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Abstract. The Taiwan Global Forecast System (TGFS),
which is a global numerical weather prediction system
equipped with a nested regional domain, has become op-
erational at Taiwan’s Central Weather Administration since
September 2023. To improve summertime precipitation fore-
casts in the 4.8 km-resolution nested simulations of TGFS,
numerous modifications to the Tiedtke cumulus parameteri-
zation are made. First, scale-aware treatments to the convec-
tive mass flux and trigger condition are applied in the Tiedtke
scheme to enhance the role of grid-scale microphysics pro-
cesses, which effectively improves the pattern and location
of afternoon thunderstorm precipitation. Based on the scale-
aware Tiedtke version, further changes are made to reduce
the precipitation biases. Constraints on convective updrafts
are modified to reduce the occurrence and intensity of con-
vection. The definition of convective cloud tops is revised to
reduce their height to a more reasonable level. Additionally,
the convective trigger function, entrainment, and detrainment
rates are assumed to be more sensitive to environmental rel-
ative humidity, resulting in a further reduction in precipi-
tation. The combination of these modifications successfully
improves the precipitation forecast skill for summer rainfall
events.

1 Introduction

During summer, Taiwan frequently experiences heavy rain-
fall from afternoon thunderstorms, southwesterly monsoon
flow, and typhoons, which can lead to severe flash flood-
ing, landslides, and significant economic losses. Improving

the forecasts of convection initiation, evolution, and associ-
ated rainfall is essential for the numerical weather prediction
(NWP) development in this area. Several studies have carried
out substantial work on observational and numerical research
related to heavy rainfall events in Taiwan (Lin et al., 2011;
Xu et al., 2012; Chang et al., 2014; Tu et al., 2014; Chien
and Chiu, 2023; Wang et al., 2005). The complex interac-
tions between various scales of weather systems, along with
the complex topography of Taiwan that influences the envi-
ronmental flow, present significant challenges for the NWP.

At Taiwan’s Central Weather Administration (CWA), the
Taiwan Global Forecast System (TGFS; Lien et al., 2023;
Chen et al., 2024) was recently developed based on the
version 15 of the National Centers for Environmental Pre-
diction (NCEP) Global Forecast System (GFS), which is
part of the Unified Forecast System (UFS) Weather Model
(https://github.com/ufs-community/ufs- weather-model, last
access: 29 October 2025). The TGFS became operational
in September 2023, replacing CWA’s previous operational
global model (Liou et al., 1997; Liu et al., 2018). Considering
that higher resolution models, which better represent convec-
tive processes, are essential for capturing the complex nature
of atmospheric circulations (e.g., Wagner et al., 2018; Weber
et al., 2020), a 4.8 km-resolution nested-grid domain (Har-
ris and Lin, 2013) covering the region surrounding Taiwan
is embedded in the first version of TGFS. The TGFS nested
domain aims to provide finer details on location, structure,
and evaluation of weather systems, offering a better repre-
sentation of the convective-scale phenomena than the TGFS
global domain.

The use and improvement of convective parameterization
schemes can be a critical issue in improving the performance
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of the TGFS nested domain. Conventionally, numerical mod-
els with horizontal grid spacings greater than 10 km activate
convective parameterization to account for unresolved con-
vective transport and cloud processes, enabling the models
to reproduce accurate atmospheric conditions (Wang, 2022).
For models with a grid size smaller than 10 km but greater
than approximately 2 to 4 km, they are typically considered
to lie within the “gray zone”, where the model’s grid size ap-
proaches the convective scale and can partially resolve con-
vective processes but the subgrid-scale convective effects re-
main considerable (Hong and Dudhia, 2012; Tomassini et al.,
2023). In recent studies, modifications to convection schemes
by adopting various scale-aware parameterizations have been
demonstrated to successfully improve precipitation forecasts
in models at this resolution range. Zheng et al. (2016) in-
troduced scale-aware parameterization into the Kain-Fritsch
convection scheme (Kain, 2004) in the Weather Research and
Forecasting (WRF) model, resulting in better location and
intensity of precipitation simulations with 9 and 3 km grid
sizes. Kwon and Hong (2017) designed scale-aware parame-
ters based on the ratio of grid-scale to the subgrid-scale ver-
tical velocity and the model grid size. They applied these pa-
rameters to the Simplified Arakawa-Schubert scheme (Lim
et al., 2014) at the 3km grid size in WRF, making the re-
vised convection scheme produce more accurate results for
summer monsoon precipitation over the Korean Peninsula.
Wang (2022) developed a scale-aware parameterization for
the Tiedtke scheme (Zhang and Wang, 2017) in the WRF
model and the Model for Prediction Across Scales (MPAS),
demonstrating that simulations at 1.5—4.5 km grid sizes with
the modified Tiedtke scheme improved precipitation fore-
casts.

The 4.8km grid spacing of the TGFS nested domain
makes it right within the gray-zone range. With some ini-
tial evaluation at the early stage of the TGFS development,
the Tiedtke cumulus convective parameterization (Bechtold
et al., 2014; hereafter TDK) was chosen to be used in the
TGFS nested domain, instead of the scale-aware Simplified
Arakawa-Schubert convection scheme (hereafter sa-SAS)
used in the TGFS global domain. This choice was made be-
cause the nested simulations with the sa-SAS scheme tended
to underpredict the strength of convective updrafts associated
with southwesterly monsoon flow and struggled to capture
the characteristics of convective cells in afternoon thunder-
storms. The implementation of the TDK scheme in the TGFS
model (Lin and Hsiao, 2024; Chen et al., 2024) was adapted
from that in a version of the MPAS model in 2016. Based on
the original implementation, the TDK scheme in the TGFS
nested domain underwent a series of developments, aimed
at improving the precipitation forecast in Taiwan. First, fol-
lowing the experience of improving the sa-SAS in the global
domain of the TGFS (Lin et al., 2022), similar modifications
of the scale-aware treatment were also applied to the TDK
scheme used in the nested domain. This scale-awareness-
enabled TDK version was used in the nested domain in the
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Figure 1. Bias scores of 12 h accumulated precipitation during 108—
120 h forecasts from TGFS v1.0 nested domain, verified over Tai-
wan’s land area as a function of different thresholds and against
Quantitative Precipitation Estimation and Segregation Using Multi-
ple Sensors (QPESUMS; described later in Sect. 4) data. The fore-
cast sample includes forecasts initialized at 00:00 and 12:00 UTC
daily from 1 July to 30 August 2023.

first operational version of TGFS (TGFS v1.0), which began
operations in September 2023. However, although this mod-
ified TDK scheme in TGFS v1.0 was already able to per-
form reasonably well for the precipitation forecast, it tended
to produce overactive convective updrafts and unrealistic ex-
treme rainfall amounts, particularly during periods of strong
atmospheric instability in summer, resulting in significant
heavy rainfall bias (Fig. 1) in the 4.8 km nested grid. To ad-
dress these deficiencies, numerous modifications were fur-
ther made to reduce the rainfall bias and improve overall
precipitation forecasts. Eventually, an improved version has
been used in the TGFS operational version 1.1 (v1.1) since
May 2024.

