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Abstract The diurnal cycle of precipitation plays a crucial role in regulating Earth's water cycle, energy
balance, and regional climate patterns. However, the diurnal precipitation across mainland Southeast Asia
(MSEA) and the factors influencing its spatial variations are not fully understood. In this study, we investigated
diurnal precipitation patterns in summertime (June—August) from 2002 to 2005 over MSEA using ground-based
observations, satellite products, the global ERAS5 reanalysis, and high-resolution simulations from the Weather
Research and Forecasting (WRF) Model at 9- and 3-km grid spacing forced by ERA5 hourly data on ~0.25°
grids. Various observation-based data sets including GHCN-Daily, Multi-Source Weighted-Ensemble
Precipitation (MSWEP), Asian Precipitation - Highly-Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRODITE), and Integrated Multi-satellite Retrievals for Global
Precipitation Measurement (IMERG) were used. In evaluating daily precipitation over MSEA, MSWEP, and
APHRODITE data sets show similar patterns in precipitation amount, frequency, and intensity, while IMERG
tends to produce higher amounts but with less frequency. ERAS overestimates light precipitation compared to
the other data sets. The WRF simulations generally produce heavier but less frequent light precipitation, with the
3-km simulation producing less intense precipitation than the 9-km simulation. A k-means classification of
IMERG data revealed five distinct spatial regimes with varying diurnal precipitation cycles. The WRF
simulations closely match these regimes, capturing key diurnal cycles missed by ERAS over mountainous
regions and coastlines. Additionally, convective activities and near-surface winds influence these cycles, with
WREF simulations better representing coastal and mountain precipitation patterns than ERAS. High-resolution
WREF simulations, especially the 3-km simulation, capture diurnal precipitation more accurately than ERAS,
highlighting the importance of employing convection-permitting models to simulate precipitation diurnal cycles
over complex terrain.

Plain Language Summary This study examines the daily precipitation patterns (diurnal cycles)
across mainland Southeast Asia (MSEA), a region that heavily relies on rainfall for agriculture and water
resources. Understanding these patterns is crucial as the region faces increasing drought risks due to climate
change. The research highlights differences between data sets and models. High-resolution Weather Research
and Forecasting (WRF) simulations more accurately capture precipitation timing and intensity, particularly in
complex terrains like mountains and coastlines, than the widely used ERAS data set. While ERAS often shows
precipitation peaks earlier in the day and misses late-night and morning rainfall, WRF models closely align with
satellite data (Integrated Multi-satellite Retrievals for Global Precipitation Measurement), identifying distinct
rainfall regimes across the region. The study also shows that the differences in precipitation among modeling
data sets are due to simulated near-surface winds and convective activities. These findings indicate the
importance of using high-resolution models to understand precipitation variability in MSEA. The results
provide insights for improving models and developing strategies to address water resource management and
agricultural challenges under a changing climate.

1. Introduction

The diurnal cycles of convective activity and precipitation play important roles in the energy and water cycles,
especially in the low latitudes. These cycles could account for more than 50% (25%) of the precipitation diurnal

LAIET AL.

1 of 24


https://orcid.org/0000-0003-3813-0276
https://orcid.org/0000-0002-6847-4099
https://orcid.org/0000-0002-5371-917X
https://orcid.org/0000-0001-9844-7836
https://orcid.org/0000-0002-3237-3122
mailto:hui-wen.lai@gu.se
https://doi.org/10.1029/2024JD043020
https://doi.org/10.1029/2024JD043020
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JD043020&domain=pdf&date_stamp=2025-05-28

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/202471D043020

amplitudes over land (ocean) in the tropics (Watters et al., 2021). Mainland Southeast Asia (MSEA), one of the
major crop-growing regions in the tropics (Kuenzer & Knauer, 2013), has experienced ongoing challenges related
to drought risk, and models project increased drought risk in the region in the near future (L. Zhang et al., 2021).
The diurnal timing of precipitation can have a large impact on surface evaporation and thus soil moisture. Thus, an
improved understanding of the precipitation diurnal cycle over MSEA is essential for understanding precipitation
variability and its impact on land surface conditions in this region.

There are several areas with mountainous topography in MSEA, and the complex terrain can modulate the diurnal
cycle of precipitation spatially. Typically, convection tends to occur in the late afternoon or evening over most
land areas (Dai et al., 2007). In MSEA, rainfall peaks have often been observed in the early afternoon over the
mountain ranges, in the evening in the valleys, and in the afternoon (night) on land (ocean) along the coastlines (P.
Chen et al., 2024; Ohsawa et al., 2001). In addition, a precipitation pattern of late-night-early-morning peaks has
been observed on the eastern Khorat Plateau, which is related to the eastward propagation of diurnal rainfall
systems (Satomura, 2000). In the study area, the production of diurnal precipitation is mainly influenced by solar
insolation, mountain-valley breezes, land-sea contrast, and low-level convergence (Biasutti et al., 2012; Kim
etal., 2019; Tsujimoto et al., 2018; Yang & Slingo, 2001). Most previous studies using observations and/or model
simulations have focused on the diurnal cycles of precipitation over predefined regions of MSEA. As a result,
there is a notable gap in understanding the broader spatial patterns of diurnal precipitation and related atmospheric
variables across MSEA.

Due to the complex topography and scarcity of observations in certain regions, high-resolution observation, such
as radar and satellite, and atmospheric modeling become crucial for investigating the precipitation patterns and
the impacts of the topography in these regions. Spaceborne radars better capture the magnitude and the phase of
diurnal precipitation (L. Hayden & Liu, 2021), but its coverage is limited in both space and time. In contrast,
passive microwave observations offer broader spatiotemporal coverage but are known to exhibit variable time
lags over convective regions (L. Hayden & Liu, 2021). Regional climate models (RCMs) have been widely used
to study precipitation in MSEA. Several studies have demonstrated that RCMs capture reasonable precipitation
patterns (Tangang et al., 2019) and interannual variability (Khiem et al., 2014) over MSEA. Increases in the
spatial resolutions of models (up to about 10 km) have primarily enhanced the amplitude of the diurnal pre-
cipitation compared to observations but had limited impacts on the timing of rainfall (Dirmeyer et al., 2012) and
may introduce larger bias over the elevated terrain (Kim et al., 2019). When increasing the model resolution to
smaller than 10 km, modelers typically turn off the convection scheme in the simulations, which often results in
more accurately simulated peak precipitation (M. Chan et al., 2022; L. J. M. Hayden et al., 2023; Ou et al., 2020).
Although RCMs can better reproduce the spatial distributions of precipitation than the driving global climate
models (GCMs), they tend to overestimate the amount of precipitation (Nguyen et al., 2022). Previous studies
have shown that simulations with coarse resolutions or even mesoscale grids have a “drizzling” bias, which
results in too much light rain (D. Chen et al., 2021; Zhou et al., 2022). The use of cumulus parameterization in
global or regional models could also be an issue affecting the performance of diurnal cycles (Liang et al., 2004; Z.
Liu et al., 2022; Tao et al., 2024). In addition, it is challenging for RCMs to capture the precipitation intensity,
especially for extreme events (e.g., Hariadi et al., 2023; Nguyen et al., 2022). Despite the advancements from
GCMs to RCMs, notable biases and uncertainties persist in the simulation results. Therefore, higher-resolution
modeling than conventional RCMs needs to be explored (Chung et al., 2023; Tangang et al., 2021).

