the sea-valley breeze,
which modulates not only the initiation and propagation of convection” but
also the non-local dynamics that supply moist static energy (MSE) to the
precipitation hotspot through the low-level coherent flow™. To reveal the
effects of topography or environmental variations, previous research has
employed idealized experiments to explore their influences. For instance,
Kuo and Wu (2019)” utilized conceptualized terrain configurations in their
cloud-resolving (O ~ (500 m)) simulations to highlight the importance of
local circulation on the initiation and development of afternoon convection
in the Taipei Basin. Wu and Chen (2021)** conducted cloud-resolving
experiments (O ~ (2 km)) to investigate the impact of changes in environ-
mental humidity on convection over an idealized flat tropical island.

In the present work, we adopted the large-eddy simulation (LES)
approach with a 100-m horizontal resolution so that the detailed evolution
of boundary layer turbulence, the local circulation and the deep convection
over an idealized ocean-plain-mountain terrain configuration can be
explicitly resolved”. Inspired by the observations in Taiwan, our study will
focus on the changes in thermodynamic environmental conditions first, by
exploring how diurnal convection responds to free troposphere relative
humidity (FTRH) under the scenario dominated by local circulation. The
simulations are initialized with representative sounding observation fea-
tures a typical environment under the large-scale suppression of summer-
time subtropical high-pressure system near Taiwan. As will be presented
subsequently, the simulations reveal the existence of multiple peaks in the
orographically-locked rainfall. We also perform sensitivity experiments,
guided by the observed statistics in the soundings, to examine the response
of the multiple-peak diurnal convection to different FTRH. In the control
simulation, the RH at 500 hPa is set to 54%. Sensitivity experiments were
conducted by adjusting the RH at 500 hPa to 34% in the drier simulation and
74% in the wetter simulation. We named these simulations RH34, RH54,
and RH74 simulations, respectively. We conducted 5 ensemble members for
each experiment by adding temperature perturbations at the lowest model
level. Subsequent analyses will focus on one of these members. Conse-
quently, we can assess the key physical processes during the diurnal

development of local circulation and convection and their responses to the
environmental impacts using these idealized experiments. The findings are
expected to provide novel perspectives on understanding the diurnal con-
vection in tropical regions under convectively suppressed large-scale con-
ditions with a realistic range of ambient variability. The structures of
convection, local circulation evolution, buoyancy relationships, and
responses in convection-environment interactions to FTRH are analyzed in
Section (Results). Section (Discussion) presents the discussions of the sig-
nificance of multiple peaks, the non-local effect of MSE transport, and the
implications of current findings. The model and sensitivity experiment
setups are described in Section (Methods).

Results

Characteristics in Control (RH54) simulation

Convection and local circulation evolution. We first present the evo-
lution of precipitation statistics, low-level circulation, and convective
structures in the RH54 simulations to examine the possible processes
modulating the diurnal convection. Figure 2a shows that more than
99.9% of the overall precipitation occurs in the mountain area and dis-
tributes nearly uniformly along the y-direction. This clearly demon-
strates that the simulated convection systems are predominantly
orographically locked. The time series of the mountain-averaged pre-
cipitation rate in Fig. 2b exhibits multiple peaks. The first two peaks are
closely related to the evolution of sea breeze and valley breeze circulations
(presented later), while the third peak is more dominated by the ice-phase
microphysical process, and the fourth peak is relevant to the local cir-
culation and boundary layer processes, such as cold pool interactions (as
revealed in the animation in the Supplementary Material S1), exhibiting
larger variabilities among ensemble members. The ensemble average
precipitation rate in the second peak is 85% higher than the first peak
(33mmh ! vs. 1.8 mmh™"). The precipitation spectra in Fig. 2c show
that the extreme rainfall in the second peak of all members is also more
enhanced than the first peak, as 99.9" percentile rainfall intensity
increases from 40 mm h™' to 60 mm h™". The statistics are computed by
generating the probability distribution function (PDF) from the temporal
and spatial outputs at every grid point within the mountain area, con-
sidering each peak separately.

We note that the occurrence of the first precipitation peak is earlier
than many diurnal cycle observations (such as Fig. 1). When using realistic
terrain of the Taiwan island at 500-m resolution, VVM can successfully
simulate the diurnal peak times and intensities that closely match the
observations (see Fig. 1 in Chen et al.””), which demonstrated that VVM can
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Fig. 2 | Precipitation features of the RH54 (control) simulations. a 12-hr accu-
mulated precipitation. The upper right corner displays the ratio of mountain pre-
cipitation over total precipitation. b Mountain-averaged precipitation evolution.
The black line represents one of the 5 ensemble members that we analyzed. The grey
lines represent the other members. ¢ Precipitation PDFs of the first two rainfall
peaks. The open and closed dots represent the first and second rainfall peaks,
respectively. In our simulation, we defined the time of the two peaks as 09:00-11:20
and 11:20-13:40.

capture the appropriate interactions of the physical processes for diurnal
convection over terrain. Therefore, the earlier onset of precipitation pre-
sented here is likely due to the idealized terrain configuration, where the
effects of surface heating may be more pronounced and lead to the earlier
development of land-sea-mountain-valley breezes and convection
initiation.