This study encompasses descriptions and evaluations of
the series of modifications to the TDK scheme in TGFES, from
its initial adoption to the recent versions. The TGFS model
configurations are presented in Sect. 2. Section 3 provides
a detailed description of the various modifications made to
the TDK scheme. Section 4 provides the experimental de-
sign. The evaluation results for an afternoon thunderstorm
case and a southwesterly monsoon flow event are discussed
in Sect. 5. Summary and conclusions are given in Sect. 6.

2 TGFS model configuration

Developed based on the NCEP GFS model, the TGFS em-
ploys the National Oceanic and Atmospheric Administration
(NOAA)/Geophysical Fluid Dynamics Laboratory (GFDL)
Finite-Volume Cubed-Sphere dynamical core (FV3; Lin and
Rood, 1997; Lin, 2004). Figure 2 illustrates the arrangement
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of tiles in the TGFS. The six cubed-sphere tiles for global
simulation are configured with a C384 grid, equivalent to ap-
proximately 25 km horizontal resolution, and they are placed
to position Taiwan at the center of one of the tiles. Addi-
tionally, a one-way nested-grid tile (Harris and Lin, 2013) is
designed to encompass a small area in the vicinity of Tai-
wan, which runs at a 4.8 km resolution with 216 x 240 grid
points. Both the global and nested tiles have 64 vertical semi-
Lagrangian layers extending to 0.2 hPa.

The physics suite for the global domain is mainly based on
NCEP GFS version 15, including planetary boundary layer
vertical diffusion scheme (Han et al., 2016), sa-SAS shal-
low and deep convection schemes (Grell, 1993; Arakawa and
Schubert, 1974; Han and Pan, 2011; Han et al., 2017), oro-
graphic and convective gravity wave drag schemes (Chun
and Baik, 1994; Kim and Arakawa, 1995; Kim and Doyle,
2005), GFDL microphysics scheme (Chen and Lin, 2011;
Chen and Lin, 2013), and the rapid radiative transfer model
for general circulation models (RRTMG) shortwave and
longwave radiation schemes (Clough et al., 2005). One ex-
ception is that the sa-SAS convection schemes in GFS ver-
sion 15 have been modified for their scale-aware treatments,
based on Kwon and Hong (2017), to reduce the system-
atic temperature warm bias over tropical regions (Lin et al.,
2022). The nested domain uses similar physics configura-
tions to those in the global domain to implement medium-
range forecasts, except that the sa-SAS deep convection
scheme has been replaced by the TDK scheme to achieve
better overall precipitation performance. The details of the
TDK scheme used in the nested domain, which is the main
focus of this study, are presented in the next section.

3 Modifications in Tiedtke parameterization

The TDK scheme uses a bulk mass flux approach to simulate
subgrid-scale convective processes and considers three con-
vective cloud types, including deep, shallow, and mid-level
convection. Only one cloud type is considered at a grid point.
A new convective available potential energy (CAPE) closure,
proposed by Bechtold et al. (2014), is employed to determine
the convective mass flux. This closure considers the bound-
ary layer forcing, which improves coupling between free at-
mosphere and the boundary layer, contributing to a better
representation of the diurnal cycle.

This study examines the impacts of a series of modifica-
tions to the TDK scheme implemented in the TGFS nested
domain. First, the scale-aware parameters are introduced into
the TDK scheme to improve accuracy in reproducing the de-
tailed features of afternoon thunderstorms. Subsequent mod-
ifications to the convective processes in the TDK cumulus
scheme are then made to alleviate the issues of overestimated
convective updrafts and the widespread occurrence of unre-
alistic heavy rainfall during summer, resulting in a disorga-
nized rainfall pattern and a positive precipitation bias (Fig.

https://doi.org/10.5194/gmd-19-5207-2026

1). Table 1 summarizes the differences between the original
Tiedtke scheme (based on a version of MPAS in 2016) and
the modified version described in this study for the TGFS
nested domain. These modifications can be categorized into
four components: (1) applying scale-aware parameters to the
convective mass flux based on Kwon and Hong (2017) and
Lin et al. (2022); (2) updating the criteria for constraints on
convective updrafts based on the settings in WRF version 4.5
(v4.5) and those described in Wang (2022); (3) decreasing
the convective cloud top height; and (4) enhancing the de-
pendency on the environmental relative humidity (RH) for
the convective trigger condition (Han et al., 2020), entrain-
ment (Bechtold et al., 2008; Han and Pan, 2011), and detrain-
ment rates. The details of each modification in the convection
scheme are described in the following subsections.

3.1 Scale-aware parameterization

In the TGFS nested domain, with the horizontal grid size
of approximately 4.8 km, convective updrafts are not suffi-
ciently resolved by grid-scale processes at this model reso-
lution. Therefore, the nested simulations without convection
schemes can lead to less organized convective structures and
excessive extreme rainfall due to excessive environmental in-
stability. On the other hand, when convective parameteriza-
tion is implemented at this resolution, the fractional areas of
convective updrafts in a grid box are not negligibly small, in-
validating the assumption of traditional convection schemes.
As a result, the TGFS nested simulations with the convec-
tion schemes are unable to accurately represent the features
of the rainfall events, especially for afternoon thunderstorms,
leading to greater precipitation errors. The above difficulties
make this range of model resolutions known as a gray zone.
To mitigate the gray zone issue, several scale-aware param-
eterizations for convection schemes, e.g., Arakawa and Wu
(2013), Kwon and Hong (2017), Wang (2022), have been de-
veloped, which reduce the convective mass flux depending
on the model resolution to allow the convection schemes to
be suitably used in the gray-zone resolutions.

This study follows the methodology based on Kwon and
Hong (2017) to introduce the scale-awareness into the TDK
scheme in the TGFS nested domain. Their approach adds
scale-aware parameters into the cloud-base mass flux, the
convective trigger function, and convective cloud water de-
trainment. However, we apply the scale-aware parameters
only to the mass flux and the trigger function following our
previous work (the “EXPM” experiment in Lin et al., 2022)
that implemented the above scale-aware capabilities within
the sa-SAS scheme used in the global domain of TGFS.
Specifically, the scale-aware formulations for the cloud-base
mass flux, M,,, and the trigger function, TRG, are defined as
follows:

M, =(1—o01)(1—02) M, (1)
TRG = (1 — 01) TRG®'® ()
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Figure 2. Illustration of TGFS tiles for global (left) and nested (right) domains. Thick black lines in the global domain indicate the boundaries
of cubed-sphere tiles. The nested-grid tile, located at the center of one of the six tiles, covers the vicinity of Taiwan. The horizontal grid sizes

in global and nested tiles are approximately 25 and 4.8 km, respectively.