Recent studies have revealed that high-resolution simulations from the Coordinated Regional Climate Down-
scaling Experiment (CORDEX)-SEA Phase 2, which has a 5-km horizontal spacing, reduced precipitation biases
compared with CORDEX-SEA phase 1, which has a 25 km spacing (Chung et al., 2023). Convection-permitting
models (CPMs) with a model grid spacing of about 4 km or less have been demonstrated to reduce the wet biases
in the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
(ERAS) over complex regions because they resolve the topography better (Lin et al., 2018). Other examples have
shown that CPMs can better represent the peak time and amount of diurnal precipitation induced by local cir-
culation over Northeastern Thailand (Takayabu et al., 2021) and the northern and southern parts of MSEA (Jones
et al., 2023; Xiang et al., 2024). Over the Tibetan Plateau, where the mountain ranges extend to the northern part
of Southeast Asia (SEA), applying a CPM could reduce the overestimation of the precipitation produced by lower
resolution models and could better capture the observed diurnal cycles of the precipitation in the mountainous
regions (e.g., P. Li et al., 2021; Z. Liu et al., 2022). Despite the advantages of using CPMs in precipitation
simulations, the impact of the horizontal grid spacing on the modeling improvement has not been examined over
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Figure 1. Map of the study area in mainland Southeast Asia and locations of the in situ observation stations used. The blue
circles denote the GHCN-Daily stations, and the red x symbols denote the stations used by Wang et al. (2016). Color shading
indicates the elevation.

the entire MSEA (Ferrett et al., 2021). Few studies have focused on the use of CPMs in precipitation research
within local regions in MSEA, and the overall performances of CPMs in simulating diurnal precipitation across
MSEA and the associated underlying processes remain unclear.

In this study, we attempt to systematically study the diurnal cycle of precipitation across MSEA and the related
physical processes in high-resolution atmospheric simulations by producing the first CPM data set for this region.
Specifically, we aim to (a) explore the spatial distributions of different precipitation diurnal cycle regimes over
MSEA, (b) evaluate the precipitation simulated by a dynamic downscaling at 9- and-3 km grid spacing driven by
reanalysis, and (c) investigate the underlying physical processes behind the differences in the simulated
precipitation.

2. Data and Methods

In this study, we focused on the summertime (June-July-August or JJA)) precipitation during 2002—-2005 within
MSEA (Figure 1) due to the availability of abundant in situ observations during this period compared to other
years. Additionally, we examined the diurnal cycles of precipitation for the 2002-2005 and 2015-2018 and found
small differences in the timing of precipitation peaks, which is the primary focus of this study (Figure S1 in
Supporting Information S1). The elevation ranges from 0 to 4,860 m for MSEA, and the higher mountains extend
from the southeastern corner of the Tibetan Plateau (Figure 1). Summer precipitation within this region is mainly
influenced by monsoons and the local topography. We applied the local solar time (LST) to investigate the diurnal
cycles. The studied area is between 92° and 110°E with 101°E as the center of the domain; therefore, we used
UTC+7 as the LST for the entire study region.

2.1. ERAS

The ERAS data set provides hourly estimates of atmospheric variables globally and has a horizontal grid spacing
of approximately 31 km (Hersbach et al., 2020). We used hourly total precipitation data on a 0.25° X 0.25° grid for
2002-2005. Note that the total precipitation in ERAS5 was forecasted from the 06 and 18 UTC analyses, rather
than derived from the analysis data (ECMWF, n.d.). The following variables were also used to investigate the
precipitation processes: the convective available potential energy (CAPE), boundary layer height (BLH), mean
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surface sensible heat flux (SHF), mean surface latent heat flux (LHF), 10-m u component of the wind (U10), and
10-m v component of the wind (V10).

2.2. In Situ Observations

The Global Historical Climatology Network data set was used as a reference for the model validations conducted
in the study. The GHCN-Daily (GHCN-D) data set is a comprehensive repository of historical daily data from
weather stations (Menne et al., 2012). We selected JJA precipitation data for 2002-2005 over MSEA from the
GHCN-D. Stations with >50% sampling rates during JJA from 2002 to 2005 are used, which results in a total of
67 stations (circles in Figure 1).

Another in situ precipitation data set used here was obtained from Wang et al. (2016). This data set is a
compilation of data from rain gauges located around the Mekong River Basin. The two data sets (GHCN-D and
Wang et al., 2016) were applied together to evaluate the daily precipitation data from the other data sets and
models used in the study. To avoid overlaps between these two data sets, we removed stations that were located
less than 10 km from another station. We also filtered out the station data with lower sampling rates with a
recording time range of <50%. After this, the number of stations from Wang et al. (2016) included in this study
was 247 (x symbols in Figure 1) during JJA 2002-2005.

2.3. Gridded Observations

In addition to in situ station observations, we also used gridded observations, which provide better spatial
coverage over the entire study area, for the precipitation evaluation. The Asian Precipitation - Highly-Resolved
Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) project offers a
compilation of observational data of daily precipitation and other variables across Asia (Yatagai et al., 2012). It
also satisfactorily represents the precipitation observed by gauges in the study area (Tian et al., 2021). Daily
precipitation data for JJA during 2002-2005 from the APHRO_MA V1901 version precipitation data set for the
monsoon Asia domain on 0.25° grids were used here. Because there is a 0.125° shifting in both latitudes and
longitudes between the grids of ERAS5 and APHRODITE, we remapped the APHRODITE data onto ERAS5 grids
using linear interpolation.

We also used the Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG) version
06B data set derived from satellite observations. The IMERG provides highly detailed information about global
precipitation patterns (Huffman et al., 2020) and spatiotemporal patterns of diurnal precipitation similar to those
observed by the Ku radar observation (L. J. M. Hayden et al., 2023). However, the IMERG precipitation mainly
captured the diurnal cycle of convective precipitation that peaks a few hours later than surface-observed pre-
cipitation (Dai, 2024), a common feature in satellite data sets (Dai et al., 2007). We applied the half-hourly
precipitation data from the IMERG version VO6B product on 0.1° grids for JJA during 2002-2005. The data
from IMERG were mainly used to conduct the daily and hourly precipitation evaluations.

Another gridded observational precipitation data set, the Multi-Source Weighted-Ensemble Precipitation
(MSWEP, Beck et al., 2019), is also applied for the subdaily precipitation evaluation. The MSWEP product
includes precipitation data from gauge observation, satellites, and reanalyses (Beck et al., 2019). It has been
suggested that the diurnal phase of MSWEP is slightly earlier than other satellite-based data sets and the
amplitude of diurnal precipitation is smaller than IMERG (Dong et al., 2023). MSWEDP has also been reported to
produce earlier peaks in precipitation amount than radar observation in the Amazon Basin (Sapucci et al., 2022),
which could be used as a reference to examine the late peaks of diurnal precipitation from IMERG. The data set
provides a 3-hourly output with 0.1° grid spacing. We used its subdaily precipitation for JJA during 2002-2005
over MSEA.