The ensembles of the simulation reveal that the first two rainfall peaks
are the most robust features in the temporal evolution, while the subsequent
peaks exhibit larger variabilities among ensemble members in their timing
and amplitude. This indicates that the first two rainfall peaks are more
directly responding to the background environment and locked to the
development of the local circulation, and therefore will be the focus of this
study. The latter peaks of convections are likely generated by convection-
convection interactions or more complicated mechanisms and will not be
analyzed in the present study.

Figure 3a shows the time evolutions of low-level circulation and
boundary layer structures in one of the simulation members. Please note
that the precipitation rate, low-level circulation, and boundary layer struc-
tures are averaged along the y-direction. At 9 AM of the simulation, sea
breezes and valley breezes initiate individually over the coastline and
mountaintop due to the disparate heating distributions caused by land-sea
contrast and topographic differences. The first rainfall peak initiated
between 9 and 10 AM owing to the convergence of valley breezes over the
mountaintop. The averaged circulation and MSE distribution before the
rainfall initiation (Fig. 3b, left panel) signify separated local circulation cells
develop with a scale of O(10 km), with the inflow in the lower branch
flowing towards the plain center (sea breeze) and towards the mountain top
(valley breeze), respectively. From 10 AM to 12 PM (Fig. 3a), with the
surface heating and the development of local circulation, MSE within the
boundary layer increases, and the sea breezes progressively move inland and

transport the low-level MSE into the mountain area. When sea breezes
connect to valley breezes, the scale of the established local circulation is
enlarged to approximately the scale of the island (Fig. 3b, right panel). The
low-level inflow to the left of the mountain is also enhanced. The second
rainfall peak initiated at around 11:30 AM and peaked at 12:30 AM with a
stronger precipitation intensity than the first peak. In these two rainfall
peaks, the depths of continuous inflow in the lower branch of the local
circulation range from about 800 to 1200 m altitude.

Figure 4 displays the snapshots of updraft and convective structures at
the peak time of the first two rainfall peaks (from the same member shown
in Fig. 3). Note that the plot is zoomed in to the mountaintop. In the first
rainfall peak, the sea breeze circulation is still separated from the valley
breeze circulation, the weaker low-level inflow and updraft lead to lower
convection development heights, weaker precipitation intensities, and
narrower precipitation coverages. On the other hand, when the local cir-
culation connects and covers the island in the second peak, there are
stronger and wider updrafts that have more grids with vertical velocities
exceeding 0.5 m s~ These updrafts can develop clouds with larger volumes,
reaching a higher level of about 12-13km in height. The second peak
exhibits more significant cloud organizations, stronger precipitation
intensity, and wider precipitation coverage, while the precipitation areas are
positioned more to the right of the mountaintop.

The above analysis points out the significant differences in environ-
mental and convective characteristics between the first two rainfall peaks.
Moreover, both the clear structure of the sea breeze front propagating into
the mountain (Fig. 3) and the vortices associated with a deep convection
system (Fig. 4) over the simulation can be well resolved at a 100-m reso-
lution. To gain a more in-depth understanding, we further analyze the two
rainfall peaks separately.

Relating Buoyancy, CAPE and Upstream MSE Transport. The two
distinct rainfall peaks exhibit significant differences in precipitation
intensity and convective characteristics. We attribute these distinctions
to the non-local dynamics effect that entrains MSE transported by local
circulation, as previously discussed by Chang et al. (2023)**. They indi-
cated that for orographically locked diurnal convection, local circulation
plays a crucial role in continuously supplying the required energy and
intensifying convection. To understand how differences in the two
rainfall peaks are influenced by energy transport from the upstream, our
specific focus is on the “precipitation hotspots”. These hotspots are
defined as columns with both strong updrafts and high precipitation
intensities (see Supplementary Material S2 for details).

Recognizing the vital role of buoyancy as a key variable for quantifying
the impact of environmental thermodynamic factors on convective inten-
sity and its general positive correlation with precipitation intensity” ™, we
have selected buoyancy as the diagnostic variable to investigate the
convection-environment interaction. Figure 5a shows the correlation ana-
lysis between 3-10 km average buoyancy strength and precipitation inten-
sity. Here, buoyancy is defined as:

P s )

v

Buoyancy (B) = g

where g is gravity acceleration and 6, is virtual potential temperature. The
overbar represents the average over the environment. Note that the size of
the environment used for buoyancy calculations will change according to
the scale of the convective systems. The environment influencing buoyancy
strength encompasses every nearby grid point, regardless of whether it is
raining or if the convective region belongs to other systems. A smaller region
of the environment is used for the first peak (about 3-km in diameter) and a
larger one is used for the second peak (about 10-km in diameter). There are
stronger buoyancy strengths in the second rainfall peak compared to the
first peak. Significant positive relationships exist between buoyancy and
precipitation intensity in both the first two rainfall peaks, with correlation
coefficients of 0.69 and 0.66, respectively. Note that the value of averaged
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Fig. 3 | Local circulation and boundary layer structure. a Time evolution of low-  and w-component wind fields. The blue lines represent the precipitation rate. b The
level local circulation and boundary layer structure averaged along the y-direction. ~ MSE distribution (shading), stream function (contour; the interval is 800 m* s "),