Table 1. Summary of the differences between the original Tiedtke scheme (based on a version of MPAS in 2016) and the modified version

in this study for the TGFS nested domain.

Original version

Modified version

Source/Reference

Scale-aware parameterization

Scale-aware parameters are applied to deep
convective mass flux, implemented before

Kwon and Hong
(2017); Lin et al.

executing the CFL condition check for the (2022)
cloud-base mass flux.
Starting level influenced by the ~ buoyancy > 0 (m s72) buoyancy > —0.2 (m s72) WREF v4.5
updraft entrainment effect
Trigger condition for mid-level Mid-level clouds are not formed while the Wang (2022)
cloud environment is saturated.
Adjustment time scale () 720 < 1. < 10800 (s) 360 < e <43200 (s) Wang (2022)
Deep convection parcel starting The depth from the first model level to the WREF v4.5

level

parcel starting level must be lower than
350 hPa.

Definition of convective cloud
top height

cloud droplet mixing
ratio < 0 (kg kg_l)

cloud droplet mixing ratio < 1.0 x 1078
(kgkg™h)

Triggering of deep convection

depending on the averaged environmental
RH from the convection parcel starting
level to the cloud base.

Han et al. (2020)

Entrainment rate

in relation to
environmental RH
(Bechtold et al., 2014)

The dependency of environmental RH is
increased, and the entrainment rate is
generally decreased.

Bechtold et al. (2008);
Han and Pan (2011)

Detrainment rate

in relation to
environmental RH
(Bechtold et al., 2014)

assuming to be exponentially decayed with
increasing environmental RH

where the superscript “org” represents their original values
before applying the scale-aware treatments. The first scale-
aware parameter o is defined as:

1 T
o1 =1 —|tan™ [oeon (Ax = ADI+ 7} 3)
T 2
tan (0.47)
= 4
Ocon Al— A2 4)

Geosci. Model Dev., 19, 5207-5224, 2026

where Ax is the horizontal grid size in meters, and Al and
A2 are constants whose values are set to 5000 m (4000 m
in one sensitivity experiment) and 1000 m, respectively. It is
noted that Eq. (2) in Kwon and Hong (2017), as well as Eq.
(4) in Lin et al. (2022), appear to contain a typo, and the
correct formulation is given in Eq. (3) here. The other scale-
aware parameter oy is defined as the ratio of the grid scale
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vertical velocity, w, to the subgrid-scale vertical velocity, w¢:

&)

o) =

SIE]

where the overbar denotes the mean value over the layer be-
tween the cloud base and the cloud top.

However, it is important to note that in the TDK scheme, a
conditional statement is executed when the cloud-base mass
flux (M) exceeds the maximum value (Mp,.x) defined by
the Courant-Friedrichs-Lewy (CFL) condition (Jakob and
Siebesma, 2003). When this condition is met, the M is re-
duced to Mp,x to prevent model instability. Under a strongly
unstable environment, if the scale-aware parameters are ap-
plied after executing the conditional statement, M may first
be reduced to M,y and then further reduced by the scale-
aware parameters; conversely, if the scale-aware parameters
are implemented before executing the conditional statement,
M is likely only reduced by the scale-aware parameters and
may satisfy the CFL condition, resulting in a larger M value
with the scale-aware adjustment. The latter approach is used
in this study because it enhances the contribution of the con-
vection scheme and improves the accuracy of precipitation
forecasts, as later shown in Sect. 5.2.

3.2 Constraints on convective updrafts

The modifications related to the constraints on convective
updrafts follow the TDK scheme in WRF v4.5 (also imple-
mented in MPAS version 8.0) and Wang (2022). These in-
clude the changes to the determination of the starting level
influenced by the updraft entrainment effect, the trigger con-
dition for mid-level clouds, the adjustment time scale, and the
restriction on the updraft parcel’s starting level. The criterion
for determining the level at which the rising parcel begins to
be affected by organized entrainment is adjusted from buoy-
ancy > 0ms~2 to buoyancy > —0.2ms~? (negative values
indicate that the air parcel is forced downward). Addition-
ally, based on the description in Wang (2022), the formation
of mid-level clouds is prohibited when the environment is
saturated, and the lower and upper bounds of the convective
adjustment time scale are extended from 720 and 10800s
to 360 and 43200 s, respectively. The extension of the ad-
justment time scale allows the parameterization to consume
environmental instability more slowly, resulting in weaker
convective updrafts. Furthermore, a restriction is added to
ensure that the depth between the first model level and the
level where updrafts originate is less than 350 hPa. This is
intended to prevent the convection from being lifted at ex-
cessive altitude.

3.3 Definition of convective cloud top

Convective cloud tops are determined by finding the level
where both the kinetic energy and the cloud droplet mix-
ing ratio decrease to exactly zero. However, based on some
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experimental evidence (described in Sect. 5.2), this cloud
droplet mixing ratio criterion is considered to be too stringent
for the TGFS nested model, presumably due to the coarser
vertical resolution at higher levels and also the numerical er-
rors, leading to overestimated cloud top heights. In the TDK
scheme, the cloud-base mass flux is determined by the re-
quired consumption of CAPE within a given adjustment time
scale (Bechtold et al., 2014). Therefore, a higher cloud top
level can lead to a greater vertical integration depth for buoy-
ancy. Consequently, the updraft mass flux computed under
this convective cloud top threshold can potentially become
too intense, leading to overestimated condensation rates and
precipitation. Therefore, the threshold of cloud droplet mix-
ing ratio is adjusted to a very small value of 1 x 10~ 8 kgkg~!.
This modification significantly reduces the convective cloud
top height to a more reasonable level, weakens the intensity
of updrafts, and thereby leads to a decline in the rain rate.

3.4 Dependency on environmental relative humidity
for convection triggering, entrainment, and
detrainment

To further eliminate some excessive heavy rainfall in the
TGFS nested simulations, the convective trigger condition,
entrainment, and detrainment rates are modified by enhanc-
ing their dependencies on environmental RH. First, following
the modifications described in Kwon and Hong (2017) and
Han et al. (2020), a restriction is imposed on the convection
triggering in the TDK scheme when the pressure difference
(A P) between the convection-starting level (CSL) and the
level of free convection (LFC) is less than a threshold value
determined by the average RH between CSL and LFC (RH)
and a parameter §:

AP = Pcs, — Prc < B-RH, (6)
where
B = Pumin +0.5(Pmax — Pmin)(1 —01), @)

Phin and Ppax are set to 120 and 240 hPa, respectively (Lim
et al., 2014), and o7 is a scale-aware parameter previously
defined in Egs. (3) and (4). This added trigger condition in-
hibits convection in dry environments below the sub-cloud
layer.

