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Abstract. Tropical cloud prediction over the Maritime Con-
tinent remains challenging for numerical weather predic-
tion models, largely due to uncertainties in cloud micro-
physics parameterizations under complex topography and
multiscale convective conditions. Accurate cloud forecasts
are essential for assimilating cloud-affected observations,
particularly high-resolution radiances from geostationary
satellites, which also provide a valuable basis for diagnos-
ing model performance of clouds. In this study, tropical
cloud characteristics simulated by the Model for Prediction
Across Scales—Atmosphere (MPAS—A) with two cloud mi-
crophysics schemes — the single-moment WSM6 and the
double-moment NSSL, are comprehensively evaluated us-
ing multi-band radiances from the Himawari-9 Advanced Hi-
mawari Imager (AHI) and associated Level-2 cloud prod-
ucts. The proposed infrared radiance—based framework en-
ables more effective use of high-resolution satellite data
for model assessment. Results indicate that NSSL bet-
ter captures the spatial distribution of cloud amount and
exhibits smaller warm forecast-minus-observation (F — Q)
brightness-temperature (BT) biases in cloud-sensitive win-
dow channels. In contrast, WSM6 shows smaller biases in
water-vapor-sensitive channels but shows less skill in distin-
guishing cloudy and clear-sky conditions during the spin-
up period. Cloud-type diagnostics further reveal opposite
characteristics in the upper troposphere, with WSM6 under-
predicting and NSSL overpredicting the occurrence of cold

ice clouds. Nevertheless, both schemes show higher forecast
skills for liquid-water and thin ice clouds than for other cloud
types, whereas the largest forecast errors occur in multilayer
ice-cloud regimes. An overprediction of cloud-top heights
for high-level clouds is also evident in both schemes, with
diurnal variations in F' — O being more pronounced over land
in NSSL.

1 Introduction

Cloud prediction in the tropics has long posed a major sci-
entific and operational challenge due to the deep convec-
tion, complex multiscale interactions, sparse in situ observa-
tions, and strong ocean—atmosphere—radiation coupling that
remain difficult for numerical models to represent (Jin et al.,
2018; Medeiros et al., 2021; Gehne et al., 2022; Stephens
et al., 2024). Within the tropical belt (~ 10°N-10°S, 90-
150° E), the Maritime Continent is characterized by excep-
tional complexity, with numerous islands, shallow seas, and
rugged mountainous terrain that further complicate weather
prediction (Neale and Slingo, 2003; Chang et al., 2016; Di-
pankar et al., 2020; Aslam, 2025). Despite the deployment of
convection-permitting models with increasingly high spatial
resolution, the accurate representation of cloud microphys-
ical processes in this region remains unresolved, and fore-
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cast skill continues to be constrained by uncertainties in mi-
crophysics parameterizations under such complex boundary
and atmospheric conditions (Khain et al., 2015; Chow et al.,
2016; Simo6n-Moral et al., 2021; Lee et al., 2022).

In numerical weather prediction (NWP) systems, mi-
crophysical parameterizations play a fundamental role in
regulating cloud simulations by governing hydrometeor
classification, interactions between species, latent heat re-
lease, and radiative properties, all of which form a com-
plex microphysical-dynamical-radiative coupling mecha-
nism (Zhang et al., 2021; Morrison et al., 2020; Kocher et
al., 2023; Atlas et al., 2024). Commonly used schemes are
broadly categorized into single-moment and double-moment
approaches, whose different representations of hydrometeor
mass and number concentration lead to distinct particle size
distributions, sedimentation characteristics, and phase parti-
tioning. Each cloud microphysics scheme relies on specific
assumptions regarding cloud and precipitation hydrometeor
properties, which can be a significant source of model error
(Tong and Xue, 2008). Moreover, the effectiveness of assim-
ilating cloud-affected satellite observations is strongly influ-
enced by the representation of cloud microphysics (Sieron
et al., 2017; Rendon and Zhang, 2025). For example, inter-
scheme differences in the treatment of latent cooling within
the background state vector and associated error covariance
matrices may affect data assimilation performance (Wheat-
ley et al., 2014). Differences in hydrometeor fall velocities
likewise alter background brightness temperatures (BTs) in
data assimilation, as faster sedimentation transports hydrom-
eteors from cloud tops to lower altitudes, resulting in higher
simulated BTs (Van Weverberg et al., 2014; Jones et al.,
2018; Griffin and Otkin, 2022). In addition, simulated BTs
are highly sensitive to the hydrometeor profiles provided to
the radiative transfer model (Wang et al., 2020, 2021; Li
et al., 2022). Consequently, systematic assessment and re-
finement of cloud microphysics parameterization schemes
remain a key prerequisite for improving model cloud pre-
dictability.

Given the sparsity of in situ observations and the lim-
ited spatial coverage of ground-based measurements in the
tropics, satellite observations have become an indispensable
basis for evaluating cloud parameterization schemes (Jones
et al., 2013; Centurioni et al., 2019; Battaglia et al., 2020).
Among these, microwave radiances provide valuable infor-
mation on the vertical structure of hydrometeors (Matsui
et al., 2014; Panegrossi et al., 2016; Galligani et al., 2017,
Zhang et al., 2019). However, their relatively coarse tempo-
ral sampling, constrained by sun-synchronous orbits, limits
their ability to continuously capture the diurnal variability of
clouds (Wang and Zhao, 2017). In contrast, geostationary in-
frared (IR) observations offer high-frequency, spatially con-
tinuous coverage over broad regions, enabling detailed moni-
toring of cloud systems and their diurnal evolution (Bessho et
al., 2016; Schmit et al., 2017; Aumann et al., 2018; Susskind
et al., 2011; Min et al., 2020).
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Two general approaches are commonly used to assess
cloud microphysics parameterization schemes with satellite
observations. The first approach is based on direct com-
parisons between model-simulated hydrometeors and their
satellite-retrieved counterparts (Waliser et al., 2009; Huang
et al., 2019). This strategy typically relies on interpretable
retrieval-based quantities, such as cloud fraction, cloud op-
tical depth, and cloud-top height (CTH), derived from well-
established retrieval algorithms (Otkin and Greenwald, 2008;
Hashino et al., 2013; Wang et al., 2022; Mohan et al., 2024).
These quantities either correspond directly to model prog-
nostic variables or maintain strong physical relationships
with them. For example, cloud-property products retrieved
from visible and infrared satellite radiances have been widely
used to diagnose systematic errors in the simulation of cloud
fields (Franklin et al., 2013; Iwabuchi et al., 2016; Geiss
et al., 2021; Guo et al., 2024). Using Geostationary Oper-
ational Environmental Satellite-9 (GOES-9) cloud-property
products, Van Weverberg et al. (2013) further demonstrated
that simulations of mesoscale convective systems over the
tropical western Pacific are highly sensitive to microphysical
parameterizations, particularly to the fall velocity of frozen
condensate, which is closely related to particle size distribu-
tions.

The second approach employs a model-to-satellite frame-
work, in which atmospheric fields from model output (e.g.,
temperature, water vapor, and cloud mixing ratios) are con-
verted into simulated radiances or BTs via a forward radia-
tive transfer model, enabling direct comparison with satellite
observations (Cintineo et al., 2014; Zhang et al., 2019). This
approach mitigates uncertainties associated with retrieval
assumptions and provides a physically consistent linkage
between model-simulated atmospheric states and satellite-
observed radiances. As a result, the model-to-satellite strat-
egy has been widely adopted for evaluating the realism of
weather and climate model simulations (Otkin et al., 2009,
2017; Grasso et al., 2014; Yao et al., 2018). For instance,
several studies have simulated geostationary imager infrared
radiances to examine cloud coverage, diurnal variability, and
cloud-property characteristics during high-impact convective
events (Line et al., 2016; Griffin et al., 2017a, b; Lindsey
et al., 2018). Using GOES channel-4 infrared observations,
Thompson et al. (2016) highlighted that realistic representa-
tion of ice-cloud radiation properties requires explicit cou-
pling between cloud microphysics and radiative parameter-
izations. The diurnal and semidiurnal variability of south-
eastern Pacific stratocumulus clouds was quantitatively eval-
uated by Painemal et al. (2013) using GOES-10 geostation-
ary observations, revealing increases in cloud-top height and
cloud fraction during the early morning followed by after-
noon decreases, as well as more complex semidiurnal oscil-
lations in coastal clouds compared to offshore clouds. Fur-
thermore, pronounced diurnal variability in high-level clouds
over tropical land was identified through a joint analysis
of AIRS and IASI infrared observations, with cloud-type-
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dependent phase and amplitude signals indicative of strong
convective coupling (Feofilov et al., 2019). Growing atten-
tion has also been directed toward assessing cloud micro-
physics schemes within this model-to-satellite evaluation
framework. By mapping clear- and cloudy-sky model states
into GOES-13 BT space, Jones et al. (2018) demonstrated
that convective precipitation within the Warn-on-Forecast
System (WoFS) was more realistically represented by the
NSSL double-moment microphysics scheme, although cir-
rus coverage was substantially overestimated, whereas the
Thompson scheme produced more accurate cloud fields over-
all. Similarly, model-to-satellite analyses based on GOES-13
infrared (10.7 um) BTs indicate that the WRF single-moment
six-class (WSM6) scheme tends to underestimate upper-level
ice clouds, with observed anvils suggesting excessive conver-
sion of cloud water to graupel (Grasso et al., 2014). When
evaluating simulations against GOES-16 all-sky infrared ra-
diances, Kim et al. (2024) further found that differences in
simulated BTs were primarily affected by ice and snow fall
velocities, with the NSSL and Morrison schemes producing
lower BTs due to slower fall speeds, while the faster-falling
ice in the WDMBG6 scheme resulted in higher BT values. Col-
lectively, these studies highlight the strong diagnostic value
of satellite-based verification for improving the representa-
tion of cloud microphysical processes in numerical models.