The color shading represents MSE. The white contours represent specific humidity ~ and u- and w-winds (quivers) averaged along the y-direction in the RH54 simulation
(the interval is 2 gkg ). The grey contours represent clouds, which are defined as  before the first (left panel) and the second (right panel) rainfall peaks, respectively.

hydrometeors with a concentration of at least 10 *kg kg . The quivers represent u-
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Fig. 4 | Snapshots of cloud structure, wind field, and precipitation near the
mountain top. The left and the right panel represent the first and the second rainfall
peaks, respectively. The rainbow shading represents the total hydrometeor con-
centration in clouds. The pink-green shading and streamlines represent the u- and

Inflow [m s71]
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w-component wind, respectively, with darker colors indicating stronger wind speed.
The red contours represent updrafts larger than 0.5 m s™'. The blue lines in the
bottom represent the spatial distribution of precipitation rate.

buoyancy strength is slightly negative with overall neutral conditions. This is
because some columns with negative averaged buoyancy are still included
when the vertical velocity begins to weaken, but not weak enough to be
excluded from the definition of convective columns (Supplementary
Material S2).

However, buoyancy is challenging to directly observe in the real world.
To address this limitation, we utilize measurable variables such as entraining
convective available potential energy (CAPE) and low-level MSE transport
as potential indicators for convective buoyancy. By examining their rela-
tionship with precipitation intensity, we can gain insights into the pivotal
factors influencing buoyancy strength and precipitation intensity. Figure 5b
first examines how precipitation intensity is related to entraining CAPE one
hour before precipitation occurs, defined as:

Rd(hmp - ms)d Inp

Entraining CAPE = / )

By =y >0

where R, is the gas constant for dry air, h,,, is the MSE of an entraining
parcel from the surface with the parcel evolution model based on a constant
entrainment rate: dh,,,,/dz = —e(h,,,, — h,,;) and ¢ is set to 10~"m™". The
constant entrainment rate is based on the smaller entrainment rate observed
in rapidly developing deep convection™. h,,, is the saturated MSE, and P is
the pressure. The results show that there is a positive correlation (R = 0.33)
during the first rainfall peak between precipitation intensity and the
entraining CAPE over the precipitation hotspot, while such a relationship is
weakened (R =0.14) during the second peak, suggesting that CAPE, the
initial background environment, is responsible for the precipitation inten-
sity in the first peak rather than the second peak. As precipitation occurs,
CAPE decreases due to the environment adjusting towards a moist adiabatic
state. This results in negative correlations between CAPE and precipitation
intensity (R =-0.39 and -0.14; figure not shown).

For the second diurnal precipitation peak, we hypothesize that the
upstream MSE transported by local circulation is an important source of
convective buoyancy, as the circulation is well established at a larger scale

prior to the second precipitation peak. As demonstrated in Fig. 3b, the lower
branch of circulation provides a coherent flow, which effectively transports
upstream low-level high MSE into convective regions. Thus, we quantified
the local circulation-driven low-level upstream MSE transport, called
“upstream MSE”, which is the summation of the low-level-integrated MSE
flux within the upstream 20 km (see Supplementary Material S3 for the
details). The low-level-integrated MSE flux is defined as:

z
Low—level—integrated MSE flux = / h,,V dz (3)
ofe

where Z is the top of the continuous u-wind that exceeds 0.1 ms™* below
3 km (about 800-1200 m), V is u-wind, and z is height. Here, we take the
rightward as positive.

Figure 5c shows the relationship between precipitation intensity and
the upstream MSE. They are positively correlated in the second peak
(R=0.27), and this positive relationship is statistically significant. However,
there is no correlation in the first rainfall peak (R = —0.09). This suggests
that low-level upstream MSE transport, driven by local circulation, effi-
ciently strengthens the precipitation in the second peak and becomes the
dominant energy supply for buoyancy. The results suggest that the differ-
ences in the characteristics of the two rainfall peaks are linked to the relative
contribution of non-local energy transport to the buoyancy of the convec-
tion near the mountaintop. Local circulation plays a pivotal role in con-
veying MSE from upstream, serving as a critical source of convective
buoyancy enhancement in the second peak. This process significantly
contributes to rainfall extremes.