Regarding the updraft entrainment and detrainment rates
for deep convection (Eggep and D;gep, respectively), they are
originally assumed to be in relation to environmental RH by
Bechtold et al. (2014):

—\3
Ep =¢P(3-RH)fi, fi= (%) (8)
D;;gep = 8" (1.6 — RH) 9)

where " and 8" are constant values of 1.75 x 103 m™~!

and 0.75 x 10~*m™~!, respectively. f; is a vertical scaling
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function that strongly decreases with height. g5 and gy, are
the saturation specific humidity at the pressure level and the
cloud base, respectively, where the overbar denotes the envi-
ronmental or grid mean value. The dependency on RH for en-
trainment and detrainment rates indicates that drier environ-
ments lead to higher entrainment and detrainment rates and
thus suppression of convection. In order to suppress unre-
alistic grid-scale heavy rainfall in TGFS nested simulations,
both the entrainment and detrainment rates are modified to be
more sensitive to environmental RH, resulting in more sig-
nificant suppression of extreme rainfall. The revised entrain-
ment rate is parameterized based on Bechtold et al. (2008):

E;‘gep = EoFy+d; (1 —RH) Fj, (10)
where
Eg=ce/H, for Hypse < H < Hiop and (11

%\ %\
Fy= (:s) = (:s) ) (12)
gsb qsb

Ey is the entrainment mixing that is inversely proportional
to the height H (m) within cloud levels; c. is an empirical
coefficient set to 0.1 in this study; d; is a parameter with a
value of 10~ m~!. The vertical scaling functions Fy and Fj
are defined similarly to f in Eq. (8). On the other hand, the
detrainment rate is revised to exponentially decrease with the
cube of environmental RH:

D

1P =8 (1.6 — RH) - e RH’ (13)

The revised formulations generally decrease the entrainment
and detrainment rates, leading to a more active convection
scheme and allowing the convection to consume more mois-
ture and environmental instability. Consequently, the envi-
ronment is more stabilized to prevent overestimated precipi-
tation.

4 Experimental design

As mentioned earlier, this study aims to improve the pre-
cipitation forecasts during summer in TGFS nested simu-
lations. Two heavy rainfall cases in August 2023 are se-
lected to investigate the impacts of convection parameteriza-
tion schemes following a series of modifications described in
the previous sections. First, an afternoon thunderstorm event
on 26 August 2023 is selected to evaluate the impact of scale-
aware implementations in the TDK scheme (Sect. 3.1). An
afternoon thunderstorm case is suitable for this purpose be-
cause it presents challenges for numerical models with con-
vection parameterization in simulating the spatial and tem-
poral distributions of precipitation. Second, a southwesterly
flow event that produced intense rainfall over southwestern
Taiwan on 10 August 2023 is selected to evaluate the impacts
of the other modifications in the scale-aware TDK scheme

Geosci. Model Dev., 19, 5207-5224, 2026
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(Sect. 3.1: changing the order of applying the scale-aware
parameters; Sect. 3.2, 3.3, 3.4), focusing on their effects on
mitigating the heavy rainfall bias at medium-range (48—60 h)
forecast lead times.

Table 2 summarizes the experiments. The ORI experiment
uses the original TDK scheme (Table 1) in the nested domain.
Then, the series of modifications described in Sect. 3 are or-
ganized into five experiments: The experiment with the scale-
aware parameterization in the TDK scheme is referred to as
SCA, which implements the scale-aware parameters after the
CFL condition check for the cloud-base mass flux. This ex-
periment is identical to the first operational version (v1.0) of
the TGFS. By adjusting the order of applying the scale-aware
parameters so they are before the CFL condition check, the
experiment is referred to as adj-SCA. Based on this version,
all modifications related to the constraints on convective up-
drafts following Wang (2022) and WRF v4.5 (Sect. 3.2) are
applied in the CUP experiment. Additionally, based on CUP,
the experiment adjusting the criterion for convective cloud
tops (Sect. 3.3) is referred to as TOP. Then, further modifi-
cations to deep convection triggering, entrainment, and de-
trainment rates (Sect. 3.4) are tested with the CRH experi-
ment. It is noted that the TOP configuration has been used
in the TGFS v1.1 operation, updated in May 2024, based on
the evaluation at the time. Lastly, based on adj-SCA, a sensi-
tivity experiment, RSP, is conducted with a smaller value of
the scale-aware parameter o in Eqs. (3) and (4). The value
of A1 is changed from 5000 to 4000 m, which effectively re-
duces o1 from 0.55 to 0.28 at the grid size in the TGFS nested
domain, 4.8 km.

The ORI and SCA experiments are studied with the after-
noon thunderstorm case, and the SCA, adj-SCA, CUP, TOP,
CRH, and RSP experiments are analyzed with the southwest-
erly flow case. In addition to the above case studies, to ob-
jectively evaluate the precipitation forecast skill over a long
period during summer, 120 h forecasts are conducted twice a
day during the two-month period from 1 July to 30 August
2023 for the SCA and CRH experiments. All forecasts are
initialized from the TGFS analysis data at the resolution of
its global grids (i.e., 25 km).

The gauge-corrected radar rainfall estimate data from the
Quantitative Precipitation Estimation and Segregation Using
Multiple Sensors (QPESUMS) system (Chang et al., 2021)
are used to verify precipitation forecasts in the TGFS nested
domain. The spatial and temporal resolutions of the QPE-
SUMS data are 1km and 10min, respectively. The wind
forecast results are validated against the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecasting System (IFS) analysis data, which have a spa-
tial resolution of 0.1°. The cloud top height data, retrieved
at CWA from Himawari-9 satellite observation using the
Clouds from AVHRR Extended (CLAVR-x) processing sys-
tem (Thomas et al., 2004), are also used to evaluate the nested
simulations. The horizontal resolution of these data is 0.04°.
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Table 2. List of experiments.