For wind comparison, we used 10-m surface winds from the cross-calibrated multiplatform (CCMP) project,
produced by remote sensing systems. CCMP integrates 10-m ocean surface wind from various satellite obser-
vations with ERA5 10-m winds as the background field. We used 6-hourly wind data from the version 3.1 product
on 0.25° grids for JJA from 2002 to 2005.
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2.4. WRF Model Configuration

High-resolution and convection-permitting simulations were conducted using the Weather Research and Fore-
casting (WRF) Model version 3.7.1 (Skamarock et al., 2008). Two simulations were conducted with a horizontal
grid spacing of 9 and 3 km for the period from 1998 to 2018 with an additional 1-year spin-up period, and the two
simulations were connected through one-way nesting. The simulations incorporated the following physical pa-
rameterizations. The double-moment 6-class scheme (WDM6; Lim & Hong, 2010) was employed for cloud
microphysics, due to its better performance in simulating warmer-type heavy rain than other microphysics
schemes (Chakraborty et al., 2021; H.-J. Song & Sohn, 2018). For land surface and planetary boundary layer
processes, the Noah land surface model and the Yonsei University schemes (Hong et al., 2006) were used,
respectively. The new Goddard shortwave radiation and the rapid radiative transfer model for general circulation
model long-wave radiation were utilized for the atmospheric radiation processes (Iacono et al., 2008; Matsui
et al., 2020), following X. Chen et al. (2018), which has shown that this combination can well capture the salient
features of Indian summer monsoon. Gray-zone resolutions (e.g., 9 km) improve convective process represen-
tation by explicitly resolving convection (i.e., no cumulus parameterization), reducing parameterization errors,
and enhancing model performance in some regions (X. Chen et al., 2018; Ou et al., 2020). However, they can also
lead to precipitation overestimation (Park et al., 2022). Ou et al. (2020) found that precipitation diurnal cycles,
especially in precipitation amount and frequency, could be better captured in simulations at 9-km grid spacing
without a convection scheme, in a region upstream of our study domain. Given their findings, we followed this
approach and conducted the 9- and 3-km simulations without using cumulus parameterization. The initial and
boundary conditions for these simulations were derived from the ERAS hourly data on 0.25° grids. The WRF
model utilized 60 terrain-following vertical layers, and the top of the model was located at 10 hPa. These 9-km
and 3-km simulations are referred to as WRF9 and WRF3. The WRF9 domain covers East and South Asia (Ou
et al., 2023), while WRF3 is nested to WRF9 where the domain covers MSEA. The WRF simulations with 9-km
grid spacing have been shown to reduce the wet bias in ERAS precipitation over the Tibetan Plateau (Ou
et al., 2023).

2.5. Diurnal Cycles

To evaluate the performance of the WRF simulations, we computed the hourly precipitation amount, intensity,
and frequency using hourly precipitation from ERAS and IMERG data sets and WRF output. The hourly pre-
cipitation amount is defined as the average of the accumulated precipitation amount during each hour over a given
period (i.e., JJA from 2002 to 2005) including nonprecipitating days. The precipitation frequency for a given hour
of day is defined as the percentage of days when precipitation is 0.1 mm hr™" or higher during that hour. The
precipitation intensity is defined as the average precipitation amount for the given hour over days when pre-
cipitation is 0.1 mm hr™" or higher for the hour. For daily precipitation frequency and intensity calculations, the
precipitation threshold is 2.4 mm day ™" derived from 24 hr x hourly threshold of 0.1 mm.

To minimize the impact of data resolution (D. Chen & Dai, 2018), precipitation data from IMERG and WRF were
averaged to the 0.25° (~31 km) grids of ERAS by simply averaging the precipitation over the finer grid boxes that
were close to an ERAS coarser grid box. The averaged areas for IMERG, MSWEP, and WRF9 output were 3 X 3
grids while the averaged areas for WRF3 output were 9 X 9 grids. Such simple averaging was recommended over
spatial interpolation by D. Chen and Dai (2018) to minimize the alteration of precipitation frequency and intensity
by the remapping. This averaged precipitation data on ERAS grids were applied to the k-means classification
(Sections 2.6 and 3.1) and precipitation evaluations (Section 3.2). The precipitation data used in the k-means
classification were hourly precipitation as a percentage of daily precipitation averaged over four summers
(2002-2005) and calculated for each grid box at the given hour. The k-means classification reveals the primary
mode of the diurnal cycle in precipitation at each grid box.

2.6. k-Means Classification

k-means classification is an unsupervised machine learning algorithm that has been widely used for data analysis
and pattern recognition in the field of atmospheric science. This algorithm classifies a data set into distinct groups or
clusters based on similarities in their features. In atmospheric science, k-means classification has been utilized to
categorize weather patterns and to identify similarities and differences in atmospheric variables (e.g., Curio &
Scherer, 2016; Schubert et al., 2017). We applied k-means training to the diurnal cycles of normalized hourly

LAIET AL.

5of 24

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO osn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqiaut[uo//:sdny) suonIpuo)) pue sud [ oy 39S [$702/90/90] uo Areiqig aurjuQ Lo[IM ‘0Z0SH0AHT0T/6T01°01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘11 ‘S70T ‘96686917



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/202471D043020

precipitation (in a percentage of the daily mean, Section 2.5) from regridded IMERG (onto ERAS grids) for JJA
from 2002 to 2005. The hourly precipitation data were averaged over the four summers to reduce its interannual
variations. Therefore, the sample size for the k-means classification was the number of grid points over the analysis
domain (i.e., MSEA). To obtain the optimal k-means size for classification, we conducted clustering across arange
of cluster sizes and calculated the mean Euclidean distance between the input data points and their corresponding
closest k-means clusters. After testing cluster numbers of 1-20, we determined that five clusters were sufficient to
capture the variability of the hourly precipitation data (Figure S2 in Supporting Information S1). After this, the five-
cluster k-means model trained with IMERG precipitation, which identifies five different diurnal regimes
(Figure 5e), was employed to classify the 4-year averaged diurnal cycles of precipitation from IMERG, ERAS, and
two WRF simulations in terms of where each of the five diurnal regimes may occur in each data set.

3. Results and Discussion
3.1. Evaluation of Daily and Subdaily Precipitation From the Model Simulations

Given the restricted availability of hourly precipitation observations over MSEA, our evaluation focused on the
daily precipitation patterns in regions with distinct diurnal cycles of precipitation. Figure 2 shows the daily
precipitation amount, frequency, and intensity from several observational data sets and the WRF9 and WRF3
simulations. Most precipitation occurs along the Annamite Range in eastern MSEA and on the windward slopes
of the Tenasserim Hills and Arakan Mountains in western MSEA (Figures 2al—2a7). In situ station observations
show less precipitation amount than the other products, which could be caused by missing data on some days and
specific geographic locations between the monitoring stations and gridded data sets Figures 2al—2a7. Precipi-
tation amounts from APHRODITE and MSWEP suggest similar patterns, with high precipitation along the
western coastlines and eastern mountain regions, while lower precipitation occurs in the western inland areas of
MSEA (Figures 2a2 and 2a3). In contrast, IMERG shows generally higher precipitation amounts in areas where
APHRODITE and MSWEP indicate lower precipitation (Figures 2a2—2a4). On the other hand, ERAS suggests
higher precipitation in the western inland and northern regions of MSEA, which is similar to IMERG. The two
WREF simulations show lower precipitation amounts in most regions than the other data sets, with WRF3 showing
even lower precipitation amounts than WRF9.

The spatial patterns of precipitation frequency are similar to the precipitation amount, with areas of higher
precipitation amount generally experiencing more frequent precipitation. Among the data sets, APHRODITE,
MSWEP, and ERAS tend to produce higher precipitation frequencies across the region while IMERG and the two
WRF simulations show lower frequencies (Figures 2b2-2b7). When examining precipitation intensity,
APHRODITE, MSWEP, and ERAS exhibit lighter precipitation (Figures 2¢2, 2¢3, and 2¢5). The IMERG and two
WRF products suggest stronger precipitation intensity, especially in the western coastline and the eastern
mountain regions (Figures 2c4, 2¢6, and 2¢7). Because precipitation frequency (intensity) increases (decreases)
with the size of the averaging area (D. Chen & Dai, 2018), it is expected that the unaveraged station data, which
cover the smallest area, should have the lowest overall frequency (Figure 2b1) but high intensity (Figure 2c1),
especially over the eastern MSEA. Overall, APHRODITE, MSWEP, and ERAS show similar spatial patterns in
precipitation amount, frequency, and intensity. On the other hand, the WRF9 simulations produce the least
frequent precipitation but the highest intensity among all the data sets, while WRF3 and IMERG show similar
precipitation frequency and intensity patterns.