Sensitivity to free-troposphere moisture

Response in convection-environment interactions. As the dominant
buoyancy sources are different between the first and second rainfall
peaks, they may exhibit different responses to the environmental con-
ditions. We postulate that the first rainfall peak, which is directly con-
trolled by CAPE, may be enhanced when the mid-level environment
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Fig. 5 | Relationships between precipitation intensity and buoyancy, entraining
CAPE, and upstream MSE transport. a The relationships between precipitation
intensity and local buoyancy over the precipitation hotspots during the first (left)
and the second (right) rainfall peaks of the RH54 simulation. The values in the upper
left and right corners represent the sample sizes and correlation coefficients,
respectively. b similar to (a) but the relationships between precipitation intensity and
entraining CAPE (see Section "Relating Buoyancy, CAPE and Upstream MSE
Transport" for definition) one hour before precipitation occurs. ¢ similar to (b) but
the relationships between precipitation intensity and upstream MSE within 20 km
from the precipitation hotspots. These correlations passed the t-tests and are sta-
tistically significant at the 95% confidence level.

becomes wetter. As the second rainfall peak is association more strongly
with upstream MSE transport, if the MSE distribution and the local
circulation before its onset is modulated differently by the earlier con-
vection, the intensity of the second rainfall peak can yield the opposite
response to initial moisture conditions. The following analyses on the
sensitivity experiments will focus on revealing these detailed
mechanisms.

Figure 6a shows that, regardless of changes in the free troposphere
moisture, the precipitation characteristics exhibit similar mountain-
averaged precipitation evolutions between the RH34, RH54, and RH74
ensemble simulations during the first two rainfall peaks. The drier (RH34)
simulation experiences a 20-min delay in precipitation development during
the second peak. Furthermore, the precipitation intensity spectra (Fig. 6b)
indicate that more extreme precipitation occurs in the drier (RH34)
ensembles during the second peak. Figures 6¢, d illustrate the PDFs of
entraining CAPE and upstream MSE over the precipitation hotspots within
the first two rainfall peaks. According to the analyses in Section (Relating
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Fig. 6 | Precipitation evolutions and PDFs of precipitation, entraining CAPE,
and upstream MSE transport of sensitivity experiments. a Same as Fig. 2b but for
one member each of the RH34 (orange), RH54 (black), and RH74 (green) simula-
tions. The dots represent the initiation times of the first two rainfall peaks. The plus
markers represent the maximum precipitation rate of each ensemble member in
each peak. b Same as Fig. 2c but for all simulations. ¢ PDFs of entraining CAPE one
hour before precipitation occurs for one of the ensemble members over the pre-
cipitation hotspots during the first two rainfall peaks. The solid and dashed lines
represent the first and the second peaks, respectively. d Same as (c) but for
upstream MSE.

Buoyancy, CAPE and Upstream MSE Transport), convection intensity is
dominated by entraining CAPE and upstream MSE during the first and the
second rainfall peaks, respectively. Due to less dry environmental air being
entrained into surface air parcels in the wetter (RH74) simulation, there is
higher entraining CAPE and consequently stronger precipitation intensity
in the first peak. On the other hand, in the drier (RH34) simulation with
higher upstream MSE, there is stronger precipitation intensity in the second
peak. This raises the question of why the two peaks exhibit opposite
dependence on moisture.

In the first rainfall peak, the intensity of average mountain pre-
cipitation demonstrates the dependence on environmental humidity.
However, this mechanism is not significant in the second peak due to
the modification of the background environment over the mountain-
top. Due to the development of the boundary layer and the occurrence
of the first rainfall peak, there are notable changes in the profiles of RH
(Fig. 7a) and MSE (Fig. 7b). The increase in near-surface temperature
leads to elevated MSE near the surface, while RH decreases in the plain
area. The decrease in MSE at 800 hPa can be attributed to the subsidence
in the surrounding environment. By the convection during the first
peak, the environment undergoes humidification and upward transport
of MSE, causing an increase in both RH and MSE in the upper
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Fig. 7 | Changes of relative humidity, MSE, and local circulation structure after
the first peak. a RH profiles before the second peak in the RH34 (orange), RH54
(black), and RH74 (green) simulations. The left and the right represent the foothill
and the mountaintop. The light-colored lines represent the initial RH (6 AM).

b Same as a but for changes in MSE from the initial state to the time after the first
peak. ¢ Same as Fig. 3b but for the RH34 (left) and the RH74 (right) simulations
before the second peak.

troposphere. This convective adjustment modifies the environmental
conditions over the mountaintop. As a result, the environmental dis-
crepancies between the RH34, RH54, and RH74 simulations become
less pronounced after the occurrence of the first rainfall peak at the
mountaintop. Even though the mountaintop environment is adjusted
to similar profiles before the second rainfall peak, the low-level MSE
transport has pronounced differences among sensitivity experiments
during the second peak (Fig. 6d). Figure 7c shows that a stronger and
more circular-like circulation structure is shown in the wetter (RH74)
simulation. In contrast, a terrain-following structure is observed in the
drier (RH34) simulation prior to the second rainfall peak. The inflow in
the lower branch of local circulation is stronger in the drier (RH34)
simulation due to the delayed precipitation evolution and the prolonged

development of local circulation. The spatial distribution of MSE and
the structure of the local circulation cell both play important roles in
modulating the overall MSE transport.