5213

ORI SCA (TGFSv1.0) adj-SCA CUP TOP (TGFS vl.1) CRH RSP
Application of \Y% v v v v V reduced
scale-aware parameters o1
Applying the scale-aware v A% A% A% \Y
parameters before the CFL
condition check for the
cloud-base mass flux
Updates related to constraints v v A%
on convective updrafts
Cloud droplet mixing ratio <0 <0 <0 <0 <1.0x1078 <1.0x 1078 <0
(kg kgfl) criterion for defining
cloud tops
Modifications to convection A%

triggering, entrainment, and
detrainment rates to enhance
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5 Results
5.1 Afternoon thunderstorm case

Figure 3 shows the 0—12h accumulated precipitation fore-
casts initialized at 00:00 UTC on 26 August 2023 from the
ORI (Fig. 3b) and SCA (Fig. 3c) experiments. Compared
to QPESUMS observations (Fig. 3a), ORI without scale-
aware parameterization exhibits spurious widespread light
rain and underestimates heavy rainfall intensity. The QPE-
SUMS observations show a maximum accumulated pre-
cipitation amount of 160 mm, whereas ORI only reaches
101 mm, with the maximum rainfall incorrectly distributed
along the ridge of the Central Mountain Range (CMR) rather
than on its western slope as observed (the terrain height of
Taiwan is indicated in Fig. 3d). Meanwhile, the character-
istics of rainfall distribution with many individual convec-
tive cells are not reproduced by ORI. This issue could be
attributed to the overactive convection scheme, which sup-
presses realistic convection events due to the invalid assump-
tion that the convective updrafts occupy a negligible portion
of the grid area. After introducing the scale-aware parameters
to the TDK scheme, SCA successfully captures the precipi-
tation distribution for the afternoon thunderstorms despite a
structure that remains too coarse owing to the moderate reso-
lution of 4.8 km, revealing the model’s ability to partially re-
solve the convective processes. However, although the rain-
fall distribution in SCA is better than ORI, its rainfall in-
tensity is overestimated, exhibiting a maximum of 176 mm
within 12 h.

Figure 4 shows the evolution of hourly precipitation rates
for subgrid-scale and grid-scale precipitation as well as to-
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tal precipitation (sum of the former two), averaged over Tai-
wan’s land area from the ORI and SCA experiments. It is ev-
ident that rainfall in ORI initiates too early and its peak value
is underestimated compared to the QPESUMS observations.
The precipitation incorrectly starts at 09:00 local time in the
morning, primarily driven by subgrid-scale processes (con-
vection scheme), and it exhibits an abrupt enhancement at
14:00 local time and reaches its maximum around 16:00 local
time as the grid-scale processes (microphysics scheme) begin
to contribute. During the period from 15:00 to 21:00 local
time, the grid-scale and subgrid-scale precipitation each con-
tribute about 50 % of the total precipitation. In contrast, the
contribution from subgrid-scale precipitation is substantially
reduced in SCA, making grid-scale precipitation the domi-
nant component in the precipitation forecast. The initiation
of the precipitation is delayed until 14:00 local time, closer
to the observed time. However, the total rainfall intensity is
significantly greater than the observation. The same evalua-
tion is further performed with other 18 selected days in July
2023 characterized by afternoon thunderstorm-type weather
(figure not shown). The mean diurnal evolution of precipita-
tion reveals that the peak time of precipitation, on average,
is consistent with the observation (unlike this specific case),
but the early initiation issue remains clear in ORI, with a time
lead of about 2 to 3 h, and the issue is largely solved in SCA.
At the same time, the significant overestimation of the max-
imum rainfall in SCA is also evident in the 18-case average
result.

The 925hPa wind fields and horizontal divergence in
ORI and SCA are shown in Fig. 5, in comparison with the
ECMWEF IFS analysis data. The IFS analysis (Fig. 5a) re-
veals that Taiwan is under an easterly environment, and two

Geosci. Model Dev., 19, 5207-5224, 2026
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Figure 4. Evolution of hourly precipitation rates (mm h=1) of to-
tal (red), subgrid-scale (blue) and grid-scale (green) precipitation
averaged over Taiwan’s land area during the 24 h period starting
from 00:00 UTC (08:00 local time) on 26 August 2023 from the
ORI (solid line) and SCA (dashed line) experiments. The black line
shows the observed precipitation rate from QPESUMS.

lee-side vortices form over the northwestern and southwest-
ern offshore regions. Low-level convergence is observed not
only along the ridge but also on the western slope of CMR,
corresponding to the rainfall areas (Fig. 3a). ORI fails to sim-
ulate the low-level convergence over the southwestern slope
of CMR (Fig. 5b), causing weaker updrafts and an underes-
timated precipitation amount. After applying the scale-aware
parameters to the updraft mass flux and trigger condition, the
spatial distribution of convergence is better captured in SCA
(Fig. 5¢), indicating that the scale-aware implementation can
also improve the dynamical fields in this afternoon thunder-
storm case.

Geosci. Model Dev., 19, 5207-5224, 2026

5.2 Southwesterly flow case

As shown in the previous subsection, the SCA experiment
successfully represents key characteristics of the afternoon
thunderstorm event, including its high intensity, localized
rainfall, and temporal evolution. However, it significantly
overpredicts the maximum rainfall. This overprediction of
rainfall is recurrently found during the summer. As the SCA
configuration was used in the TGFS v1.0 operation, this
emerged as the top issue in feedback from the forecasters
at CWA. Therefore, a series of modifications to the TDK
scheme are made to limit convection activity, intending to
reduce the heavy rainfall biases. Here, a southwesterly flow
heavy rainfall event is selected to demonstrate the impacts
of these modifications, as it represents a typical case of the
rainfall overprediction issue.

Figure 6a shows the 12 h accumulated rainfall during the
period from 00:00 to 12:00 UTC on 10 August 2023 from
QPESUMS observations, and Fig. 6b—g show the corre-
sponding precipitation forecasts in the TGFS nested domain
from the 48—60 h forecasts initialized at 00:00 UTC on 8 Au-
gust 2023 in the SCA, adj-SCA, CUP, TOP, CRH, and RSP
experiments, respectively. The observation shows two main
precipitation areas during this 12h period: one is located
along the southwestern coast of Taiwan, and another is lo-
cated over northern Taiwan. These two rainfall sections were
caused by different mechanisms, with the rain primarily oc-
curring at slightly different times: The former was associ-
ated with a convective line developed along the southwestern
coast of Taiwan within a prevailing southwesterly flow envi-
ronment, with maximum 12 h accumulated rainfall reaching
around 200 mm, peaking in the morning; The latter was pri-
marily caused by afternoon thunderstorms (occurred in the
afternoon).

In the SCA experiment (TGFS v1.0; Fig. 6b), although its
48-60h accumulated precipitation forecast reasonably cap-
tures the characteristics of rainfall patterns influenced by the
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C.-H. Lin et al.: Modifications to Tiedtke cuamulus parameterization in TGFS 5215

(2) ECMWFIFS (b) or1

(c) sca

T e s e NN N N

25N
24N 24N
23N{

23N

22N1 . 222N1 . . ..

- /4
MR P P
e

26N r/v NN NN 26N v/// NN N N
///_\’\‘:\\\
I AR

LS S NP W
S ph . = . . e

-i////////
MR G G

NI 7P

24N+

% =~

23N+

S, 2N
Vgt
D
t
t
'
t
|
o
©
925-hPa horizontal divergence (10 1)

Y X0 L) g P
22N 1 . y
ARG A e
AR R A

PP IV,

T T 21N T
121E 122  123E 119E  120E
10

21N T
119E  120E

T T 21N T T T
121E  122E  123E 119E  120E 121E 122E  123E

10

Figure 5. 925 hPa wind vectors (m s_l) and 925 hPa horizontal divergence (shading; 10=5 s_l) at 06:00 UTC 26 August 2023 from (a)
ECMWEF IFS analysis data and 6 h forecasts from the (b) ORI and (¢) SCA experiments.