Next, we examined the histograms of daily precipitation over MSEA (Figure 3). Precipitation frequencies from
APHRODITE and MSWEP agree with each other below 60 mm day™' and above 220 mm day~', while
APHRODITE suggests less frequency of heavy precipitation (60-220 mm day ™) (Figures 3a and 3b). Precip-
itation frequency from IMERG is less than APHRODITE and MSWEP for intensity below 45 mm day™' and
higher for intensity above 45 mm day™". This agrees with previous studies, which have shown that MSWEP and
APHRODITE produce generally well precipitation patterns compared with gauge-based data among gridded
precipitation products (Dangol et al., 2022; Elahi et al., 2024), while IMERG can sometimes perform better than
MSWEP and APHRODITE (e.g., Gupta et al., 2024; Tran et al., 2023).

The occurrences of different precipitation intensities are similar between ERAS5 and MSWEDP for light precipi-
tation (below 100 mm day™"). However, the ERA5 has a higher frequency of heavy precipitation and follows a
pattern closer to IMERG for precipitation in the 100-300-mm day ™' range. In general, the frequency of ERA5
heavy precipitation (>100 mm day™") falls between the observation-based data sets (APHRODITE, MSWEP,
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and IMERG). On the other hand, ERA5 overestimates light precipitation (<30 mm day™'; Figure 3b), which
could be related to the “drizzling” bias caused by the cumulus parameterization scheme (D. Chen & Dai, 2019).
The precipitation histograms derived from the WREF3 simulations and IMERG show close alignment for in-
tensities up to 100 mm day™'. Both WRF3 and WRF9 simulations overestimate the frequency of heavy pre-
cipitation above 100 mm day™' compared to IMERG, while WRF9 also produces the highest daily precipitation
between 30 and 420 mm day ™~ (Figures 3a and 3b). In general, the WRE3 simulations reduce the wet bias for
lighter rainfall (<30 mm day™") in ERA5, generate less heavy precipitation than WRF9, and produce an intensity-
frequency curve closer to IMERG. In this case, the CPM (WRF3) simulations can reproduce the observed pre-
cipitation histograms better, particularly for light and heavy precipitation compared with RCM (WRF9).

Overall, Figures 3a and 3b show that the histograms of ERAS daily precipitation are more consistent with those of
APHORDITE, MSWEP, and IMERG than with the WRF simulations, suggesting that ERAS daily precipitation is
realistic, while the two WRF simulations tend to overestimate heavy precipitation compared with APHORDITE
and MSWEP. IMERG and the two WRF simulations tend to overestimate heavy precipitation over MSEA during
summer, although the CPM simulations (WRF3) show some improvements over the non-CPM simulations
(WRF9).

To evaluate the precipitation simulations for different elevations, we compared the bias of the daily precipitation
using MSWERP as a reference. The median of biases from APHRODITE and IMERG are close to zero at all the
elevation bins while IMERG shows less interquartile range than APHRODITE (Figure 3c). The ERAS tends to
overestimate precipitation at all elevations. The WRF simulations have smaller biases or a dry bias than ERAS.
The mean biases of the WRF9 and WRF3 are not obviously different, but the WRF3 has an overall smaller bias
and less variation than WRF9 at all the elevation bins.

Based on MSWEP and IMERG data, the average diurnal precipitation cycle in MSEA shows a large peak in
precipitation amount during the afternoon and a smaller peak around midnight (black solid and gray dashed lines in
Figure 4a). A peak of precipitation frequency is also in the afternoon, while high precipitation intensity occurs in
both the early-morning and afternoon (black solid and gray dashed lines in Figures 4b and 4c). A comparison of the
averaged diurnal cycles of precipitation indicates that MSWEP and IMERG show similar peak timing in precip-
itation frequency and intensity but with apparent differences in their magnitudes (Figures 4b and 4c). For pre-
cipitation amount, the magnitudes from MSWEP and IMERG are similar, but IMERG shows a later peak
(Figure 4a). This could be due to the known issue in IMERG that has a delayed peak by a few hours when compared
with surface observations (Dai, 2024; R. Li et al., 2018). The ERAS tends to overestimate precipitation amounts
compared to the other gridded data sets (Figure 4a). In contrast, the two WRF simulations align more closely with
the MSWEP product in terms of magnitudes and timing of the peaks. For precipitation frequency, ERAS shows a
high precipitation frequency (40%) from morning to early afternoon while MSWEP also shows a high frequency
later (Figure 4b). On the other hand, IMERG and the two WRF simulations show increased precipitation frequency
after 1200 LST close to MSWEP but with a lower frequency (below 30%) (Figure 6b). Lastly, the MSWEP and
IMERG data sets show higher precipitation intensity from late evening to early morning, in contrast to the peak
intensity occurring in the early afternoon in ERAS (Figure 4¢). The diurnal cycles of precipitation intensity from the
two WREF simulations follow more closely with IMERG, though with a positive bias.

In the 3-hourly precipitation comparison, ERAS shows close values in precipitation amount, frequency, and
intensity to the MSWEP. However, the timing of the frequency and intensity peaks are different from those of
MSWEP and the other data sets. The patterns of the two WRF simulations are generally closer to IMERG than
others in terms of peak timing and magnitudes. This difference highlights the tendency of the IMERG and the two
WREF data sets to underestimate (overestimate) the precipitation frequency (intensity). This finding is consistent
with previous studies showing that CPM produces more intense precipitation and less frequent light rain than
IMERG (Jones et al., 2023). On the other hand, WRF3 outperforms WRF9 in simulating the amount, frequency,
and intensity of precipitation cycles, especially in the magnitudes.

Figure 2. Spatial distribution of precipitation (al-a7) amount (mm day_l), (b1-b7) frequency (%), and (c1—c7) intensity (mm day_l) derived from daily precipitation
during June-July-August 2002-2005. Numbers 1-7 represent precipitation products from in situ station observation, Asian Precipitation - Highly-Resolved
Observational Data Integration Towards Evaluation of Water Resources, Multi-Source Weighted-Ensemble Precipitation, Integrated Multi-Satellite Retrievals for
Global Precipitation Measurement, ERAS, WRF9, and WRF3. All daily precipitation data were averaged onto the ERAS grids before calculating the amount, frequency,
and intensity. Note that the temporal coverage of in situ observation is less than that of other data sets due to missing data on some days.
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Figure 3. Histograms of (a) all daily precipitation (bin size = 20 mm day~') and (b) daily precipitation lighter than 60 mm day ™" (bin size = 20 mm day™~") from Asian
Precipitation - Highly-Resolved Observational Data Integration Toward Evaluation of Water Resources (APHRODITE) (dotted), Integrated Multi-Satellite Retrievals
for Global Precipitation Measurement (IMERG) (dashed), ERAS (blue), WRF9 (green), WRF3 (yellow), and Multi-Source Weighted-Ensemble Precipitation
(MSWEP) (solid black) over the mainland Southeast Asia (MSEA) land surface in June-July-August (JJA) from 2002 to 2005. (c) Elevation-dependent biases (relative
to MSWEP) in daily precipitation amount from APHRODITE (black), IMERG (gray), ERAS (blue), WRF9 (green), and WRF3 (yellow) over the MSEA land surface
for JJA from 2002 to 2005. All the daily precipitation data were averaged onto the ERAS 0.25° grids from which the histograms were derived by taking the daily
precipitation at each grid as one data point.