As one of the most advanced geostationary infrared
imagers, the Advanced Himawari Imager (AHI) aboard
Himawari-8/9 provides high spatiotemporal resolution ob-
servations across visible, shortwave-infrared, and thermal-
infrared bands, enabling the retrieval of key cloud prop-
erties such as optical thickness, cloud type, and cloud-top
temperature (Letu et al., 2019). Cloud properties retrieved
from Himawari-8 AHI have demonstrated strong consistency
with observations from MODIS, CloudSat, CALIPSO, and
radiosondes, thereby confirming the reliability of AHI data
for cloud evaluation (Liu et al., 2020). Furthermore, cross-
comparisons between Himawari-8 and Himawari-9 AHI in-
frared observations demonstrate high inter-sensor consis-
tency, with root-mean-square errors (RMSEs) below 1.7K,
comparable scan-angle characteristics, and only minor dif-
ferences relative to RTTOV simulations for channels 7, 9,
and 16 (Zhu et al., 2023b). Collectively, these studies high-
light the strong potential of AHI observations for evaluating
model cloud microphysics in tropical regions.

Despite the aforementioned advances, the evaluation and
understanding of cloud predictability associated with micro-
physics parameterization schemes over the Maritime Con-
tinent remain relatively limited. Moreover, previous stud-
ies have largely focused on either single infrared channels
or cloud-retrieved products, which has limited the scope
of model evaluation using geostationary infrared satellite
observations. In this study, multi-band infrared radiances
from the Himawari-9 Advanced Himawari Imager (AHI), to-
gether with corresponding Level-2 cloud products, are used
to evaluate the performance of two microphysics schemes
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implemented in the Model for Prediction Across Scales—
Atmosphere (MPAS-A) (Skamarock et al., 2012, 2018) in
representing tropical cloud systems from multiple perspec-
tives, including BT simulations, cloud amount, cloud-top
height, cloud type, and diurnal variability. This synergistic
approach is expected to enhance the effective use of satellite
observations and to provide a more comprehensive charac-
terization of cloud properties for model evaluation. The pri-
mary objective of this study is to offer valuable insights into
improving tropical cloud forecasts within a high-resolution
regional modelling framework and to lay the groundwork
for future assimilation of cloud-affected infrared radiances
over this region. The remainder of this paper is organized
as follows. Section 2 introduces the datasets, methodology,
and model configurations. The results are presented and dis-
cussed in Sect. 3, and Sect. 4 summarizes the main findings
and outlines directions for future prospects.

2 Data, methodology and model settings
2.1 Regional MPAS-Atmosphere model

The  Model for  Prediction  Across Scales—
Atmosphere (MPAS-A) solves the fully compressible,
nonhydrostatic equations of atmospheric motion formu-
lated in a height-based, hybrid terrain-following vertical
coordinate (Skamarock et al., 2012, 2018). The horizontal
discretization is implemented on an unstructured centroidal
Voronoi mesh with C-grid staggering, in which horizontal
velocity components are defined on cell edges, while
other prognostic variables are located at cell centers. This
unstructured mesh framework supports both global and re-
gional simulations with quasi-uniform or variable-resolution
meshes, allowing local refinement in targeted regions.
In this study, forecasts are conducted with the MPAS-A
Version 8.2.2 to evaluate its performance in simulating
clouds over the Maritime Continent with two microphysics
schemes: WSM6 and NSSL. Under a comparable config-
uration, the Thompson scheme has been shown to yield
systematically lower precipitation forecast skill than WSM6
and NSSL (Chen et al., 2026) and is therefore excluded from
the present evaluation.

WSM6 is widely used among microphysics schemes be-
cause of its high computational efficiency (Hong and Lim,
2006; Comin et al., 2018). Several studies have shown that
WSM6 outperforms some other single-moment schemes in
simulations of high-impact weather events, including tropi-
cal cyclones and organized convection (Kanase and Salvekar,
2015; Park et al., 2019; Huang et al., 2019a, b, 2020; Huo et
al., 2024). Nevertheless, Sunny Lim et al. (2020) reported
that WSM6 tends to overestimate precipitation in shallow
cloud systems due to excessive cloud-ice production associ-
ated with deposition processes. Although NSSL-MP includes
six hydrometeor species, the hail category was deactivated
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in this study; thus, the five active species are the same as
in WSM6 — cloud water (Q.), rain (Q;), cloud ice (Qj),
snow (Qs), and graupel (Qg). Unlike the single-moment
WSM6 scheme, NSSL employs a double-moment formula-
tion that additionally prognoses hydrometeor number con-
centrations, allowing a more flexible representation of parti-
cle size distributions and associated microphysical processes
(Mansell et al., 2010). Previous studies have demonstrated
that the NSSL scheme exhibits superior performance in sim-
ulating cloud-base height, ice water content, and heavy-
precipitation events compared with some single- and double-
moment schemes (Gevorgyan, 2018; Wang et al., 2022; Nam
et al., 2024). Although multi-moment microphysics schemes
generally outperform single-moment schemes in represent-
ing size-sorting sedimentation and complex microphysical
processes (Dawson et al., 2010; Milbrandt and McTaggart-
Cowan, 2010; Wang et al., 2022), these advantages are
not consistently realized. Several studies have reported only
limited improvements relative to single-moment schemes
(Van Weverberg et al., 2013, 2014; Igel et al., 2015; Cho et
al., 2020; Li et al., 2020; Luo et al., 2024).

In light of these differences, comparative forecast experi-
ments are conducted to assess the performance of two rep-
resentative bulk microphysics schemes, namely WSM6 and
NSSL, in simulating tropical cloud systems within the MPAS
framework. Although both schemes predict the same set of
hydrometeor species, their underlying parameterizations dif-
fer substantially (Hong and Lim, 2006; Mansell et al., 2010).
In the NSSL scheme, particle size distributions are formu-
lated using gamma functions of particle diameter or volume,
whereas WSM6 assumes exponential size distributions with
prescribed intercept parameters. Heterogeneous ice nucle-
ation in WSMG6 is parameterized as a temperature-dependent
process, with ice crystal number concentration diagnosed as
a function of the ice mass field (Hong et al., 2004). In con-
trast, the NSSL scheme adopts the parameterizations of Fer-
rier (1994) and Meyers et al. (1992) for the initiation of pris-
tine ice crystals.

The configuration of other physical parameterization
schemes is summarized in Table 1. Cloud fraction is diag-
nosed using the Xu—Randall scheme, in which subgrid-scale
cloudiness is parameterized as a function of grid-mean cloud
water mixing ratio and relative humidity (Xu and Randall,
1996). The model domain, centered over Singapore (1.21° N,
102.0°E), covers a radius of approximately 1120km with
a quasi-uniform horizontal resolution of 3 km, comprising
522172 grid cells (Fig. 1). The vertical grid consists of
65 model levels extending from the surface to 40 km. Twelve
48 h cold-start forecasts, initialized at 00:00 and 12:00 UTC,
are conducted during two convective episodes from 26 to
28 September and from 3 to 5 October 2024 (Chen et al.,
2026). ECMWF HRES analyses and the corresponding fore-
casts are interpolated onto the MPAS mesh to generate the
initial and lateral boundary conditions for each cold-start
forecast.
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Figure 1. The terrain height (units: m) of MPAS simulation domain
over the Maritime Continent, with three transects (S1-S2) used for
subsequent cross-sectional analyses.