Response of MSE budget of the second rainfall peak. To clarify the
contribution of local circulation-driven upstream MSE transport to
convection strength in the second rainfall peak, we carried out an MSE
budget analysis by separating the boundary layer and free troposphere (see
Supplementary Material S4 for details). This analysis focuses on the mean
flux advection term along the x-direction — a;zm to emphasize the
importance of the lower branch of the local circulation. This MSE budget
analysis provides a quantitative understanding of the primary layers
that contribute to the energy required for convection under different
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Fig. 8 | MSE budget analysis. a The left panel shows vertical profiles of the mean flow
advection of MSE averaged over the second rainfall peak. The right panel shows the
vertical structure of convection, same as Fig. 4 but averaged along the y-direction in
the RH54 simulation. The streamlines represent the wind speed. b Vertical-
integrated MSE advection of mean flow. The boundary layer is defined from the

LST

surface to 2-km height. The free troposphere is defined as 2 km to 6.5 and 2 km to
9 km, respectively. ¢ Time series of vertical-integrated MSE advection. The thicker,
thinner, and dashed lines represent the integration of the total troposphere,
boundary layer, and free troposphere, respectively, with the top of the free tropo-
sphere defined as 9 km.

environmental conditions. This is valuable for the subsequent research
on the non-local effects of convection (discussed later). The vertical
profiles of MSE advection in Fig. 8a indicate the presence of strong
coherent MSE inflows at the lower levels and at approximately 8 km
height. The low-level coherent MSE inflow is driven by the lower branch
of the local circulation, while the upper coherent MSE inflow is associated
with the anvil cloud outflow.

We defined the boundary layer from the surface to 2 km height and the
two layers of free troposphere from 2 to 6.5 km and from 2 to 9 km based on
the flow structure. By vertically integrating the MSE advection, we aimed to
identify the role of dynamic entrainment from the free troposphere. Figure 8b
reveals that the magnitudes of vertically integrated free troposphere MSE
advection are larger when the top of the free troposphere is defined as 9 km,
suggesting the upper coherent MSE inflow contributes to sources of MSE.
The free troposphere and total MSE advection increase when the free tro-
posphere becomes wetter. Conversely, the boundary layer MSE advection
decreases with increased moisture in the free troposphere. Therefore, con-
vection development relies more on low-level MSE transport in the drier
(RH34) simulation. Additionally, the time series of MSE advection (Fig. 8c)

shows significant delays in the drier (RH34) simulation. The peak of
boundary layer MSE advection precedes the peak of the free troposphere and
total MSE advection, as the latter is mainly attributed to the upper-level MSE
coherent flow occurring at the later mature stage of convection.

These results highlight that the content of background MSE in the free
troposphere, as well as the structure and development of local circulation,
significantly affect the required energy supply and the strength of diurnal
convection.

Summary and future outlook

This study investigates detailed evolution of the diurnal convection under
local circulations dominant environment over a conceptualized tropical
mountainous island using idealized LESs, providing a novel perspective on
the convection-environment interactions and energy transport by local
circulation with varying environmental characteristics. We utilized the
Vector Vorticity equation cloud-resolving Model (VVM) with high spatial
and temporal resolutions to capture the detailed evolution of the turbulent
boundary layer and convection driven by horizontal buoyancy inhomo-
geneity. By environmental conditions from observations in Taiwan over the
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conceptualized terrain configuration, we established a general framework
for understanding the physical processes modulating the multiple rainfall
peaks in the orographically locked diurnal convection. The first two simu-
lated precipitation peaks are robust and closely related to the evolution of
local circulation. The convection in first rainfall peak is a direct response to
the environmental stability (CAPE) and triggered by the convergence of
valley winds at the mountain ridge. In the second rainfall peak, with the local
circulation in the island scale and weaker free troposphere entrainment,
upstream MSE is transported into convection through a 1-km depth inflow.
This process leads to more extreme precipitation and higher degrees of
cloud organization compared to the first peak. Modifying the FTRH
changes the contribution of low-level upstream MSE transport to convective
buoyancy in two ways. First, it affects the scales and structures of local
circulation. In the drier simulation, the prolonged development and the
terrain-following structure of local circulation increase the upstream MSE
transport. Second, it influences the free troposphere background MSE,
which impacts the entrainment of MSE. The MSE budget analysis
demonstrates that the main MSE transport is dominated, particularly in the
RH34 simulation, by a coherent inflow associated with the local circulation.
However, there is detrainment of MSE in the free troposphere in the
RH34 simulation, whereas the RH54 and RH74 simulations still have MSE
entrainment. Therefore, the higher reliance on boundary layer MSE supply
in the RH34 simulation leads to a more significant enhancement of con-
vection strength through the increased MSE transport.