(a) QPESI;IJMS (b) SCA

(c) adj-SCA
9 Gy

12-h accumulated precipitation (mm)

N
1176 118E 119 120E 121E 122E 123E 124E 125E

N
17E 118E 119E 120E 121E 122E 123E 124E 125E

- - = position for the vertical cross-sectional analyses (A-A”)

oN-
1176 1B 119E 120E 121E 122 123E 124 125E

N
117E 118 119E 120E 1Z1E 122E 123 124E 125E

Figure 6. (a) 12h accumulated precipitation (mm) from 00:00 to 12:00 UTC on 10 August 2023 based on QPESUMS observation. The
48-60h accumulated precipitation forecasts valid at the same period from the (b) SCA, (c¢) adj-SCA, (d) CUP, (e) TOP, (f) CRH, and (g)
RSP experiments. The solid line (A-A’) in (d) and (e) denotes the position for the vertical cross-sectional analyses, while the dashed box

indicates the average range.

southwesterly flow and afternoon thunderstorms, the precip-
itation amount is noticeably overpredicted across the entire
nested domain. Additionally, the rain band produced by the
southwesterly flow is located further inland and distributed
more widely compared to the observation.

After adjusting the order of operations for the scale-aware
parameters (i.e., applying them before the CFL condition
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check for the cloud-base mass flux), the adj-SCA experiment
(Fig. 6¢) presents a significant reduction in the occurrence
of heavy rainfall. By analyzing the contribution of subgrid-
scale precipitation (Fig. 7), the results show that the ratio
of subgrid-scale precipitation in SCA (Fig. 7f) is less than
10% in the heavy rainfall region (12h accumulated rain-
fall > 70 mm), indicating that the heavy rainfall primarily

Geosci. Model Dev., 19, 5207-5224, 2026
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stems from the microphysics scheme. The contribution from
the convection scheme is small due to the implementation of
scale-aware parameterization. In adj-SCA (Fig. 7b), the pre-
cipitation from the convection scheme is significantly higher
than in SCA, especially for the heavy rainfall over south-
western Taiwan, where the ratio of subgrid-scale precipita-
tion substantially increases to around 40 % (Fig. 7g). The en-
hanced contribution from the convection scheme consumes
more environmental instability by subgrid-scale processes,
resulting in the suppression of convective updrafts.

By adjusting several constraints on convective updrafts,
the CUP experiment (Fig. 6d) shows a more accurate pre-
cipitation forecast than adj-SCA, with the convective system
correctly aligning along the southwestern coastline of Tai-
wan and a general reduction in the amount of precipitation. It
is verified that each individual modification involved in CUP
(Sect. 3.2), based on WRF v4.5 and Wang (2022), contributes
to a slight inhibition of unrealistic convection and a reduction
in the strength of convective updrafts (not shown). Conse-
quently, the combined modifications in CUP provide a better
match with the observations. In contrast to adj-SCA, the con-
tribution of subgrid-scale precipitation in CUP (Fig. 7c, h) is
slightly reduced. However, this suppression of subgrid-scale
convection does not lead to an increase in total precipitation,
likely due to the complex interaction between the convection
and microphysics schemes. Although the subgrid-scale con-
vection is relatively suppressed, the overall environmental in-
stability may not be sufficiently favorable or efficient for the
microphysics scheme to create grid-scale rainfall. The results
suggest that the instability retained by the weakened subgrid-
scale processes might be converted into cloud water or light
stratiform rain rather than heavy precipitation.

Based on CUP, by modifying the definition of convective
cloud top (Sect. 3.3) in the TOP experiment, a similar effect
as that achieved in CUP is further created, which reduces
the subgird-scale precipitation (Fig. 7d) as well as the peak
intensity of total precipitation (Fig. 6e) produced. Addition-
ally, TOP shows a notable improvement in precipitation loca-
tion, as the rain band over southwestern Taiwan shifts slightly
offshore, aligning more closely with the observed rain band
(Fig. 6a, e).

To understand the mechanisms behind the offshore shift of
the rain band, vertical cross-sectional analyses are performed
along the A—A’ line shown in Fig. 6d, e, which is chosen to
be perpendicular to the coastline. Figure 8 shows averaged
(along the width of the dashed box) vertical cross-sections of
hydrometeor mixing ratios at forecast times ranging from 46
to 52 h. Overall, they indicate that the development of con-
vective systems in CUP and TOP presents a similar evolu-
tionary trend. In the 46 h forecast (Fig. 8a, e), the convective
cells develop near the coastline because of horizontal con-
vergence at low levels, induced by the onshore winds slow-
ing down due to surface friction. The cloud water is created
at the leading edge of the deep convective systems (around
the 160 km mark) and is advected upward by the convective
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updraft. The lighter particles of ice and snow are distributed
at higher levels, while the distribution of snow extends over
a wider range due to the convective outflow at upper levels.
The graupel is concentrated above the melting level and be-
low the heights where ice and snow particles present their
maxima, due to its heavier mass. Two hours later (Fig. 8b,
f), new convective cells are generated in the upstream re-
gion (around the 80 to 100 km marks) and propagate north-
eastward. Meanwhile, the inland convection begins to prop-
agate southwestward, presumably influenced by the downs-
lope movement of the cold pool over the land area. Subse-
quently, in the 50h forecast (Fig. 8c, g), these two convec-
tive cells merge around the 120 km mark, evolving into inten-
sive convection. The hydrometeor concentration in the deep
convection significantly increases, producing heavy rainfall.
After reaching its mature stage, the intensity of convective
updrafts and the concentration of cloud droplets gradually
subside (Fig. 8d, h).

Although the overall evolution of the convective systems is
similar in CUP and TOP, there are some differences that are
associated with the subtle shift of the rain band offshore in
TOP. As shown in Fig. 8b and c, when the convective system
reaches its mature stage, the vertical extent of cloud droplets
in CUP with concentrations greater than 0.1 gkg~! extends
up to 19 km height. However, the satellite observations (Fig.
9) show that the maximum cloud top height for the convec-
tive system over the ocean southwest of Taiwan is only ap-
proximately 15km, indicating that CUP substantially over-
estimates the cloud top height. With the modification in the
definition of convective cloud top in the TOP experiment,
the vertical extent of cloud droplets is successfully lowered
to approximately 17 km, aligning better with observations.
Moreover, during the mature stage, the altitude of the maxi-
mum graupel concentration decreases from 13 km in CUP to
9 km in TOP (Fig. 8c, g; at the 120 km mark). This reduction
is related to a more moderate convective updraft, resulting
in a less intense rainfall rate, decreasing from a maximum of
around 35 to 27 mmh~!. On the other hand, the newly gener-
ated convective cell in the 48 h forecast is located around the
80 km mark in TOP, in contrast to the 100 km mark in CUP
(Fig. 8b, f). This new convection in TOP is both farther from
the coastline and more intensified than that in CUP. In all,
with a reduced cloud top height in TOP, the intense precipi-
tation is predominantly produced over the ocean rather than
near the coast.