Table 1. MPAS physics configuration.

Physics process Configuration
Boundary layer MYNN
Surface layer MYNN
Microphysics WSM6/NSSL
Convection Grell-Freitas
Land surface Noah
Shortwave/longwave radiation ~RRTMG
Cloud fraction for radiation Xu—Randall
Gravity wave drag YSU

2.2 Himawari-9 AHI radiances and retrieval products

The Himawari-9 geostationary meteorological satellite, op-
erated by the Japan Meteorological Agency (JMA), was
launched on 2 November 2016 and became operational on
13 December 2022, when it succeeded Himawari-8. Its on-
board Advanced Himawari Imager (AHI) provides full-disk
observations every 10 min and regional imagery at temporal
resolutions ranging from 2.5 min to 30s, with spatial reso-
lutions of 0.5km in the visible bands and 2 km in the in-
frared bands. These high-frequency, high-resolution observa-
tions enable detailed analyses of cloud evolution and model
performance.

Table 2 summarizes the key characteristics of AHI infrared
channels 7-16, spanning wavelengths from 3.9 to 13.3 um.
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Table 2. Characteristics of Himawari-9 AHI infrared channels.

Channel Central Spatial Physical properties

wavelength  resolution

(um)  (km)

7 3.9 2 Low Cloud, Fog, Forest Fire
8 6.2 2 Mid- and Upper-Level Moisture
9 6.9 2 Mid-Level Moisture
10 7.3 2 Mid- and Lower-Level Moisture
11 8.6 2 Cloud Phase, Volcanic SOy
12 9.6 2 Ozone
13 10.4 2 Clouds, Cloud Top Information
14 11.2 2 Clouds, Sea Surface Temperature
15 12.4 2 Clouds, Sea Surface Temperature
16 133 2 Cloud top height, CO,

AHI channel 7 (3.9 pm), located in the shortwave IR window,
is sensitive to cloud phase and particle size variations and is
widely used for nighttime cloud and fog detection, as well
as low-level cloud identification. The water-vapor absorption
bands (channels 8-10; 6.2, 6.9, and 7.3 um) are primarily
sensitive to mid- to upper-tropospheric humidity and cloud-
top properties under cloudy conditions. The atmospheric-
window bands 13-15 (10.4, 11.2, and 12.4 um) are com-
monly applied in operational analyses for cloud-phase dis-
crimination, low-level moisture monitoring, volcanic ash de-
tection, and sea surface temperature retrieval, thereby sup-
porting real-time NWP applications (Wang et al., 2018). In
addition to channel 11 (8.6 um), which is sensitive to cloud
phase, the brightness temperature difference (BTD) between
8.6 and 11.2 um (channel 14) serves as a key discriminator
for cloud-type classification, with positive values typically
associated with ice clouds and negative values indicating
clear-sky or altocumulus conditions (Nasiri and Kahn, 2008).
Channel 16 (13.3 um), located within the CO, absorption
band, is used to infer cloud-top height and the optical thick-
ness of thin cirrus clouds (Bessho et al., 2016). In this study,
cloud microphysical properties are evaluated through simu-
lations of AHI infrared radiances from channels 7-16, ex-
cluding the ozone-sensitive channel 12 (9.6 um), which lies
beyond the scope of this analysis.

In addition to Level-1 radiance data, fundamental cloud
products from Himawari-9, comprising cloud mask, cloud
type, and cloud-top information, are also used for evalua-
tion at the same high resolution. These products are gen-
erated using retrieval algorithms originally developed un-
der the National Oceanic and Atmospheric Administra-
tion (NOAA)/National Environmental Satellite, Data, and In-
formation Service (NESDIS) Enterprise project for the Geo-
stationary Operational Environmental Satellite—R (GOES—
R) Advanced Baseline Imager (ABI) (Imai and Yoshida,
2016). The binary cloud mask product is derived using the
NOAA/NESDIS Enterprise Cloud Mask (ECM) methodol-
ogy (Heidinger et al., 2018). Cloud-top-height is retrieved
using the 13.3 pm CO; absorption band in combination with
several longwave infrared window channels (10.4, 11.2, and
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12.4um) (Heidinger, 2012; Heidinger and Straka, 2020).
The cloud-type product is derived from four AHI infrared
channels (7.3, 8.6, 11.2, and 12.4 um) and classifies clouds
into nine categories: fog, warm liquid water (WL), super-
cooled liquid water (SLW), mixed phase (MIXED), opaque
ice (ICE), cirrus (semithin ice), overlap (with a semi-
transparent upper layer), overshooting, and uncertain (UN)
(Pavolonis et al., 2010).

2.3 Radiance simulation with MPAS-JEDI and CRTM

This study uses the MPAS-JEDI system to perform all-
sky radiance simulations over the model domain (Fig. 1)
and to compare the simulations with Himawari-9 AHI ra-
diance observations. MPAS-JEDI (Liu et al., 2022; Guer-
rette et al., 2023) is a new-generation data assimilation sys-
tem for MPAS—-A, developed within the Joint Effort for Data
assimilation Integration (JEDI) framework (Trémolet and
Auligné, 2020). While MPAS-JEDI supports the assimilation
of microwave and infrared radiance observations through the
Community Radiative Transfer Model (CRTM) as the radi-
ance observation operator (Liu and Weng, 2006; Chen et al.,
2008; Johnson et al., 2023a), this study applies the so-called
HofX capability to forward-simulate AHI BTs from MPAS
forecast outputs and to directly compare them with observa-
tions. To facilitate model—observation comparisons, hourly
full-disk AHI radiance data and cloud products are remapped
onto the regional MPAS unstructured mesh and converted
into the Interface for Observation Data Access (IODA) for-
mat, which can be directly ingested by the MPAS-JEDI HofX
application. In this study, CRTM version 2.4.1 is employed
to simulate AHI radiances under all-weather conditions us-
ing geophysical inputs from MPAS forecasts, including pro-
files of pressure, temperature, water vapor, and the mixing
ratios and effective radii of five hydrometeor species: cloud
liquid water, cloud ice, rain, snow, and graupel. In the cur-
rent MPAS-JEDI interface, the effective radii of cloud water,
cloud ice, and snow used in CRTM are consistent with those
diagnosed by the WSM6 and NSSL microphysics schemes.
For rain and graupel, the effective radii used in CRTM are di-
agnosed following the particle-size-distribution assumptions
of WSM6, whereas the corresponding NSSL-specific diag-
nostics have not yet been implemented. Specifically, con-
stant effective radii are prescribed for rain and graupel in the
CRTM calculations for the NSSL simulation, rather than val-
ues that vary with the particle size distributions represented
by the NSSL microphysics. Surface emissivity is handled by
the CRTM surface module, which accounts for four major
surface types, including water, land, ice, and snow (Johnson
et al., 2023b).
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3 Evaluation of cloud forecast

Based on AHI radiances and retrieval products, cloud rep-
resentations in the WSM6 and NSSL microphysics schemes
are examined from multiple perspectives, including cloudy-
sky radiance simulations, cloud properties, and their diurnal
evolution. A two-dimensional horizontal comparison is con-
ducted between model-simulated and observed cloud states
for each mesh cell. Model grid cells are classified as cloudy
following the ECMWF diagnostic criterion, whereby the
cloud fraction exceeds 1 % and the total condensate of cloud
liquid and ice is greater than 1 x 1076 kgkg™! (Serra et al.,
2023). The observed cloudiness is determined using the AHI
cloud mask, in which a value of 1 denotes cloudy conditions
and 0 represents clear sky. The comparison results are pre-
sented in the following subsections.

3.1 Cloudy-sky radiance simulation

Figure 2 presents the BT probability distributions of nine
AHI infrared channels for the observations and for sim-
ulations using the two microphysics schemes. The statis-
tics are derived from cloud-matched samples jointly iden-
tified by the observations and each microphysics scheme.
Given the comparable numbers of matched cloudy sam-
ples, with 17 184 742 matched samples for OBS-WSM6 and
17238036 for OBS-NSSL, the observational distributions
show negligible differences between the two matching pro-
cedures, as shown in Fig. 2a and ¢ shown. For brevity, the
observational results presented in the following sections are
shown only for samples matched with the WSM6 simula-
tions.