3.2. Spatial Distributions of the Precipitation Diurnal Cycle Over MSEA

The k-means classification suggests a total of five distinct regimes of the diurnal variations in normalized hourly
precipitation (in percentage of daily mean) based on the IMERG data set (Figures 5a and 5Se). These distinct
regimes reveal that precipitation diurnal peaks occur at different times of day in various regions: late night (peak

(a) Precipitation amount (mm 3hr—1) (b) Precipitation frequency (%) (c) Precipitation intensity (mm 3hr=1)

hour (LST) hour (LST) hour (LST)

Figure 4. The diurnal cycle of 3-hr accumulated precipitation (a) amount, (b) frequency, and (c) intensity averaged over the land surface of mainland Southeast Asia from
Multi-Source Weighted-Ensemble Precipitation (solid black), Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (dashed gray), ERAS (blue),
WREF9 (green), and WRF3 (yellow) data sets in June-July-August during 2002-2005. All the precipitation data were processed to 3-hourly accumulations and averaged
onto the ERA5 0.25° grids before the analysis.
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Figure 5. Distributions of the primary groups over mainland Southeast Asia from the k-means classification of the
precipitation (in percentage of the daily mean) from (a) Integrated Multi-Satellite Retrievals for Global Precipitation
Measurement (IMERG), (b) ERAS, (c) WRF9, and (d) WRE3 for June-July-August averaged over 2002-2005. (e) The mean
diurnal cycle of the normalized precipitation (in percentage of the daily mean) average over the areas of the individual
k-means groups (thick lines) and the diurnal cycle at individual grid boxes of each group (thin lines with the same color as the
thick lines) based on the IMERG data. The same groups of (e) were applied to the other three data sets to reveal their
distributions shown in (b—d).

around 02 LST, Group 1), morning (peak around 07 LST, Group 2), afternoon (a higher peak around 16 LST,
Group 3 and a lower peak around 16 LST, Group 4), and evening (peak around 17-19 LST, Group 5; Figure 5e).
The western coastlines of MSEA are classified as the morning regimes, and most of the inland area is classified as
the afternoon and evening regimes. The eastern Khorat Plateau and the mountainous area close to the eastern
Tibetan Plateau are classified as the late-night regime. The northern part of the Annamite range and northern
Myanmar are classified as the morning regime. This comprehensive classification provides insights into the
spatial distribution in the precipitation diurnal cycle over MSEA, thus providing a better understanding of the
regional precipitation diurnal characteristics.

The classification of ERAS precipitation based on the five regimes trained using the IMERG data reveals the
afternoon regimes (the lower peak regime) around 16 LST over most MSEA, while the IMERG classification
shows an evening precipitation peak around 18 LST across the central MSEA (Figures 5a and 5b). This phase
difference is consistent with the results found by Dai (2024), who suggested that IMERG, like other satellite
products, tends to mainly capture the diurnal cycle of convective precipitation, which lags the phase of total
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precipitation by a few hours (Dai et al., 2007). However, an earlier peak in ERAS5 does not necessarily indicate
better accuracy. The previous comparison with MSWEP, which includes precipitation from rain gauges, satel-
lites, and reanalyses, suggests that ERAS peaks too early (Figure 4a). In the eastern and northern MSEA, evening,
late-night, and morning peaks occur in IMERG, while ERAS suggests the occurrence of lower afternoon or
morning peaks. In addition, ERAS fails to capture the late-night regime in the eastern Khorat Plateau. Overall,
ERAS simulated precipitation peaks at an earlier time over MSEA than the satellite observations from IMERG,
which is known to have a delayed peak by a couple of hours when compared with surface observations reported
not only for MSEA but also for other regions (Dai, 2024; L. J. M. Hayden et al., 2023; R. Li et al., 2018). The
classification results from WRF9 and WRF3 demonstrate that high-resolution modeling can capture the spatial
patterns of the different precipitation diurnal regimes, which closely align with the IMERG data. The results of the
WRF3 are similar to those of the WRF9, except the fact that there are more afternoon regimes (groups 3 and 4)
than the evening regime (Group 5) from central to northern MSEA.

Next, we investigated the precise peak times within the diurnal cycles for the data sets that provide hourly output.
Figure 6 shows that the WRF simulations capture the diurnal peak timing more aligned with IMERG than ERAS.
These differences in the peaks of precipitation amount are consistent with those shown in Figures 4a and 5. In
addition, ERAS captures the precipitation peaks of frequency in the morning for the mountainous regions (the
late-night regime) while the other data sets produce afternoon—late-night peaks. This could be one of the reasons
that ERAS shows an earlier peak of precipitation frequency when averaging over the entire MSEA land surface
(Figure 4b). Regarding the peak time of precipitation intensity, IMERG and the two WREF simulations produce the
peak between evening and morning for most of the areas while ERAS produces most peaks from noon to af-
ternoon. Overall, the afternoon peaks of the precipitation amount, frequency, and intensity in ERAS occur much
earlier (about 2-5 hr) than IMERG over the majority of MSEA (Figures 6a2—6¢c2, 6a5-6¢5). Although IMERG
tends to delay the peak in precipitation amount, its peak timing in frequency and intensity aligns well with
MSWEP, which tends to peak earlier (Figures 4b and 4c). Therefore, the two WRF simulations, which closely
match IMERG, likely better capture precipitation frequency and intensity peaks than ERAS, which produces the
earliest peaks among all studied data sets in the region (Figures 6b6—6b7, 6¢c6—-6¢7). We also found that WRF3
produces earlier peaks in precipitation amount and frequency than WRF9. This is especially true for the evening
and late-night regimes.

Regarding the differences in peak timing among the modeling products, the tendency for earlier diurnal pre-
cipitation is shown not only in ERAS but also in other RCMs and CMIP6 high-resolution models with a grid
spacing of around 25 km (e.g., J. Song et al., 2024). As grid spacing decreases from 25 to 9 km, the error in the
peak time seems reduced in which the peak time tends to move from an earlier peak to a later peak (e.g., Ou
et al., 2020). However, the peak time for the 9-km simulations is too late, which is even later than the IMERG
observation (Figure 6a6). With further reduction in grid spacing below 10 km, the timing of diurnal precipitation
peaks shifts earlier again, as shown in our results that WRF3 better captures the peak time compared to 9-km runs
and improves the timing of precipitation peaks (Figure 6a7) and in studies that focused on other regions (e.g.,
Willetts et al., 2017; Yashiro et al., 2016). The later precipitation peaks in simulations with grid spacing around
10 km could be due to insufficient vertical moisture transport resolved by coarse model grids (Sato et al., 2009)
and by not using the convection scheme at this grid scale, leading to later precipitation peaks than higher-
resolution simulations. This pattern tends to occur over land; however, it is not consistent across all places
(Ban et al., 2021). Although we have found the tendency to produce earlier precipitation in the WRF3, the time
differences between WRF3 and WRF9 are often less than 3 hr and only over limited regions.