The perturbation fields are analyzed to identify the differ-
ences between CUP and TOP in the evolution of the new
convection generated in the upstream environment (Fig. 10).
Following the method described in the Appendix of Miao
and Yang (2020) for calculating perturbation fields, the basic
state is defined as the horizontal mean of the ambient en-
vironment where the convective systems are embedded. In
this study, the horizontal mean is computed over the region
within 20-24° N and 117-122°E. In the 46 h forecast, both
CUP and TOP show that the deep convection, with intense
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experiments.

vertical velocity located near the coast (at the 180 km mark),
induces compensating subsidence on both sides. The down-
draft produced by the storms spreads out at lower levels and
encounters the onshore winds in the southwesterly environ-
ment, forcing the air to lift and creating new updrafts in the
upstream region. However, in CUP, the deep convection near
the 180 km mark, peaking at around 11 km height, is more
intense and covers a broader area than that in TOP. As a re-
sult, the stronger downdraft (—1.6 to —3.6ms™!) near the
150 km mark suppresses new convection and weakens up-
drafts in the southwesterly flow. In contrast, TOP produces
less suppression, creating a more favorable environment for
new updrafts to generate in the upstream region, making the
new convection form farther from the coast and develop more
rapidly than in CUP. Consequently, as shown in Fig. 8, the
location where the convective systems merge through the
eastward propagation of newly generated convection and the
westward propagation of inland convection is farther from
the coast in TOP, leading to heavy rainfall in the offshore re-
gion. We note that although the cold pool dynamics can also
influence air parcel lifting and propagation of deep convec-
tion, results from both simulations show that the cold pool
(where 8, < —1K; red dashed lines in Fig. 10) is similarly
confined to the nearshore coast; therefore, it contributes no
new convection in the upstream region.

In addition to TOP, with further modifications to the con-
vective trigger function, entrainment, and detrainment rates
by increasing their dependencies on environmental RH (Sect.
3.4), the CRH experiment (Fig. 6f) shows an even greater
reduction in heavy rainfall and more accurate initiation of
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convection. The significant reduction in heavy rainfall is
achieved primarily by the decreasing entrainment and de-
trainment rates, allowing more active convection to consume
more environmental instability by the subgrid-scale pro-
cesses. Therefore, while this more active convection scheme
produces more widespread light precipitation, mainly con-
tributed by the subgrid-scale process (Fig. 7e, j), the unre-
alistic extreme rainfall is significantly suppressed compared
to the other experiments. This effect appears to outweigh the
modification to the convective trigger, which was intended
to suppress the convection in lower-RH environments and
thereby hopefully reduce the production of light rain.

Although the series of modifications beyond SCA (i.e.,
adj-SCA, CUP, TOP, CRH) were primarily developed for the
southwesterly flow case, which represents a typical case of
the summertime rainfall overprediction issue, experiments
applying these modifications to the afternoon thunderstorm
case discussed in Sect. 5.1 were also conducted. The results
suggest that their impacts on afternoon thunderstorm fore-
casts are relatively smaller, with no consistent improvement
or degradation in the overall rainfall intensity and distribu-
tion (figure not shown).

Furthermore, it is essential to question whether the domi-
nant precipitation forecast issues with the convection scheme
can be alleviated solely by optimizing the scale-aware treat-
ment in the SCA or adj-SCA experiment without the modifi-
cations beyond. Therefore, a sensitivity experiment, RSP, is
conducted based on adj-SCA but with a reduced scale-aware
parameter o1 (Table 2), attempting to address the primary
goal of reducing the overestimates of precipitation. By re-

Geosci. Model Dev., 19, 5207-5224, 2026
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Figure 9. Cloud top height (km) derived from Himawari-9 satellite
data at 23:00 UTC on 9 August 2023, corresponding to the time
when the observed cloud top height reached its maximum.

ducing the value of o7 by almost half at a 4.8 km grid size,
RSP exhibits changes in rainfall forecasts compare to adj-
SCA (Fig. 6g). However, the overestimates of heavy precip-
itation (> 200 mm/12 h) are not much mitigated, and the lo-
cation of the rain band along the southwestern coastal area
is not changed and thus the onshore bias of the rain band
is not corrected. This result supports that the various mod-
ifications in this study, including the constraints on convec-
tion, the revised cloud top criterion, and the increased depen-
dency on RH, are necessary, as they not only reduce over-
estimated precipitation but also inhibit unrealistic convective
initiation, improve spatial distribution, and achieve a more
reasonable convective structure. Merely lowering the scale-
aware parameter is insufficient to address all the issues.

With all the modifications combined, the improvement in
CRH compared to SCA (TGFS v1.0) is substantial (Fig. 6b,
f), and the improvement is consistently observed in several
other cases during the two-month summer period in 2023. As
another example, for the event on 17 August 2023 (Fig. 11),
the 96108 h accumulated precipitation forecast from CRH
(Fig. 11c) also demonstrates a substantial decrease in rain-
fall and improved accuracy in rainfall prediction compared
to SCA (Fig. 11b). While, for this event, the forecast with
96-108 h lead time can best demonstrate the improvements
in CRH over SCA, consistent improvements are observed
across a range of forecast lead times from 24 to 108 h (fig-
ure not shown).
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5.3 Two-month evaluation of precipitation forecast skill

The precipitation forecast skills are objectively evaluated
over a 2-month summer period for the SCA and CRH ex-
periments. Five-day forecasts are initialized at 00:00 and
12:00 UTC daily from 1 July to 30 August 2023 (122 cases
in total). During this period, aside from the southwesterly
flow events studied previously, other major weather systems
affecting Taiwan include typhoons and frequent afternoon
thunderstorms. SCA is chosen as a baseline experiment be-
cause, unlike ORI, it has already demonstrated the ability
to reasonably simulate convective systems such as afternoon
thunderstorms, making any improvement over it more mean-
ingful. In addition, SCA also represents a previous opera-
tional version of the TGFS (v1.0). On the other hand, CRH
represents a combination of numerous modifications made to
the TDK scheme in this study.