The observed AHI BTs exhibit pronounced inter-channel
variability (Fig. 2a and c), consistent with their spectral sen-
sitivities summarized in Table 1. The water-vapor bands 8—
10 show relatively narrow BT ranges with broad, high-
frequency peaks between ~ 210-260 K, reflecting the preva-
lence of moisture in the middle to upper troposphere. Be-
sides, the IR window channels 11 and 14-16 display a sub-
stantially broader BT range (~ 210-290 K) with similar fre-
quency structures. The warm-side distribution of channel 13
(10.4 ym), a relatively “cleaner” IR window band, is shifted
toward cooler BTs (~ 220-270K) owing to reduced water-
vapor attenuation and increased sensitivity to high cloud-
top emission (Lindsey et al., 2012). Meanwhile, channel 7
(3.9 um), which is strongly sensitive to low-level clouds and
surface emission, yields the warmest and most right-skewed
BT distribution among the AHI infrared channels.

Relative to the observations, both WSM6 and NSSL sim-
ulations reproduce the overall inter-channel hierarchy, yet
exhibit notable differences in distribution width, frequency
structure, and cold-tail characteristics. Verification against
nighttime channel 7 (3.9 ym) observations shows that NSSL
more closely reproduces the observed cold-end BT distri-
bution below 250K. For the water-vapor channels (8-10),
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WSM6 more closely matches the observed BT distributions,
whereas NSSL exhibits larger departures, characterized by
an expanded distribution toward colder BTs and a weak-
ened warm-side peak. For the window channels (11 and 14—
16), the observed BT range of 210-290K is more realisti-
cally captured by NSSL, although it exhibits an extended
cold tail around 200-210K. This pronounced cold tail in
the NSSL simulations indicates an overabundance of high-
level clouds. Comparatively, WSM6 better reproduces the
overall frequency structure, but its underestimation of cold
BTs suggests insufficient high or optically thick cloud repre-
sentation. Unlike the observed channel-13 BTs, which ex-
hibits a distinctly narrower BT range and higher frequen-
cies between 230 and 250K, both WSM6 and NSSL pro-
duce broader distributions, indicating greater variability in
the simulated cloud-top and upper-level ice-cloud proper-
ties. Moreover, both microphysics schemes exhibit a higher
frequency of warm BTs around 280-295 K than observed.
These warm BTs may be associated with semitransparent
high-level clouds, consistent in some regions with the lower
cloud ice water path (CIWP) and higher outgoing longwave
radiation (OLR) shown in Fig. 3. For such clouds, thermal
emission from warmer underlying cloud layers and/or the
surface can partially transmit through the cloud and con-
tribute to the top-of-atmosphere radiance (Marchand et al.,
2010; Wang et al., 2013). In addition, uncertainties in the
AHI Level-2 cloud detection may also affect the warm-
BT distribution. A similar contrast is evident across several
cloud-sensitive infrared channels, with WSM6 exhibiting a
greater occurrence of relatively warm BTs and NSSL ex-
tending more prominently toward lower BTs. This contrast
suggests that NSSL tends to produce more high-level, cold
clouds, whereas the warmer BT distribution in WSM6 may
reflect a greater contribution from lower, warmer clouds.

To further interpret the AHI-based diagnostics from a
physical-space perspective, Fig. 3 presents the time-averaged
horizontal distributions of forecast-minus-observation (F —
0) BT differences for AHI channel 13, together with OLR
and CIWP simulated by WSM6 and NSSL.

Both simulations exhibit predominantly positive F — O
differences over the equatorial region and near parts of the
domain boundary, consistent with the more frequent occur-
rence of relatively warm channel-13 BTs (> 270K) com-
pared with the observations in Fig. 2. WSM6 shows more
widespread positive F— O departures, which generally coin-
cide with higher OLR and lower CIWP, suggesting a reduced
amount of upper-level ice clouds. In contrast, NSSL exhibits
generally smaller F — O biases, particularly over the 5-10° N
region, although negative departures remain in some areas.
Regions with reduced warm F — O biases in NSSL gener-
ally correspond to lower OLR and substantially larger CIWP.
This spatial relationship is also consistent with the channel-
13 BT frequency distributions in Fig. 2, where NSSL ex-
hibits a greater occurrence of cold BTs below approximately
230K, suggesting a greater occurrence of cold upper-level
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ice clouds. A larger ice water path generally increases cloud
optical thickness, shifting the effective emission level toward
colder upper-cloud layers and thereby resulting in lower in-
frared window-channel brightness temperatures and reduced
OLR (Marquis et al., 2023; Spang et al., 2024). The domain-
averaged vertical hydrometeor profiles in Fig. 8 provide fur-
ther physical support by showing corresponding differences
in upper-level frozen hydrometeor content between the two
schemes.

3.2 Cloud amount, cloud type and cloud-top-height

To evaluate the model performance in representing cloudi-
ness, two metrics are used to quantify cloud-amount forecast
skills: the Critical Success Index (CSI) and Negative Proba-
bility of Detection (PODN), which are formulated as follows
(Grecu and Krajewski, 2000),

Ny
ey

CSl= —FF—,
Ng+ Np+ N,
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N
PODN= -9 )
Np+ Ny

Here, N, denotes the number of grid cells identified as
cloudy by both MODEL and OBS (hits), N, represents the
number of grid cells classified as cloudy by MODEL but
clear by OBS (false alarms), N, refers to the number of grids
identified as clear by MODEL but cloudy by OBS (misses),
and Ny indicates the number of grids recognized as clear by
both OBS and MODEL (correct negatives). These contin-
gency relationships between observed and model cloudiness
states are summarized in Table 3. For each metric, values ap-
proaching 1.0 indicate higher cloud forecast skill and closer
agreement between the model and observations.

Figure 4c¢ and d presents CSI and PODN for the cloudiness
forecast as a function of forecast lead time (Singapore local
time) for WSM6 and NSSL. Besides, Fig. 4a and b presents
the numbers of cloudy and clear-sky pixels identified sepa-
rately by the observations and by the model with each micro-
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Table 3. Contingency table for binary cloud-amount forecast accu-
racy metrics.

Model Cloud (Mcloud)  Model Clear (Mclear)

Obs Cloud (Ocloud)
Obs Clear (Oclear)

N, (Hits)
N, (False Alarms)

N¢ (Misses)
N, (Correct Negatives)

physics scheme. It is noted that both schemes tend to overpre-
dict cloudy pixels and underpredict clear-sky pixels relative
to the observations. This common high cloud-top bias sug-
gests potential deficiencies in the model’s representation of
cloud vertical development. These mismatched samples pri-
marily correspond to “Oclear-Mcloud” situations, indicating
inconsistencies between the model-simulated and observed
cloudiness states.

As shown in Fig. 4a and b, the observations indi-
cate that cloud amount reaches its maxima during fore-
cast hours 9-18 and 33-42 (17:00-02:00 SGT) and de-
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creases to minima during forecast hours 21-27 and 45-
48 (05:00-11:00 SGT). Both WSM6 and NSSL reproduce
the overall temporal evolution, although the model simu-
lated cloud maxima occurs relatively later than observed
when the observed cloud amount peaks around 9 and 33 h
(Fig. 4a). Consistently, the CSI for both schemes increases
markedly during 9-21 and 3045 h (17:00-05:00 SGT), with
pronounced declines around 21-27 and 45-48h (05:00-
11:00 SGT; Fig. 4c). These fluctuations closely coincide with
the diurnal variation in cloudy-pixel counts shown in Fig. 4a.
In other words, cloud representation skill is higher during
periods of cloud development and lower during cloud dissi-
pation. Moreover, during the first 9 h, NSSL produces fewer
cloudy pixels and more clear-sky pixels, in closer agreement
with the observations, suggesting a more realistic spin-up of
initial cloud development (Fig. 4a). In contrast, WSM6 tends
to overpredict cloud occurrence, with a subset of observed
clear-sky pixels being erroneously classified as cloudy. Cor-
respondingly, higher CSI and PODN scores are achieved by

Geosci. Model Deyv., 19, 10625-10650, 2026
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NSSL within the first 9h (Fig. 4c and d). At later forecast
times beyond 24 h, both schemes maintain relatively high
CSI values (> 0.7, Fig. 4c¢), indicating good agreement be-
tween the simulated and observed spatial distributions of
cloudy pixels.