Figure 7 shows the mean diurnal cycle of the precipitation amount averaged over three latitude ranges (11°-13°,
16°-18°, and 20°-22°) from west to east of MSEA. The IMERG data set shows a higher precipitation rate over the
three mountain ranges: Annamite Range (108°E in Figures 7b1 and 7c1), Tenasserim Hills (99°E in Figures 7b1
and 7c1), and Arakan Mountains (93°E in Figure 7al) from 15 to 19 LST, as well as along the eastern and western
coastlines of MSEA between 00 and 06 LST. ERAS overestimates precipitation around 12—17 LST across most of
MSEA, underestimates precipitation between late evening and morning, and does not capture the westward
(eastward) propagation of precipitation from the eastern (western) coastline of MSEA after 14 LST. Conversely,
the timing and westward/eastward propagation of precipitation in the WRF simulations aligned better with
IMERG than ERAS. However, the WRF simulations overestimated precipitation over the three mountain ranges.
These differences indicate the distinct spatiotemporal distribution of precipitation captured by the WRF and
ERAS models in the region. Based on the results presented in this section, the WRF3 does not exhibit a big
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Figure 6. Spatial distributions of the diurnal peak time of hourly precipitation (al-a7) amount, (b1-b7) frequency, and (c1-c7) intensity averaged over June-July-August
of 2002-2005 for (al—c1) Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG), (a2, b2, and c2) ERAS, (a3, b3, and c3) WRF9, and (a4,
b4, and c4) WRF3, and the difference in the peak time for (a5, b5, and c5) ERAS, (a6, b6, and c6) WRF9, and (a7, b7, and c¢7) WREF3 relative to IMERG.
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Figure 7. Hovmoller diagram of the diurnal precipitation variations averaged over June-July-August of 2002-2005 (color-shaded panels) over 91°~110°E averaged for
three latitude zones: (al—a4) northern (20°-22°N), (b1-b4) central (16°~18°N), and (c1—c4) southern (11°-~13°N) parts of mainland Southeast Asia. The panels from left
to right show the (al, bl, and c1) IMERG, (a2, b2, and c2) ERAS, (a3, b3, and c¢3) WRF9, and (a4, b4, and c4) WRF3. The top small panels show the elevation of the

terrain.

difference in simulating the peak time of the diurnal cycle of precipitation amount compared with WRF9. This
raises the question of whether the CPM in the WRF3 simulation has added value in this case.

Overall, the spatial patterns of precipitation diurnal cycles are similar between WRF9 and WRF3. The main
differences in precipitation between WRF9 and WRF3 simulations are mainly that WRF3 is drier and has an
overall earlier precipitation peak than WRF9. In the next section, we will study how the two high-resolution WRF
simulations capture the other atmospheric variables compared with ERAS, which could result in differences in the
precipitation peak time and amount.
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3.3. Possible Reasons for the Differences in the Diurnal Cycle of the Precipitation Between ERAS5 and the
Two WRF Simulations

We explored the possible physical mechanisms that account for the differences between the precipitation sim-
ulations shown in Figure 7 from ERAS and WREF. The investigated variables include the CAPE, BLH, mean
surface SHF, mean surface LHF, 10-m u-component of the wind (U10), 10-m v-component of the wind (V10),
and atmospheric divergence at 10 m (DIV10). In the following sections, we divided the results into three sub-
sections based on the key differences in modeling precipitation timing and magnitudes: (a) early precipitation
peak in ERAS, (b) the evening and late-night precipitation regimes over mountainous areas, and (c) precipitation
propagation close to the coastlines of MSEA.

3.3.1. Explanation of the Overall Diurnal Cycles of Precipitation in MSEA

Most areas in MSEA are classified in the two afternoon regimes (yellow and light red areas in Figures 5a-5d),
which is associated with the maximum timing of CAPE (Figure 8). In addition, the early precipitation peaks
across the entire domain in ERAS could be associated with the fact that CAPE reached higher values earlier than
in the WRF simulations (Figure 8). In ERAS, the timing of the precipitation peak is associated well with the first
peak in the diurnal cycles of CAPE between 12 and 18 LST rather than the second peak after 18 LST (Figures 8al,
8bl and 8cl). This may be because most available perceptible water is released during the first peak. As pre-
cipitation begins, CAPE decreases due to moist convection consuming atmospheric energy (Dai, 2024). After
precipitation ceases, CAPE rebuilds around 18 LST before gradually decreasing. The connection between the
timing of precipitation peak and CAPE is stronger in central MSEA. In contrast, it is weaker in the mountain
ranges (Figures 7a2, 7b2, 8al, and 8bl) and along eastern coastlines (Figures 7b2 and 7c2), where the ERAS
failed to capture the early-morning precipitation and westward/eastward propagation of evening precipitation,
respectively. In contrast, CAPE in WRF is lower than in ERAS around 10-12 LST but continues to increase until
15 LST before precipitation initiates (Figures 8a2, 8a3, 8b2, and 8b3). Convective available potential energy is a
physical measure of convective instability (Yano et al., 2013), in which the changes are the sum of changes
induced by convective processes and by large-scale processes (G. J. Zhang, 2002). The convective processes are
sensitive to model resolution, which may drive the difference in the peak times of CAPE in simulations with
different resolutions. Agard and Emanuel (2017) also showed that temperature, surface moisture availability, and
surface wind speed are all important determinants of the diurnal evolution of CAPE, which could be largely
affected by evaporation. For example, the ERAS tends to have larger evaporation than WRF simulation (X. Liu
et al., 2025), which may lead to an earlier peak of CAPE due to higher moisture availability. In this study, the
difference in timing of high CAPE suggests that convection is triggered later in WRF compared to ERAS, likely
due to model resolution and its impact on key thermodynamic variables as well as the trigger function.

The WRF simulations generally produce stronger CAPE than ERAS across both low and high elevations
(Figure 8), likely due to differences in atmospheric stability. Our analysis of vertical cross-sections of equivalent
potential temperature (6,) in several subregions—Khorat Plateau (16°-18°N), southern MSEA (11°-13°N), the
western coast (12°-17°N), and over the northern mountain range (24°-26°N)—shows key differences between
ERAS and WRF (Figure S3 in Supporting Information S1). Specifically, WRF simulates a warmer 6, in the
middle troposphere (600 hPa over the northern mountains and 700-800 hPa over southern MSEA and the Khorat
Plateau) in WREF, as well as a warmer near-surface layer over the ocean along the western coastline. The warmer
middle atmosphere in WRF reduces stability between the surface and mid-atmosphere, an effect more pro-
nounced during the daytime across all regions. This reduced stability likely contributes to the higher CAPE in
WREF than ERAS over the Khorat Plateau and western coastlines. However, this relationship does not hold over
the northern mountains and southern MSEA, where nighttime CAPE in WREF is lower than in ERAS.

However, unlike CAPE, WRF precipitation is not consistently higher than that of ERAS (Figures 8a2, 8b2, 8c2,
8a3, 8b3, 8c3, 8a4, 8b4, and 8c4), suggesting that additional factors could play an important role in driving the
diurnal precipitation in the WRF model. In the WRF simulations, the precipitation intensity can be higher during
the late night and morning along the coastlines when CAPE is usually low. Therefore, the link between CAPE and
precipitation is weaker in the WRF simulations than in ERAS. Studies have shown that the absence of a cumulus
scheme in the high-resolution simulations could result in a more accurate simulation of the peak precipitation
times (P. Li et al., 2021; Z. Liu et al., 2022). In contrast, ERAS simulations tend to produce early afternoon
precipitation, likely due to early peaks in diurnal CAPE. This aligns with previous findings that weather and
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Figure 8. Hovmoller diagram of the convective available potential energy over 91°-~110°E averaged for three latitude ranges: (al—a3) northern (20°-22°N), (b1-b3)
central (16°-18°N), and (c1-c3) southern (11°-~13°N) parts of mainland Southeast Asia averaged over June-July-August of 2002—2005. The panels from left to right are
the (al, bl, and c1) ERAS, (a2, b2, and c2) WRF9 minus ERAS, (a3, b3, and c3) WRF3 minus ERAS. The top small panels show the elevation of the terrain.
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climate models often trigger rainfall too early over land, suggesting that refining the CAPE trigger function could
help improve this issue (Xie et al., 2019). Our results further confirm that employing high-resolution modeling is
essential for better capturing diurnal cycles of precipitation in MSEA.