In this study, we have been able to distinguish the unique char-
acteristics of diurnal convection over tropical islands during each rainfall
peak and in varying environmental conditions through the application of
LES using idealized VVM simulations. We conclude that the non-local
dynamics in entraining upstream MSE plays a crucial role in extreme
rainfall. The redistribution of moisture during the earlier precipitation
peak creates a more conducive environment for later convection devel-
opment, magnifying the influence of low-level upstream MSE transport
and reducing the impact of free troposphere entrainment on estimating
convection strength. Besides, the local circulation, driven not only by
land-sea differences and complex topography but also by the secondary
circulation induced by the earlier precipitation, effectively transports MSE
from upstream areas to the mountain region. The contribution of
upstream MSE transport depends on the scale and the structure of the
local circulation establishment.

Our research reveals that under complex topography, the spatio-
temporal details of convective development arise from the coupled inter-
actions between thermodynamic and dynamic processes. Consequently,
under the local circulation dominant specific regime in this study, two
crucial points in climatology, CAPE, and environmental humidity, cannot
solely explain the convective strength. Instead, we find that convective
strengths are significantly influenced by energy transport from the envir-
onment—the mutual interaction between thermodynamic conditions and
dynamic processes—rather than being determined by only the state of the
local surface parcel.

This study establishes the conceptual mechanism that can be extended
to potential applications in further experiments by simulations and field
observations. By conducting various sensitivity experiments—such as
changing the land type or introducing background wind with a mountai-
nous island surrounded by ocean—we can gain insights into the variability
and complexity of local circulation, exploring dominant processes behind it.
For example, the balance between the cold pool and environmental shear in
the west-east direction’® may impact circulation and convection intensity,
which warrants further investigation in future studies. Additionally, sensi-
tivity experiments involving modifications to the scale and shape of the
island will also be valuable in the future. These could help extend the fra-
mework in this study to various tropical islands. Furthermore, these findings
can inform the strategies for field observation, helping us to better capture
and understand the physical processes occurring in the real world. For
instance, the MSE budget analysis highlights the features of upstream energy
transport, such as the depth of low-level energy inflow. This research not

only advances our theoretical understanding but also provides practical
guidance for future observational and experimental efforts.

Discussion

In the past, many studies have described diurnal convection either by pre-
senting only a single peak or through statistically analyzing the strongest or
longest-lasting peak. However, multiple precipitation peaks exist over the
complex topography such as in Taiwan. Convection rapidly redistributes
the environmental energy through circulation, and on the other hand, the
impact of the environmental conditions on different rainfall peaks varies
accordingly. Therefore, assuming a single diurnal rainfall peak can overlook
the mechanisms behind and sensitivities of each rainfall peak. Incorrect
assessment of diurnal convection-environment interaction can lead to
erroneous estimates when investigating potential changes in convection
under intraseasonal or future climate conditions, especially concerning
variations in extreme precipitation. Our study highlights the significance of
multiple rainfall peaks under a local circulation-dominant environmental
regime. We found that the sensitivity of convection-environmental inter-
action differs between the first two robust peaks, leading to varying envir-
onmental factors influencing convective intensity. While the convection
during the first rainfall peak can be determined by a simple thermodynamic
factor, such as CAPE, the convection during the second peak necessitates
simultaneous consideration of both thermodynamic and dynamic effects.

To augment the robustness of the key findings in the present studies,
especially the influence of the first rainfall peak on the second peak, here we
conducted two additional experiments by zeroing out CAPE in the initial
conditions to suppress the first rainfall peak. The initial low-level RH, which
is 83% in the control (RH54) simulation, is reduced to 75% (nocape75) and
67% (nocape67), respectively (Supplementary Material Figure S8). The
temporal evolution of the mountain-averaged precipitation intensity in
these two no-CAPE experiments are shown in Fig. 9a. The first two peaks
remain evident in the nocape75 experiment, highlighting the robustness of
the multiple-peak feature under this terrain configuration. To effectively
suppress the first peak requires a substantial reduction in initial low-level
RH as in the nocape67 experiment. In this case, the “second peak” —
supported by energy from local circulation — is also drastically weakened
and delayed. Figure 9b compares the changes in RH profiles over the
mountainous region. After the first rainfall peak in the nocape75 experi-
ment, the free-troposphere environment over the mountains is moistened.
In contrast, in the nocape67 experiment, with the first peak being absent, the
FTRH remains below 60%. This supports that convection of the first rainfall
peak moistens the free troposphere over the mountainous region, which is
part of the reason that the second peak is less sensitive to the initially drier
FTRH. Furthermore, in the nocape67 experiment, a noticeable island-scale
local circulation still exists (see Supplementary Material Figure S9) and
supports the occurrence of the rainfall peak, although with a shallower
structure. The drier low-level RH leads to reduced boundary layer MSE,
which results in a much weaker upstream MSE supply in nocape67
experiment in contrast to the control (RH54) simulation. This supports that
the intensity of the second peak is highly associated with the energy trans-
port by the low-level branch of the local circulation cell. We note that the
control experimental design was guided by the summertime environment of
afternoon thunderstorms in Taiwan, which is characterized by a high low-
level RH ( > 80%) within the tropical marine boundary layer. The purpose of
these no-CAPE experiments here is to intentionally suppress the first
rainfall peak and reveal its impact. Quantifying and evaluating the con-
tribution of the first peak on developing the second peak can be the focus of
future work.