In terms of the PODN metric, both schemes exhibit con-
sistently low values below 0.5 (Fig. 4d), indicating that clear-
sky scenes are frequently misclassified as cloudy. Neverthe-
less, the higher PODN values obtained with NSSL, espe-
cially for the first 24 h, indicate a better representation of
clear-sky scenes compared with WSM6. The gradual de-
crease in PODN after 12h is consistent with the growing
discrepancy between simulated and observed clear-sky sam-
ple counts (Fig. 4b and d). Overall, NSSL demonstrates su-
perior skill in representing cloud occurrence, particularly in
terms of spatial consistency with the observed cloud fields,
whereas the WSM6 shows larger spatial displacement errors
of clouds and reduced skill in discriminating between cloudy
and clear-sky conditions during the spin-up period.

The brightness temperature difference (BTD) of the ~
8.5-8.7 um minus the ~ 11 um window channels can be used
to effectively discriminate liquid and ice clouds because of
differences in their radiative properties (Otkin et al., 2009;
Menzel et al., 2015). Figure 5 illustrates the joint frequency
distributions of the BTD of 8.6-11.2 um (BTDg 6-11.2) versus
the 11.2 um BT in the observations and model simulations for
several distinct liquid- and ice-cloud types. During the study
period, liquid-water clouds identified by AHI retrievals are
relatively rare, accounting for ~ 5 %—6 % of all cloudy sam-
ples, whereas ice clouds dominate, with optically thin and
optically thick ice clouds comprising 45.9 % and 21.2 %, re-
spectively. Supercooled liquid-water and mixed-phase clouds
together account for only ~ 1 %-2 % and are therefore ex-
cluded from the analysis. The scarcity of liquid-phase cloud
samples likely reflects an inherent limitation of passive in-
frared sensors, which are primarily sensitive to the upper-
most cloud layer, such that liquid clouds may be obscured
by overlying ice clouds and are therefore underrepresented
in IR-based cloud-type retrievals (Haynes et al., 2022).

The observed frequency distribution exhibits a high-
frequency core (> 1.0 %) spanning BTs of 200-290K and
BTDg¢6-112 from —4 to 5K (Fig. Sa—c). The positive
BTDg ¢-11.2 value corresponds to ice-phase clouds, resulting
from the reduced emissivity of ice particles at 11.2 um rela-
tive to 8.6 um (Fig. 5b and c). In contrast, liquid water clouds
generally yield BTDg gsexsr——11.2 <0 with 11.2 um BTs in
the range of 240-290 K, reflecting their higher emissivity at
11.2 um compared with 8.6 um (Fig. 5a). Moreover, under
cloudy conditions, lower 11.2 um BTs (< 240 K) indicate op-
tically thicker clouds or higher altitude clouds, often associ-
ated with deep convection, whereas higher BTs (> 260 K)
generally correspond to optically thinner or lower altitude
clouds.

Relative to the observations, the overall BTD-BT pattern
in the low-frequency regime (< 1.0 %) is noticeably broad-
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ened in both schemes (Fig. 5d-i), indicating increased uncer-
tainty in the prediction of low-frequent cloud states. The ex-
tended BTDg ¢_11.2 tails exceeding 15 K in both simulations
are likely associated with the presence of semi-transparent
ice clouds, which amplify extinction differences between
8.6 and 11.2 um (Mayer et al., 2024). Besides, the ice cloud
distribution produced by WSM6 is systematically shifted to-
ward larger positive BTDs when the observed peak occur-
rence falls within ~ 200-260K of 11.2um BTs and —5 to
0K of BTDs (Fig. 5b, c, e and f), suggesting biases in the
simulated optical and microphysical properties of those ice
clouds.

In the high-frequency core (frequency > 1.0%), both
schemes reproduce the observed BTD distribution of liquid-
water clouds reasonably well, although the frequency of
colder liquid-water cases (BT <280K) remains underes-
timated (Fig. 5a, d and g). It is also noted that WSMG6
overpredicts the frequency within the 0-5K BTD range
(Fig. 5d), which may be attributable to misclassification be-
tween liquid- and ice-phase cloud categories. For optically
thin ice clouds, WSM6 more accurately reproduces the ob-
served frequency structure within the BT range of 220-290 K
and BTDs of —2 to 5K (Fig. 5b and e). In contrast, NSSL
overpredicts the occurrence of thin-ice-cloud cases with BTs
below 230 K (Fig. 5b and h). This higher occurrence of high-
level ice-cloud cases is also reflected in the enhanced frozen
hydrometeor content and larger cloud fraction above 200 hPa
in NSSL (Fig. 8). Despite these differences, both schemes
show better performance for optically thin ice clouds than for
the other ice-cloud regimes. Under thick-ice conditions, both
simulations underpredict the observed frequencies (Fig. 5c, f
and 1), with WSM6 showing a larger bias than NSSL within
the 200-220 K BT range. This relatively greater underpre-
diction in WSM6 may be associated with its lower cloud-ice,
snow contents and reduced cloud fraction in the upper tropo-
sphere, despite its higher graupel content in the middle tropo-
sphere (Fig. 8). In this study, “thick” and “thin” ice clouds re-
fer to optically thick and optically thin categories defined by
the AHI L2 cloud-type product based on optical properties,
rather than geometric thickness. The anomalously warm sim-
ulated BTs (> 280 K) under observed thick-ice-cloud condi-
tions in both schemes (Fig. 5f and i) may reflect spatial mis-
matches between observed and simulated cloud structures,
and/or insufficient ice condensate. These deficiencies may
reduce cloud infrared opacity, allowing greater contributions
from warmer lower atmospheric layers and the surface to the
simulated radiances, thereby increasing BTs. Furthermore,
the similar model simulated BT-BTD distributions for opti-
cally thin and thick ice clouds, in contrast to the distinct ob-
served distributions, suggest that both microphysics schemes
may have limitations in reproducing the distinct radiative
characteristics of these two cloud regimes. Uncertainties in
the treatment of ice-cloud scattering in the radiative transfer
calculations may also contribute to these simulation errors
(Okamoto, 2017). Overall, the phase-dependent structure in
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based on 24-48 h forecasts with a 6 h interval.

BTD space is generally in good agreement between the ob-
servations and both schemes, whereas larger discrepancies
are evident along the BT axis, implying greater uncertain-
ties in the prediction of cloud-top characteristics than in the
split-window radiative response.

Figure 6 presents the joint frequency distributions of
cloud-top pressure (CTP) versus the cloud-top sensitive AHI
channel 16 BTs for the observations and for the WSM6 and
NSSL simulations. In the model, cloud top is diagnosed fol-
lowing the methodology of the ECMWF Integrated Fore-
casting System (ECMWF, 2024) and is defined as the up-
permost level of consecutive cloudy layers within each col-
umn. The observed cloud-top height is obtained from the
Himawari-9 AHI Level-2 cloud-height product and repre-
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sents a radiatively retrieved cloud-top height derived from
multispectral infrared observations. As shown in Fig. 6a, the
observed distribution exhibits a clear inverse relationship be-
tween CTP and BT, with higher BTs corresponding to lower
cloud-top pressures. The highest observed CTP frequencies
are concentrated between 150 and 350 hPa for BTs rang-
ing from 200 to 260K, indicative of abundant deep con-
vective anvils. In addition, a weaker but distinct branch ex-
tends downward to layers near 900 hPa with BTs of approx-
imately 260-270 K, representing the presence of lower-level
clouds. Both WSM6 and NSSL reproduce the overall inverse
CTP-BT relationship, yet exhibit systematic biases in high-
cloud representation (Fig. 6b and c). In both schemes, the
simulated CTP frequencies are concentrated primarily be-

Geosci. Model Dev., 19, 10625-10650, 2026
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tween 100 and 200 hPa, with substantially fewer occurrences
at 300—400 hPa than observed, indicating an overall bias to-
ward higher cloud tops. For an infrared window channel, a
higher cloud top generally shifts the effective emission level
to colder atmospheric layers, resulting in a lower BT. The
discrepancy is more pronounced in NSSL, which shows a
higher frequency of cloud tops near 100 hPa and BTs be-
low 220K, consistent with its greater occurrence of thin
ice clouds in the cold-BT regime (BTs < 220 K) relative to
observations (Fig. 5h and i). Meanwhile, the vertical hy-
drometeor distribution in NSSL shows enhanced frozen hy-
drometeor content and larger cloud fractions above 200 hPa
(Fig. 8). Additionally, WSM6 shows more pronounced BT-
space biases for high-level clouds, characterized by an un-
derprediction of colder BTs and an overprediction of warmer
BTs above 200 hPa (Fig. 6b), suggesting a less realistic repre-
sentation of high-cloud optical properties. Furthermore, both
schemes tend to underpredict the frequency of clouds below
approximately 600 hPa at BTs of 260-270 K, which is gen-
erally associated with lower-level warm clouds.