Between the two WRF simulations, CAPE from WREF3 is less than that in WRF9 for the three study regions
(Figures 8a2—8c3). This could be one of the reasons that WRF3 precipitation is less than WRF9 (Figures 7a3—
7c4). However, the magnitude differences in CAPE between WRF9 and WRF3 are systematic across the regions
and time. Therefore, we further explore other variables that could cause the variations in spatiotemporal patterns
of the WREF precipitation.

3.3.2. Explanation of the Evening—Morning Regimes Over Mountainous Areas

The ERAS does not capture the evening and late-night regimes to the east of the Khorat Plateau and northern
MSEA, while the classifications with IMERG and the WRF simulations show these regimes (Figures 5a—5d).
Figures 7a2, 7b2, and 7c2 show that ERAS does produce the evening and late-night precipitation around 105°E.
However, ERAS5 produces peaks of precipitation amount in the afternoon while the other data sets show the
evening and late-night precipitation only. The afternoon peak in ERAS5 could be associated with the timing of
CAPE peaks (Figures 8al, 8bl, and 8cl).

The precipitation peaks from WRF simulations do not completely match the timing of CAPE peaks in the af-
ternoon. Although the two WRF simulations also produce peaks of CAPE in the afternoon, the evening and late-
night precipitation is associated with higher CAPE rather than the peaks in the afternoon (Figures 8a2-8c3). In
addition, the morning peaks of precipitation amount in the east of the Khorat Plateau, and late-night-morning
precipitation peaks are found to be associated with local convergence (shading in Figure 9). The connections
between late-night to morning precipitation and low-level convergence can be seen especially over the moun-
tainous areas. The identified processes agree with previous findings that the early-morning peak could be caused
by nighttime radiative cooling, which enhances low-level convergence and causes the early-morning develop-
ment of convective systems (Lu et al., 2021). Both ERAS and WRF simulations capture the evening and late-night
precipitation. However, WRF simulates these periods with higher intensities than the afternoon precipitation,
allowing k-means to classify several regions as evening and late-night regimes. On the other hand, the absence of
evening and late-night regimes in ERAS is not due to its inability to produce precipitation during those periods,
but rather the result of the excessive afternoon precipitation related to the CAPE peaks.

3.3.3. Precipitation Propagation Close to the Coastlines

The IMERG data show clear westward (eastward) propagation of precipitation bands in the afternoon along the
eastern (western) coastlines (Figures 7al-7c1), a feature that ERAS barely captured, while the WRF simulation
successfully reproduced it (Figure 7a2-7c4). By examining U10 anomalies (relative to the daily mean), we
identified sea breeze signals along the coastlines in both ERAS and WRF simulations. The sea breeze signals
could be identified with anomalous onshore winds (contours in Figure 9) and low-level convergence (shading in
Figure 9) along the coastlines (Peng & Chen, 2024). ERAS shows generally weaker onshore winds at key lon-
gitudes (108°E in the central and south regions, 100°E in the south, 95°E in the central region, and 93°E in the
north) than the two WRF simulations, and ERA5 does not capture the onshore propagation of the convergence
anomalies after 12 LST. In contrast, the WRF simulation produced strong onshore winds and the westward
(eastward) propagation of convergence anomalies from the eastern (western) coastlines (Figure 9). This com-
parison highlights WRF's ability to capture the timing of precipitation peaks, particularly from evening to
morning, due to its representation of sea breeze circulation. ERAS does not capture surface diurnal winds over
ocean and coastal areas because it uses daily mean SST as the lower boundary (Dai, 2023). This limitation could
impact ERAS's ability to accurately simulate the diurnal sea breeze. A recent study found that GCMs struggle to
properly simulate diurnal precipitation over land and coastal land, and suggested that improvements in convection
triggering and topography representation in the models could be key to addressing this issue (Tao et al., 2023).
Our results confirm that high-resolution WRF modeling could better simulate U10 and convergence, which are
essential processes triggering the diurnal precipitation along coastlines over MSEA.

The U10 and convergence anomalies from the two WRF simulations share a similar spatial distribution, although
WRF3 exhibits a weaker U10 intensity. Compared to WRF9, WRF3 simulated generally weaker large-scale
winds but exhibited stronger divergence and convergence near mountains and coastlines, which may have
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Figure 9. Hovmoller diagram of the ul0 (10-m zonal wind, contours) and 10-m divergence (shading) anomalies (relative to the daily mean) over 91°—110°E averaged for
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shown as solid (dashed) contours with 0.5-m s™" intervals. The top small panels show the elevation of the terrain.
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contributed to the overall weaker precipitation with local intensive precipitation in the WRF3 simulations. In our
study, the WRF3 simulations captured the overall diurnal precipitation well, while WRF9 tended to overestimate
precipitation, mostly during the main precipitation periods.

Overall, the differences in the processes simulated by ERA5 and WRF models are reflected in CAPE and near-
surface winds in terms of their diurnal timing, magnitude, and spatial distribution. The atmospheric variables from
the two WRF simulations share a similar spatial distribution while in the WRF3, the variables such as the U10 and
CAPE exhibit weaker diurnal anomalies, except for surface SHF (not shown). The weaker U10 and CAPE in
WREF3 could lead to lower precipitation amount and intensity than WRF9 (Figures 4a and 4c).

To ensure the sea breeze patterns simulated by WRF are reasonable, we evaluated the near-surface winds in the
models using wind analysis from CCMP. The 6-hourly CCMP wind anomalies at 10 m (relative to the daily mean)
show offshore and onshore winds along the eastern coastline around 00 and 12 UTC (Figures 10al, 10a3),
indicating a sea/land breeze circulation. ERA5 overestimates the north-south wind components over both land
and ocean while showing weaker onshore/offshore components along the coastlines in the diurnal cycles
(Figures 10b1-10b4). On the other hand, the two WRF simulations capture offshore and onshore winds at the
eastern coastline at 00 and 12 UTC (Figures 10d1 and 10d3), which has been shown in the previous findings
(Figures 9a2, 9b2, 9¢2, 9a3, 9b3, and 9c3) and remain consistent with CCMP. Previous studies have highlighted
that simulated wind directions, speeds, and precipitation over complex topography are highly dependent on model
resolution (e.g., Johnson et al., 2016; Wu et al., 2017), suggesting that high-resolution modeling may more
effectively capture the timing and magnitudes of diurnal winds (e.g., Belusi¢ et al., 2018; Gil Ruiz et al., 2022). In
this study, we do not see large differences in diurnal winds between WRF9 and WRF3. Further evaluation of high-
resolution local winds is needed to explore the benefits of RCM and CPM simulations. Nevertheless, to better
simulate the diurnal precipitation, the results highlight the importance of applying high-resolution models to
simulate near-surface winds.

4. Uncertainties and Challenges

The added value of high-resolution modeling could differ for different variables and regions. Previous studies have
suggested that CPMs could have benefits related to moisture transport (Zhao et al., 2021), convection propagation
(Rasmussen et al., 2020), and events that occur over complex terrain (Belusi¢ Vozila et al., 2023). In our study, the
CPM (WREF3) was found to more effectively capture the heavy daily precipitation, but it had less added value in
terms of simulating the average diurnal cycle of the precipitation than the RCM (WRF9). For example, WRF3 and
WRF9 perform similarly in diurnal precipitation locations, peak timing, and bias. Recent studies suggest that
resolutions below 10 km may offer limited improvement in precipitation simulation. For example, Taraphdar
etal. (2021) found that the 'gray-zone' resolution (9 km) performs comparably to 5 km, while other studies indicate
that 1-3 km may be sufficient for capturing precipitation (Ito et al., 2017; Jeworrek et al., 2019). Our results provide
insights into how high-resolution modeling captures diurnal precipitation characteristics, which is essential for
improving future climate projections, particularly in regions with complex topography and strong diurnal cycles.
Understanding the biases and uncertainties in different model resolutions can help refine convection schemes and
microphysics parameterizations in future climate simulations. These improvements are critical for assessing
changes in extreme precipitation and hydrological impacts under future climate scenarios.