Upstream MSE and its variability plays a crucial role in estimating
convective intensity during the second peak. The specific mechanisms of
upstream MSE supply driving increased extreme precipitation are essential
for helping us understand the importance of dynamic processes. A possible
process is that the increase in MSE transport leads to enhanced buoyancy
strength, which impacts the strength of updrafts and the overall structure of
convection. We suppose that the low-level upstream MSE transport plays a
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more crucial role in this process. This hypothesis is supported by the MSE
budget analysis, which reveals that in the RH74 simulation during the
second rainfall peak, there is a greater MSE transport by the mean-flow from
6.5 km to 9 km, but there is no significant increase in precipitation intensity.
This may be attributed to that the low-level branch of circulation can drive
the more effective enhancement of vertical MSE transport within the con-
vective system, contributing to the increase in the occurrence of extreme
rainfall by altering the convection structure. This relationship may be
associated with changes in the intensity and spatial coverage of convective
buoyancy. The circulation structure, influenced by buoyancy and their
corresponding non-local effects, can impact the convection organization.
Additionally, the strength of cold pools and their interaction with the
environment could contribute to the increase in extreme rainfall events.
Variations in the intensity, thickness, and depth of cold pools under
changing environmental conditions may also influence convective trigger-
ing. Therefore, our future focus will involve a more in-depth analysis of
convective buoyancy characteristics and cold pool dynamics.

Through the idealized ocean-plain-mountain terrain configuration
employed in our study, we successfully simulated the complexity of diurnal
convection, including the multiple-peak diurnal precipitation evolution
observed in the real world, and investigated the mechanisms determining
the intensity of each precipitation peak. This led to discussions regarding the
applications of our current results with convection over the realistic complex
topography of Taiwan Island. We can utilize the TaiwanVVM" framework
with high-resolution Taiwan topography, applying the mechanisms
demonstrated in this study to real complex topography*******. This
provides the possibility of more detailed analyses at locations where multiple
precipitation peaks are observed, exploring the scales and structures of local
circulation on real topography. Additionally, this allows us to explore
whether the contributions remain the same under varying environmental
conditions when the pathways of MSE transport driven by local circulation
are no longer consistent. Furthermore, observations by Chang et al. (2023)**
using the Storm Tracker mini-radiosondes® in the southern region of Yilan
have revealed an increase and thickening of MSE transport within the
boundary layer over time. For future applications in observations, we can
deploy radiosondes at different distances from the precipitation hotspots to
observe variations in MSE transport with distance, thereby further analyzing
changes in the structure of local circulation and MSE transport in response
to varying environmental conditions.

Methods

The Vector Vorticity Equation Cloud-Resolving Model (VWM)

To investigate the diurnal convection under local circulation dominant
environmental conditions over an idealized terrain configuration, the
Vector Vorticity Equation Cloud-Resolving Model (VVM)7*"* is used in

this study. The VVM was developed by Jung and Arakawa (2008)*' based on
the three-dimensional anelastic vorticity equations in height coordinate, in
which the pressure gradient force is eliminated. In VVM, the horizontal
vorticity is one of the prognostic variables and the vertical velocity is diag-
nosed by solving a 3-D elliptic equation. This approach demonstrates the
one-to-one relationship between buoyancy and horizontal vorticity that
allows the direct response of the surface fluxes. It can better capture the local-
scale circulations caused by a strong horizontal buoyancy gradient, such as
land-sea-mountain-valley breezes and cold pool fronts””. The model top is a
rigid lid with gravity wave damping. The orographic effect is treated by
imposing vorticity at the corner of the block mountains***’ to satisfy kine-
matic boundary conditions. Turbulence is explicitly simulated in VVM,
allowing the resolved vorticities to interact with other physical processes,
while the stability and deformation-dependent mixing is parameterized as a
sub-grid process for the eddy viscosity and diffusivity coefficients*. With the
high spatial resolution (100 m), the large eddies generated by the terrain
heating, convective-scale dynamics and the turbulent flows of the land-sea-
mountain-valley breezes circulation developed over the terrain are explicitly
simulated and well resolved. The vorticity formulation, together with the
implementation of Noah land surface model (Noah LSM v 3.4.1)*** and
Predicted particle properties (P3) scheme”, enables the model to effectively
represent the local circulation and the subsequent convection generated by
differential surface heating over complex, steep topography. Past studies
have demonstrated the advantages of VVM to investigate convection-
environment interactions for various scales and topographical configura-
tions. The model well represents the key processes modulating local cir-
culation on afternoon thunderstorms in the idealized Taipei Basin®” and
realistic Taiwan island”, the impact of land-atmosphere interactions over
idealized tropical islands™, the effects of microphysics on extreme pre-
cipitation over the ocean* and over complex topography’, and the devel-
opment of convection over the ocean"™.