3.3 Diurnal variation of cloud forecast

Figure 7 displays the probability distributions of channel
13 F — O BTs as a function of forecast lead time for the
WSM6 and NSSL schemes under different cloud-type con-
ditions. To minimize the influence of model spin-up on the
quantitative assessment, the first 12 h of each forecast are ex-
cluded from the analysis. The amplitude of the diurnal vari-
ation is quantified using a first-harmonic fit with a 24 h pe-
riod applied to the median F — O evolution over the 12-36h
forecast period. For liquid-water clouds (5 %—6 % of total
cloud samples), both schemes show relatively good consis-
tency between simulated and observed BTs. The correspond-
ing F — O distributions are tightly centered around zero and
exhibit minimal temporal variability (Fig. 7a and b). For op-
tically thin ice clouds, representing about 45 % of the total
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samples, this category is predicted most accurately by both
schemes among all ice-cloud types. This behavior is char-
acterized by smaller F — O biases and lower standard de-
viations (SDs), particularly in WSM6 (Fig. 7c and d). The
better performance of WSMG6 for optically thin ice clouds is
also consistent with Fig. 5, where WSM6 more closely repro-
duces the observed cloud-type frequency than NSSL. Under
optically thick ice cloud conditions (Fig. 7e and f), the con-
trast between the two schemes becomes more pronounced.
NSSL performs substantially better, with a much smaller
mean warm bias of 4.8 K compared with 26.3 K for WSM6.
The larger warm bias in WSM6 (Fig. 7e) is in line with its
underprediction of optically thick ice cloud frequency in the
cold-BT regime (Fig. 5c and f). This behavior is further re-
flected in the vertical hydrometeor distributions in Fig. 8,
which show substantially lower upper-tropospheric cloud-ice
and snow contents in WSM6 than in NSSL. Multilayered
ice clouds are defined here as semitransparent upper-level
ice clouds overlapping a lower opaque cloud layer (Pavolo-
nis and Calvert, 2020). They account for 25.7 % of the to-
tal cloud samples and show the lowest simulation skill in
both schemes, as evidenced by broad probability plumes dis-
placed from OK and the largest SDs among all cloud cate-
gories (Fig. 7g and h).

The pronounced diurnal variations in F — O are evident
under optically thick and multilayered ice-cloud conditions.
For optically thick ice clouds, both schemes exhibit a compa-
rable diurnal evolution, with F — O decreasing from 20:00 to
08:00 SGT and increasing thereafter toward 20:00 SGT; the
corresponding amplitudes are 4.0 K for WSM6 and 2.9 K for
NSSL. In contrast, the two schemes show clearly different di-
urnal behavior for multilayered ice clouds, with amplitudes
of only 0.9 K in WSM6 but 23.5 K in NSSL. In NSSL, F — O
decreases markedly from 02:00 to 14:00 SGT, followed by an
increase toward nighttime. An approximately 6 h phase dif-
ference is evident between the diurnal variations of optically

https://doi.org/10.5194/gmd-19-10625-2026
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level where the relative humidity reaches 100 %.

thick and multilayered ice clouds in NSSL. The physical-
space characteristics associated with these diurnal variations
are further examined in the following sections.

To further elucidate the diurnal mechanisms from a mi-
crophysical perspective, Fig. 8 presents the domain-averaged
cloud fractions and hydrometeor mixing ratios as functions
of forecast lead time and pressure level for the WSM6
and NSSL schemes. Compared with NSSL, WSM6 exhibits
smaller cloud fractions (< 0.4) and thinner anvil layers be-
tween 250 and 100hPa, whereas NSSL produces deeper
anvils with larger cloud fractions (> 0.6) extending from
100 to 350hPa (Fig. 8a). Besides, a large amount of Q.
in WSM6 is concentrated within the mixed-phase layer
near the 273 K isotherm, exhibiting two distinct peaks dur-
ing the nocturnal periods of 15-24 and 39-48h. Subse-
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quently, Q. near 273K appears to be preferentially de-
pleted through riming and accretion processes, whereby su-
percooled Q. is likely collected and frozen by ice par-
ticles to enhance Qg, while Q. is possibly accreted by
raindrops, leading to increased Q. This conversion is ev-
idenced by notable increases in Qg (up to ~ 0.035 gkg™!
between 400 and 600 hPa) and Q; (up to ~ 0.030 gkg~! be-
low 600 hPa). Compared with NSSL, the hydrometeor dis-
tributions in WSM6 suggest more active riming and accre-
tion, which may be partly associated with the saturated en-
vironment (RH = 100 %) surrounding mixed-phase hydrom-
eteors near 400 hPa and the maintenance of supercooled lig-
uid water. This contrast may also reflect a relatively high
default CCN concentration in NSSL for the maritime do-
main, favoring more numerous but smaller cloud droplets
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and suppressing collision-coalescence and the associated
cloud-water autoconversion. A preliminary sensitivity test
was conducted with “config_nssl_cccn” reduced from its de-
fault value of 0.8 x 10° to 0.25 x 10 m~3. The results sug-
gested more efficient warm-rain conversion, as indicated by
decreased Q. and increased Q; and Qg (not shown). More-
over, the higher Q, in WSM6 may be partly attributed to its
use of a shared mass-weighted fall speed for snow and grau-
pel (Dudhia et al., 2008), which may allow graupel to re-
main aloft longer and contribute to the greater graupel mass
loading shown in Fig. 8c. Under these conditions, enhanced
mid-level Q. and Q, near the melting layer (~ 273 K) may
contribute to the reduced F — O biases and smaller SDs for
liquid-water clouds in WSM6 (Figs. 7a and 8a, c). In con-
trast, upper-tropospheric Q; and Qs in WSM6 remain nearly
steady, with Q; ranging from 0.005 to 0.019 gkg™! and
Q; generally below ~ 0.035 gkg™! above 500 hPa (Fig. 8a
and c), values that are clearly lower than those simulated by
NSSL (Fig. 8b and d). The thinner upper-tropospheric ice
layers in WSM6 may be associated with its lower relative hu-
midity and weaker updrafts in the upper troposphere (Figs. 8
and 10-11), which can limit depositional ice growth (Tao et
al., 2022). This pattern is consistent with the reduced F — O
biases under optically thin ice cloud conditions (Fig. 7c), but
also leads to systematic positive F' — O biases for optically
thick and multilayered ice clouds (Fig. 7e and g). Similarly,
Grasso et al. (2014) reported that excessive Qc-to-Q, con-
version reduces the primary source of anvil ice mass. In con-
trast to WSMBO6, the saturation layer in NSSL is positioned at a
higher altitude (~ 250 hPa), accompanied by enhanced con-
centrations of Q; (~ 0.034 gkg™!) and Qs (~0.078 gkg™!)
extending through the 350-150hPa layer (Fig. 8b and d).
This tendency is consistent with previous MPAS- and WRF-
based evaluations showing larger cloud-ice mixing ratios in
NSSL than in WSM6 (Chen et al., 2026; Morrison et al.,
2015). The enhanced ice condensate may partly contribute
to the smaller F — O biases for optically thick ice clouds
in NSSL, whereas a relatively large positive bias persists
for optically thin ice-cloud scenes (Fig. 7d and f). More-
over, the greater abundance of high-level thin ice clouds in
NSSL shown in Fig. 8b is closely associated with substan-
tially higher frequencies of thin-ice scenes at cold BTs below
~ 240K (Fig. 5h) and a higher frequency of cold-cloud tops
near 100 hPa than observed (Fig. 6¢).