Another challenge in evaluating the added value of CPMs such as WREF3 is the limited availability of high-
resolution observations. This lack of high-resolution observations, especially gridded observations, could
result in a poor understanding of the physical processes related to the local precipitation (Kendon et al., 2021;
Lucas-Picher et al., 2021). In our study, the precipitation simulations of the western coast of MSEA, the eastern
Khorat Plateau, and the northern mountainous areas were improved, but limited in situ observations were
available in these regions. While we attempted to address the processes by using the ERAS data as a reference,
further intensive local observations are needed to strengthen the findings.

The choice of physical parameterization schemes in WRF introduces inherent uncertainties in the simulation
results. Different schemes for microphysics, planetary boundary layer, and radiation processes influence cloud
formation, precipitation intensity, and energy fluxes, leading to variations in model performance. Related studies
focusing on our WRF9 domain have shown that the main sources of uncertainties come from microphysics and
planetary boundary layer schemes (Prein et al., 2023), though most kilometer-scale simulations with various
parameterizations improve the early onset and peak timing of diurnal precipitation (Collier et al., 2024). While
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Figure 10. Spatial distribution of 10-m wind anomalies (relative to the daily mean) for (a) cross-calibrated multiplatform project, (b) ERAS, (c) WRF9, and (d) WRF3
averaged over June-July-August of 2002-2005. The panels from top to bottom are the wind anomalies at (1) 00, (2) 06, (3) 12, and (4) 18 UTC.

our model setup follows best practices from previous studies, a comprehensive sensitivity analysis is needed to
fully assess the impact of different schemes on diurnal precipitation simulation.

Lastly, we recognize the uncertainties in observation-based data sets. Our evaluation used multiple data sets,
including station-based data from GHCN-D and Wang et al. (2016) as well as APHRODITE, MSWEP, and
IMERG. APHRODITE, based solely on rain gauge data, is limited by station density and may not fully capture
extremes. The station-based data sets were considered the reference in this study. However, their daily resolution
limits the assessment of diurnal precipitation. We explored subdaily data from HadISD and inquired about other
data sets, but the available records were insufficient for this study. There is a clear need for more comprehensive
subdaily precipitation data sets, particularly in this region. IMERG has been reported to show higher uncertainties
when a large proportion of precipitation falls as snow (Z. Li et al., 2023), while MSWEP has greater uncertainties
before 2000 due to limited constraints from surface observations (Beck et al., 2019). However, these issues have
limited impact on our study, which focuses on summertime diurnal precipitation after 2000. MSWEP and IMERG
help bridge spatial and temporal gaps. IMERG is available on an hourly scale, while MSWEP is only available on
a 3-hr scale. In the analysis of the diurnal cycle, we mainly based on IMERG. However, they also have known
biases—IMERG exhibits a phase lag in precipitation amount (Dai, 2024), while MSWEP tends to produce earlier

LAIET AL.

19 of 24

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO osn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqiaut[uo//:sdny) suonIpuo)) pue sud [ oy 39S [$702/90/90] uo Areiqig aurjuQ Lo[IM ‘0Z0SH0AHT0T/6T01°01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘11 ‘S70T ‘96686917



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/202471D043020

precipitation peaks and underestimates diurnal amplitude (Dong et al., 2023). The combination of MSWEP and
IMERG could give a reasonable range of the observations. Figure 4 agrees with the previous work regarding the
peak time for IMERG and MSWEP. IMERG and MSWEP have a similar diurnal cycle, except for IMERG with a
later peak time. There may be a 1-3-hr uncertainty in the peak time calculated by hourly IMERG. Given the later
peak in IMERG as reported by previous work, the model simulation may give better results providing more
precise hourly precipitation estimates. These data set-specific uncertainties impact model evaluation, particularly
in capturing precipitation timing, intensity, and frequency, and should be carefully considered in future studies.

5. Conclusions

In this study, we investigated the diurnal cycles of summer precipitation and related atmospheric variables over
MSEA using surface and satellite observations, ERAS, and high-resolution WRF simulations. Specifically, we
downscaled the ERAS data to finer resolutions of 3- and 9-km grid spacing using the WRF model and explored the
characteristics of precipitation patterns and the benefits of employing high-resolution models.

The key findings of this study are as follows.

1. Compared with MSWEP 3-hourly precipitation, ERAS overestimates precipitation amount and frequency. On
the other hand, IMERG produces a later peak of precipitation amount, and lower precipitation frequency than
MSWEP. The two WRF simulations have similar results to IMERG and the precipitation histograms from
WREF3 are closer to IMERG than WRF9.

2. k-means classification of the IMERG precipitation data identified five spatial regimes with distinct diurnal
cycles, characterized by specific precipitation peaks at different times of a day. These regimes include pre-
cipitation peaks at late night, morning, afternoon (two peaks), and evening. It provides a comprehensive
insight into the spatial distribution of the precipitation diurnal cycle across MSEA.

3. ERAS consistently shows earlier diurnal precipitation peaks (25 hr earlier) across MSEA than IMERG due to
early CAPE peaks. In addition, ERAS does not capture late-night to morning peaks in mountainous areas and
morning peaks along western coastlines because of excessive CAPE peaks, which mask evening and late-night
regimes.

4. Both WRF simulations capture the distinct diurnal peaks of precipitation amount, frequency, and intensity
closer to IMERG than ERAS. The WRF simulations also closely reproduce the spatial patterns of precipitation
regimes seen in IMERG, especially for late-night to morning precipitation peaks in mountainous regions,
eastward propagation of precipitation on the eastern coastlines, and morning peaks on the western coastline.
Differences in precipitation timing and amount between ERAS5 and WRF are linked to spatiotemporal vari-
ations in CAPE and near-surface wind simulations.

5. WREF3 produces less precipitation with an earlier peak due to weaker large-scale winds and stronger local
convergence near mountains and coastlines than WRF9. It captures the distribution of heavy precipitation and
the diurnal cycles of frequency and intensity seen in IMERG better than WRF9. WRF9 tends to overestimate
precipitation during peak periods.

6. High-resolution WRF simulations are crucial for accurately capturing diurnal precipitation cycles. While
WRE3 shows weaker U10 and CAPE than WRF?9, it better represents specific precipitation characteristics seen
in IMERG. The benefits of high-resolution modeling vary by regions and variables, highlighting the need for
further high-resolution observations and assessments to fully understand its advantages.

Data Availability Statement

The ERAS data were obtained from the Copernicus Climate Data Store (Hersbach et al., 2020). The GPM IMERG
data were downloaded from the GES DISC (G. J. Huffman et al., 2019) and the MSWEP data were from GloH20
(Beck et al., 2019). The GHCN-D data are available from the National Centers for Environmental Information
(Menne et al., 2012). The precipitation data from APHRODITE were obtained from the APHRODITE's Water
Resources Project (Yatagai et al., 2012). The near-surface winds from CCMP can be found at PO.DAAC (Mears
et al., 2022). The WRF simulations can be downloaded from the Regional Climate Group's website (Ou
et al., 2023).
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