Figure 12 shows fractions skill scores (FSS; Roberts and
Lean, 2008) and bias scores for 12h accumulated precipi-
tation at different forecast lead times, calculated over Tai-
wan’s land area using an aggregate method (Mittermaier,
2021) over the 122 forecasts. These long-term results of FSS
and bias scores are generally consistent with the case study
results in Figs. 6 and 11, showing that moderate-to-heavy
precipitation forecasts (at 10 and 40 mm/12 h thresholds) in
CRH are more accurate (Fig. 12b, c¢) and less positively bi-
ased (Fig. 12e, f) than those in SCA. In particular, for heavy
rainfall with a 40 mm/12h threshold, the reduction in over-
prediction biases in CRH compared to SCA is statistically
significant at a 95 % confidence level throughout the 120 h
forecast (Fig. 12f), and its improvement in FSS is also sta-
tistically significant at most forecast times (before 48 h and
after 72 h; Fig. 12¢). For moderate rainfall (at a 10 mm/12h
threshold), the FSS in CRH is slightly improved but with
limited statistical significance (Fig. 12b), and the bias scores
are improved at later forecast times but degraded in the first
24 h forecast (Fig. 12e). However, for light precipitation fore-
casts (at a 1 mm/12 h threshold), the CRH is not better than
SCA, showing greater overprediction biases for light precipi-
tation (Fig. 12d). Overall, the two-month quantitative precip-
itation forecast verification clearly demonstrate that the goal
of correcting the summertime heavy rainfall bias in the TGFS
nested domain is successfully achieved in CRH, despite the
fact that it tends to produce more widespread light rain.

6 Summary and conclusions

This study aims to suppress overactive convective updrafts
and excessive heavy rainfall in the 4.8 km TGFS nested sim-
ulations to improve summer rainfall forecasts. Numerous
modifications are made to the original implementation of the
TDK convection scheme, which was adapted from a 2016
version of MPAS, to address the above issues. Evaluation
of the modifications to the TDK scheme, based on two case
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Figure 10. Same as Fig. 8, but for the averaged perturbation fields of along-section circulations (streamlines), vertical velocity (shaded;
107'ms!;a positive value indicates updraft) at 22:00 UTC on 9 August 2023 (46 h forecast) in (a) CUP and (b) TOP. Red dashed lines
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Figure 11. (a) 12h accumulated precipitation (mm) from 00:00 to 12:00 UTC on 17 August 2023 based on QPESUMS observation. The
96-108 h accumulated precipitation forecasts valid at the same period from the (b) SCA and (¢) CRH experiments.

studies and forecast skill assessments over a two-month pe-
riod, demonstrates that they effectively reduce overpredicted
rainfall and improve precipitation patterns, thereby enhanc-
ing the overall forecast skill for summertime rainfall.

The modifications to the TDK scheme are grouped into
four categories, with their effects summarized below: (1) Ap-
plying scale-aware parameters to the convective mass flux
(Kwon and Hong, 2017; Lin et al., 2022) to enhance the
contribution of grid-scale precipitation. The scale-aware pa-
rameters are implemented before checking the CFL condi-
tion to prevent successive reductions of the convective mass
flux by both the scale-aware parameters and the CFL con-
dition. (2) Updating the constraints on convective updrafts
based on WRF v4.5 and Wang (2022), including adjustments
to the starting level influenced by updraft entrainment, inhi-

Geosci. Model Dev., 19, 5207-5224, 2026

bition for mid-level clouds, extension of the convective ad-
justment time scale, and a restriction on the starting level of
the updraft parcel. These changes aim to reduce convection
frequency and intensity. (3) Adjusting the cloud droplet mix-
ing ratio criterion to lower the convective cloud top height to
a more reasonable level. (4) Enhancing the sensitivities of the
convective trigger condition (Han et al., 2020), entrainment
(Bechtold et al., 2008; Han and Pan, 2011), and detrainment
rates to the environmental RH, which generally decreases the
entrainment rate, to alleviate overestimated rainfall.

The series of modifications are sequentially evaluated
through case studies of an afternoon thunderstorm on 26
August 2023 and a southwesterly flow event on 10 August
2023. The experiment implementing the scale-aware param-
eters (SCA) better captures the key characteristics of individ-
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amount within the 120 h forecasts at thresholds of (a, d) 1.0, (b, e) 10.0, and (c, f) 40.0 mm/12 h, respectively. Verifications are based on
simulations initialized at 00:00 and 12:00 UTC daily from 1 July to 30 August 2023 (122 cases in total), compared against QPESUMS
observations. Filled circles indicate that the differences between SCA and CRH are statistically significant at a 95 % confidence level,

determined by a bootstrap test using 1000 resamples.

ual convective cells in afternoon thunderstorms, compared to
the experiment using the original TDK scheme (ORI), which
shows widespread light rain. Eventually, after incorporating
all the modifications, the experiment (CRH) further improves
precipitation forecasts compared to SCA for the southwest-
erly flow case by addressing excessive heavy rainfall and in-
accurate precipitation patterns. An objective evaluation of
the precipitation forecast skill for SCA and CRH is con-
ducted over a two-month summer period (1 July to 30 August
2023), during which major weather systems affecting Taiwan
included afternoon thunderstorms, southwesterly flows, and
typhoons. The long-term FSS and bias scores clearly show
that CRH significantly reduces the positive rainfall bias and
improves the spatial accuracy of moderate-to-heavy precip-
itation forecasts. For heavy rainfall (> 40 mm/12h), the re-
duction in overprediction bias is statistically significant at

https://doi.org/10.5194/gmd-19-5207-2026

the 95 % confidence level throughout the entire 120 h fore-
cast period. However, CRH tends to overpredict light pre-
cipitation (> 1 mm/12h). In addition, a sensitivity experi-
ment attempting to address the precipitation forecast issues
solely through the SCA approach, by lowering the scale-
aware parameter o to further reduce the convective mass
flux, demonstrates that this method alone is insufficient to
address all the issues, thereby highlighting the importance of
the additional modifications beyond SCA.

This study successfully improves summertime rainfall
forecasts in the TGFS nested domain. The modified TDK
scheme has been implemented in the TGFS v1.1 operation,
although due to the operational implementation timeline, the
TOP configuration was adopted instead of CRH. Neverthe-
less, issues with rainfall forecasts in other seasons in the
TGFS nested domain have also been noticed. For example,

Geosci. Model Dev., 19, 5207-5224, 2026
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the model is prone to producing unrealistic heavy rainfall
along Taiwan’s east coastline under certain weather condi-
tions in the winter. These issues remain unresolved and re-
quire further investigation in future studies.

Code availability. The source code of the TGFS model is available
on GitHub (https:/github.com/CWA-NWP/ufs-weather-model,
last access: 29 October 2025). The TGFS vl.1 and the
CRH version used in this study are archived on Zenodo at
https://doi.org/10.5281/zenodo.17452036 (The Unified Forecast
System, 2025a) and https://doi.org/10.5281/zenodo.17452254 (The
Unified Forecast System, 2025b), respectively.
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