The stronger diurnal variability of F — O in NSSL un-
der multilayered ice-cloud conditions (Fig. 7) coincides with
larger diurnal variations in upper-tropospheric ice-phase hy-
drometeors (Q; and Qg) between approximately 300 and
100hPa (Fig. 8b and d). During the daytime convective
period (14:00-17:00 SGT), enhanced upper-level cloudiness
and larger Q; and Qg in NSSL are associated with colder
simulated BTs and more negative F — O values (Fig. 7h).
In contrast, the nighttime reduction in ice-phase hydrome-
teor contents is accompanied by a shift toward more posi-
tive F — O values (Figs. 7h and 8b, d). For optically thick
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ice clouds, however, WSM6 exhibits a relatively large di-
urnal amplitude of F — O than NSSL (Fig. 7e). This vari-
ation appears to be associated with larger diurnal changes
in Q¢ and Q,, with higher hydrometeor contents during
23:00-05:00 SGT corresponding to reduced positive F — O
biases, whereas lower hydrometeor contents during 17:00—
23:00 SGT coincide with increased positive biases (Fig. 8a
and c). Furthermore, the larger variations in F — O bias
with broader, lower-frequency distributions during 11:00-
17:00 SGT appear to be associated with enhanced hydrom-
eteor contents, suggesting more active cloud microphysical
evolution during the daytime. In contrast, the nighttime pe-
riod of 20:00-05:00 SGT is characterized by weaker F — O
variability and more persistent high-frequency distributions,
together with generally reduced hydrometeor contents and
potentially weaker cloud microphysical activity.

To evaluate the spatial characteristic of diurnal variations,
Fig. 9 presents the daytime and nighttime horizontal distribu-
tions of F'— O BTs for AHI channel 13, averaged within 1°x
1° longitude—latitude bins. During the daytime, both schemes
exhibit a distinct land-sea contrast, with predominantly neg-
ative F — O biases over land and positive biases over the
adjacent oceans. Overall, this land-sea contrast is more pro-
nounced in NSSL, reaching approximately 40-50K, with
cold biases of about —30K over land and warm biases of
roughly 15K over nearby oceans (Fig. 9b). In comparison,
WSMB6 produces a weaker contrast of roughly 20-40 K, char-
acterized by smaller cold biases over land but stronger warm
biases over the ocean (Fig. 9a), which are further examined
in Figs. 10a and 11a. As shown in Fig. 9c and d, the negative
daytime F — O biases over land shift markedly toward pos-
itive values (~ 5-20K) at night for both schemes, indicat-
ing weakened convection and reduced cloud amounts after
sunset. In particular, over land, the NSSL scheme exhibits
a larger diurnal range in F — O (~ 15-30K) than WSM6
(~ 10-25K). Over the ocean, both schemes show substan-
tially weaker diurnal variability, with NSSL producing more
negative F' — O biases up to —20 K and WSM6 yielding pre-
dominantly positive biases ranging from 10 to 25 K (Fig. 9¢
and d).

To further examine the influence of topography and atmo-
spheric environments on cloud diurnal evolution, Figs. 10
and 11 present daytime- and nighttime-averaged cross-
sections of simulated cloud fraction, vertical velocity, and
thermodynamic fields along the S1 and S2 transects shown
in Fig. 1. The averages are calculated from forecast sam-
ples within the corresponding daytime (11:00-17:00 SGT)
and nighttime (21:00-03:00 SGT) periods.

Following Yokoi et al. (2017) and Okugawa et al. (2024),
the S1 cross section shown in Fig. 10 spans different terrain
types and is oriented approximately normal to the Suma-
tra mountain range (Barisan Mountains), where the terrain
rises to elevations of approximately 1km. During the day-
time, both schemes exhibit enhanced positive potential tem-
perature anomalies around the elevated terrain, accompanied
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schemes.

by strong vertical motions and extensive cloud coverage be-
tween 400 and 100 hPa (Fig. 10a and b). This pronounced
convective development over the mountainous region is con-
sistent with Okugawa et al. (2024), who suggested that day-
time solar heating, land-sea circulation, and orographic forc-
ing may favor vigorous convection over Sumatra land, partic-
ularly promoting upper-level ice-cloud development. These
daytime characteristics also help explain the larger negative
F — O biases over land (Fig. 9a and b), as enhanced high-
level cloud coverage over the Barisan Range raises the ef-
fective infrared emission level to colder atmospheric layers,
resulting in lower simulated BTs. Compared with WSM6,
NSSL exhibits deeper convective updrafts over the moun-
tain near 100° E, with enhanced vertical motion extending to

Geosci. Model Dev., 19, 10625-10650, 2026

higher levels and accompanied by greater upper-level cloud
fraction (> 0.7 above ~ 300hPa). The greater amount of
high-level clouds over the mountainous terrain are consis-
tent with the larger negative F — O biases in Fig. 9b. In
contrast, over the low-elevation marine regions, negative po-
tential temperature anomalies are accompanied by relatively
weak updrafts and reduced upper-level cloud development
(Fig. 10a and b), consistent with the positive F' — O biases in
both schemes (Fig. 9a and b). The weaker upper-tropospheric
ascent in WSM6 compared with NSSL may be partly related
to its enhanced graupel content shown in Fig. 8, as increased
hydrometeor loading can reduce net buoyancy and thereby
suppress updraft development (Conrick et al., 2018). It is also
noteworthy that NSSL produces greater upper-tropospheric
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NSSL (b, d) experiments.

cloud coverage than WSM6 over both land and ocean, con-
sistent with the larger amounts of high-level ice-phase hy-
drometeors shown in Fig. 8.

After sunset, the thermodynamic and cloud structures over
the adjacent seas show relatively weak diurnal variations,
consistent with the small day-night differences in F — O bi-
ases. Over the mountainous region (~ 100-103° E), however,
the cross-sectional structure exhibits pronounced diurnal dif-
ferences. Specifically, both schemes exhibit larger positive
F — O biases over the mountainous region (Fig. 9c and d),
coinciding with weaker upward motion and reduced upper-
level cloud amount at night (Fig. 10c and d). Notably, the
larger nighttime positive bias in WSM6 is consistent with
the scarcity of cloud cover above 300hPa (Fig. 10c). The
pronounced day—night contrast over the mountainous terrain
may be attributed to the terrain-modulated diurnal cycle of
surface heating and local circulation. During the daytime, en-
hanced solar heating over elevated terrain can strengthen ups-
lope flow and convective instability, thereby promoting cloud
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development (Hartmann et al., 2018; Pepin et al., 2022). At
night, radiative cooling stabilizes the lower atmosphere and
weakens thermally driven upslope circulation, resulting in re-
duced vertical motion and suppressed convective cloud de-
velopment over the mountains (Sokol and Hartmann, 2020).

The S2 transect crosses a region where the two simulations
exhibit distinct differences in the diurnal variation of F — O
and spans the land-sea transition from the eastern Indian
Ocean to western Java. The variations in near-surface tem-
perature (7> ,) and specific humidity (Q2 ) along this tran-
sect further characterize the contrasting thermodynamic con-
ditions (Fig. 11a and b). Over the ocean (~ 99-100°E and
~ 101.8-102.5°E), T>m remains nearly constant at around
301 K, whereas inland temperatures near 100.4 and 101.8°E
increase from nighttime to daytime by approximately 2-8 K
in both schemes (red curves in Fig. 11a and b), reflecting en-
hanced daytime shortwave heating and nighttime longwave
radiative cooling over land. Meanwhile, the daytime-minus-
nighttime difference in Q> shows an increase of about 1-

Geosci. Model Dev., 19, 10625-10650, 2026
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3 gkg~! from the ocean toward inland regions (blue curves in
Fig. 11a and b). This enhanced land—sea thermodynamic gra-
dient appears to strengthen vertical motion along the coastal
interface and promote convective development extending to
above ~ 200 hPa (Fig. 11c—f). In contrast to the pronounced
land-based diurnal variability, the adjacent coastal oceans
maintain relatively stable thermodynamic conditions, pri-
marily due to the greater heat capacity and thermal inertia
of seawater compared with land.