Model Configuration and Experiment Design

In this study, we applied an idealized terrain configuration and specific
environmental conditions to emphasize the physical processes and envir-
onmental characteristics of a particular convection type. Taking inspiration
from the topography in Taiwan, where the first row of the mountain range
has an approximate height of 1 km, an idealized terrain configuration is
applied in a 102.4 x 102.4 km domain size, which includes ocean (51.2-km
width), plain (25.6-km width), and mountain (25.6-km width and 1-km
height) in the x-direction and uniformly in the y-direction (Fig. 10b). It can
be regarded as a mountainous island with a triangular shape in the x-z cross-
section by applying doubly periodic boundary conditions, which similar to
the configuration used in Chen et al., (2019)*’ to study the development of
diurnal convection over coastal ocean of tropical mountainous islands. Since
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we aim to explore the interactions between the land-sea-mountain-valley
breezes and orographically locked convection first, this configuration sim-
plifies the complexity of local circulation structures by emphasizing the
variations in circulation and diurnal convection in the x-direction. The land
surface type we use is grass. This model configuration can assist us in
identifying the mechanisms responsible for the multiple peaks of the diurnal
convection in Taiwan and can be applied to explain diurnal convection in
other regions with similar environmental conditions. The existence of the
plain area supports the presence of surface fluxes within the boundary layer
and facilitates the development of sea breeze circulation, which enhances
energy transport from both thermodynamic and dynamical aspects. To
represent detailed turbulence evolution and convective structures, a high
horizontal resolution (100-m) and output frequency (2-min) are used in this
study, and the vertical grids are stretched with the resolution from 100 m to
about 450 m at the model top (19 km), leading to a total number of 1024 x
1024 x70 grids. Coriolis force is not considered in the simulations.

The 12-hr (06-18 LST) simulation with diurnally varying solar
insolation is initialized with a conceptualized sounding representing a
typical environment favoring local circulation development in sum-
mertime near Taiwan (Fig. 10a), according to the sounding observa-
tions from Ishigakijima in summertime weak synoptic condition from
2005 to 2014 (Fig. 11)*. The sounding is convectively unstable with no
temperature inversion. The RH is greater than 80% below 800 hPa and is

set to 54% at 500 hPa. The lifting condensation level (LCL), the level of
free convection (LFC) and the tropopause are at about 0.4-km, 3.5-km
and 10.5-km height, respectively. Due to the limited CAPE and the
presence of convective inhibition (CIN) with a higher LFC, additional
lifted mechanisms, such as upslope processes are required to overcome
these inhibiting factors during the development of convection™.
Therefore, this setup allows for the favorable development of local
circulation, as it suppresses shallow convection in the plain area, pre-
venting the occurrence of precipitation that could otherwise disrupt the
local circulation. The sea surface temperature is uniformly prescribed as
the lowest level air temperature of the initial condition (298.1 K) and is
maintained constant throughout the time integration. As calm wind
condition is given in all altitudes, the land-sea and mountain-valley
breezes and convection triggering will be induced by horizontal buoy-
ancy gradients in response to the surface heating differences of land-
ocean temperature contrast and topography. We conducted 5 ensemble
members for each experiment by adding temperature perturbations at
the lowest model level.

To understand the diurnal convection under various environmental
conditions, we carried out sensitivity experiments by decreasing RH at 500
hPa to 34% in the drier simulation and increasing to 74% in the wetter
simulation. We named these simulations RH34, RH54, and RH74 simula-
tions, respectively. The choice of these RH perturbations conforms to the
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Fig. 11 | Statistics of Ishigakijima sounding and initial conditions of sensitivity
experiments. a RH profiles from sounding observations at Ishigakijima during 2005
to 2014 under weak synoptic weather conditions. The black, orange, and green lines
represent the 3 clusters of the driest 33%, middle 33%, and wettest 33% soundings
according to the 500-hPa RH, respectively. The thicker lines represent the averaged
profiles of the 3 clusters. b RH profiles for the initial conditions of the sensitivity
experiments while changing the free troposphere moisture, with 500-hPa RH varied
by 20% and uniform RH below about 1.5 km.

characteristics of the 3 clusters of the driest 33%, middle 33%, and wettest
33% sounding observations (Fig. 11). These profiles highlight the char-
acteristics of observations and demonstrate the influence of subtropical
high-pressure system strength on RH perturbations. The change of FTRH
by 20% is critical to precipitation development and average intensity™.

Data availability

VVM simulation outputs used in this study are available upon request from
the authors. CWA rain gauge observational data was downloaded from
“Atmospheric Science Research and Application Databank (ASRAD)”
supported by Chinese Culture University and the National Science and
Technology Council, https://asrad.pccu.edu.tw/.

Code availability
All codes for data analysis and visualization in this study are available at
https://github.com/yuhsiuwang/IdealizedLES_diurnal_mount.git/.
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