Geosci. Model Dev., 19, 10625-10650, 2026

Therefore, the amplified land—sea thermodynamic contrast
appears to facilitate vigorous cloud evolution over land and
adjacent coastal regions, with cloud fractions frequently ex-
ceeding 0.7 between 100 and 300 hPa during the daytime
(Fig. 11c and d), followed by rapid nocturnal subsidence
and dissipation to below ~ 300 hPa (Fig. 11e and f). Con-
sequently, the deeper and higher clouds developing over
land during the daytime are associated with more negative
F — O biases (Fig. 9a and b), as increased cloud optical
thickness elevates the effective infrared radiating level to
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colder cloud tops, resulting in lower simulated BTs. Like-
wise, rapid cloud dissipation over land at night corresponds
to pronounced positive F — O biases. Over the ocean, the
relatively stable near-surface thermodynamic environment,
together with weaker convective instability, maintains cloud
fractions at more steady levels (~ 0.3-0.6) above ~ 400 hPa
during both daytime and nighttime. This may explain the per-
sistence of some negative F'— O biases over the ocean within
102.0-102.5° E and 6.0-9.0° N throughout the diurnal cycle
(Fig. 9). Furthermore, compared with WSM6, the larger di-
urnal F — O amplitude produced by NSSL over land (Fig. 9b
and d) is likely related to its simulation of stronger upper-
tropospheric vertical motion around 100-300 hPa (Figs. 10
and 11), which may enhance the diurnal evolution of Q; and
Qs in high-level clouds through lofting and sedimentation
processes.

4 Summary

Tropical cloud prediction over the Maritime Continent re-
mains a persistent challenge for numerical weather pre-
diction models, as forecast performance is strongly con-
strained by uncertainties in microphysical parameterizations
under complex terrain and atmospheric conditions. To sup-
port model development for cloud prediction over this region,
Himawari-9 AHI multi-band radiances together with Level-
2 cloud products are jointly used to evaluate the tropical
cloud characteristics simulated by MPAS using the WSM6
and NSSL microphysics schemes. The proposed infrared-
radiance-based framework is further designed to exploit
these high-resolution satellite observations more effectively
for model assessment. The main findings are summarized be-
low.

The evaluation using multi-band AHI radiance data
shows that WSM6 more accurately represents the observed
BT range in the water-vapor bands, whereas NSSL better
represents cold BTs in cloud-sensitive window channels. For
the window channels, the larger positive F' — O departures
in WSM6 generally coincide with higher OLR and lower
CIWP, whereas the smaller positive departures in NSSL are
associated with lower OLR and larger CIWP. These differ-
ences suggest that NSSL tends to produce more extensive
upper-level ice-cloud coverage than WSM6.

The cloud-amount evaluation with AHI cloud mask re-
trievals suggests that NSSL achieves higher skill in repre-
senting overall cloudiness, particularly in the spatial place-
ment of cloudy pixels. However, the WSM6 simulations ex-
hibit larger spatial displacement errors and tend to overes-
timate cloud fraction by misclassifying clear-sky pixels as
cloudy during the model spin-up period. In terms of vertical
cloud structure, both schemes tend to overpredict the cloud-
top heights for high-level clouds while underpredicting the
occurrence of mid- and low-level clouds relative to obser-
vations. Similar biases have been reported in previous WRF
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microphysics evaluations, where cloud-top heights are gen-
erally overestimated, potentially linked to an overabundance
of upper-level cloud ice (Zhu et al., 2023a), whereas mid-
level cloudiness appears to be underestimated (Jankov et al.,
2011). The cloud-top biases may also be partly related to the
3 km grid spacing, as relatively coarse kilometer-scale grids
can produce larger convective cells with reduced entrainment
of midlevel environmental air, thereby favoring higher cloud
tops (Bryan and Morrison, 2012).

The AHI cloud-type diagnostics further indicate that
WSM6 tends to underpredict the frequency of cold ice
clouds, leading to systematic warm biases in F — O. This ten-
dency is consistent with previous findings that suggest an un-
derrepresentation of upper-level ice clouds in WSM6 (Grasso
et al., 2014). The biases are likely associated with limited
development of solid-phase hydrometeors under conditions
of weaker updrafts and lower relative humidity in the up-
per troposphere. In contrast, NSSL produces more abundant
ice and snow hydrometeors above ~ 400 hPa within higher
saturation layers and stronger upper-level ascent, resulting in
smaller ' — O for optically thick ice clouds. However, NSSL
tends to overpredict the frequency of thin-ice clouds in the
upper troposphere. Despite these differences, both schemes
exhibit relatively higher predictive skill for liquid-water and
optically thin ice clouds than for other cloud types. In con-
trast, optically thick ice and multilayer ice clouds are asso-
ciated with the largest forecast errors in WSM6 and NSSL,
respectively, with NSSL showing the largest diurnal ampli-
tude of F — O in multilayer ice cloud conditions.

Moreover, both schemes exhibit pronounced cloud-related
diurnal variations in F — O over land. Negative departures
during the daytime suggest an overestimation of cloud-top
height and/or high-cloud amount. At night, F' — O shifts to
positive values, likely reflecting an underestimation of high-
level or optically thick clouds. This behavior is likely driven
by diurnal heating—cooling asymmetry over complex terrain
associated with surface radiative forcing. The land—sea ther-
modynamic contrast may further enhance cloud development
over land and adjacent coastal regions. Based on Himawari-
8 AHI observations over East Asia and the Tibetan Plateau,
Chen et al. (2018) likewise found that the diurnal amplitude
of cloudiness is larger over land than over ocean and tends
to increase over complex terrain. Compared with WSM6, the
relatively large diurnal F — O amplitude in NSSL is consis-
tent with its more pronounced diurnal variability in upper-
tropospheric ice-phase hydrometeors.

The above findings highlight several directions for fu-
ture development in both model forecasting and all-sky in-
frared radiance assimilation. On the modelling side, improv-
ing the representation of ice-phase hydrometeor partitioning
is essential for better distinguishing among optically thick,
thin, and multilayer ice clouds. The simulated BT differ-
ences between WSM6 and NSSL may reflect not only dif-
ferences in their underlying microphysical formulations but
also the strong sensitivity of cloud microphysical processes
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to parameter settings, particularly those governing upper-
level ice clouds. Future work could additionally incorpo-
rate direct observations of cloud-ice fall speeds and verti-
cal cloud structure from the EarthCARE satellite to provide
more physically based constraints for evaluating and im-
proving cloud microphysics parameterizations (Illingworth
et al., 2015; Wehr et al., 2023). In addition, more accurate
simulation of upper-tropospheric dynamical and thermody-
namic conditions (e.g., upper-level winds, supersaturation,
and vertical transport of condensate) is crucial for reducing
cloud-top height biases. Over the Maritime Continent, im-
proved representations of land-surface meteorological pro-
cesses and terrain effects may further improve the simula-
tion of tropical cloud diurnal evolution. From the data as-
similation perspective, applying cloud-type-dependent bias
correction or quality-control strategies within the all-sky in-
frared assimilation framework may improve performance un-
der specific cloud regimes. Future all-sky assimilation ex-
periments would also benefit from incorporating diurnally
varying hydrometeor background-error structures to better
capture pronounced day—night contrasts. Moreover, targeted
observing-system experiments that select infrared channels
according to cloud-regime sensitivities and microphysics-
scheme-dependent simulation characteristics may help opti-
mize the use of Himawari-9 radiances in tropical cloud as-
similation. Despite the insights gained from the present ex-
periments, several limitations remain. The current results are
based on a limited number of cases and time periods, and
their robustness would benefit from evaluation using longer
time series and a broader range of weather systems. In ad-
dition, future studies could incorporate additional observa-
tional datasets, such as radar and microwave measurements,
to enable a more comprehensive assessment of sub-cloud and
in-cloud microphysical properties.

Code and data availability. The source code of
MPAS-JEDI  version 3.0.3 is archived on Zenodo at
https://doi.org/10.5281/zenodo.19209009 (JCSDA and NCAR,
2025). The modified MPAS—Atmosphere v8.2.2 code used
in this study and CRTM v2.4.1 are available via Zenodo at
https://doi.org/10.5281/zenodo.23487937 (Wang et al.,, 2026)
and https://doi.org/10.5281/zenodo.7823722 (Johnson et al.,
2023c), respectively. All model configuration files, data pro-
cessing codes, and auxiliary scripts required to reproduce
the results of this study are publicly available on Zenodo at
https://doi.org/10.5281/zen0do.19925596 (Zhang et al., 2026a).
The ECMWF HRES data, provided by the Centre for Climate
Research Singapore (CCRS) under the NCAR—CCRS collabora-
tive project, are subject to third-party access and redistribution
restrictions, and access requests should be directed by email
to the corresponding author. The processed Himawari-9 AHI
observation data used in this study have been archived on Zenodo
at https://doi.org/10.5281/zenodo.20312122 (Zhang et al., 2026b).
The model output data are available from the corresponding author
upon request due to their large volume.
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