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Abstract
In this study, the skill of 24—h quantitative precipitation forecasts (QPFs) for nine verification periods in three Mei-
yu events during dry-runs by the cloud-resolving multi-model ensemble (with grid sizes of roughly 1 − 3 km) in the 
Taiwan Area Heavy-rainfall Prediction Experiment (TAHPEX) is evaluated. Categorical statics of threat score (TS) and 
bias score (BS) at thresholds of 50 − 350 mm (per 24 h) are employed, for QPFs out to five days at most. Overall, 
the members show improvements in QPF skills compared to previous forecast verification studies, with TS reaching 
at least 0.22 at 0 − 24 h, 0.19 at 24 − 48 h, and 0.15 at 48 − 96 h at thresholds of 130 mm and below. The TSs are 
only slightly lower at 200 mm, but in general ≤ 0.1 at 350 mm. The lead time with some skill is also extended to 
beyond three days. Most members, however, under-predict heavy rainfall with BS < 1, more serious toward higher 
thresholds, at ranges close to 48 − 72 h and beyond, and over the plain areas (≤ 300 m in elevation) compared 
to the mountains (> 300 m). A key result of the present work is that the skill of QPFs and thus the predictability 
is significantly higher over the mountains in Taiwan than the plains, as a large component of mountain rainfall is 
phase-locked and stationary. Thus, the mountain regions consistently exhibit higher TSs, BSs closer to 1 (with less 
under-prediction), and higher probabilities of heavy rainfall derived from the ensemble runs across all members, 
lead times, and thresholds examined. Among the ensemble products, the exceedance probability from the most-
rainy member often has higher TSs than all other products, including probability matching, because it has the 
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​1  Introduction
Situated at the center of the East Asian monsoon sys-
tem and the periphery of western North Pacific (e.g., 
Wang 2006; Zhou et al. 2011), Taiwan is prone to heavy 
rainfall due to its high and steep mesoscale topography 
(Fig. 1a) and often abundant moisture supply (e.g., Chien 
and Kuo 2011; Wang et al. 2013, 2021a, 2022a), brought 
by tropical cyclones (July–October, e.g., Wu and Kuo 
1999; Chien et al. 2008; Su et al. 2012; Chang et al. 2013) 
or Mei-yu fronts and southwesterly flow in early summer 
(May–June, Kuo and Chen 1990; Jou et al. 2011). These 
events cause flash floods and landslides in the mountain 
region and inundation in populous cities over coastal 
plains (e.g., Hsu et al. 2010; Wang et al. 2013; Wang AH 
et al. 2021). Therefore, accurate heavy-rainfall quantita-
tive precipitation forecasts (QPFs) by numerical models 
are in great demand in Taiwan (and other regions under 
similar conditions), and yet their improvement is a chal-
lenging task (e.g., Mullen and Buizza 2001; Fritsch and 
Carbone 2004; Clark et al. 2009; Cuo et al. 2011).

During the past decade or so, it has been demonstrated 
that heavy-rainfall QPFs in Taiwan can be improved con-
siderably by using cloud-resolving models (e.g., Wang 
2015; Wang et al. 2021b) at high resolution with at least 
a convective-permitting capability (e.g., Liu et al. 1999; 
Braun 2002; Done et al. 2004; Clark et al. 2009). This also 
includes the Mei-yu season. For example, Wang et al. 
(2022b) showed that the Cloud Resolving Storm Simu-
lator (CReSS, Tsuboki and Sakakibara 2002, 2007), with 
a grid size (Δx) of 2.5  km, achieved threat scores (TSs, 
see details in Sect. 2.3) of 0.23, 0.16, and 0.15 at rainfall 
thresholds of 100, 200, and 350 mm on day 1 (0 − 24 h), 
0.19, 0.16, and 0.07 on day 2 (24 − 48 h), and 0.15, 0.06, 
and 0.03 on day 3 (48 − 72  h), respectively, for roughly 
the largest 20% of Mei-yu events during 2012 − 2014. 
Named group A, these events were those with ≥ 10% of 
rain gauges reaching 50 mm (per 24 h) and thus excluded 
smaller events. Although lower than those for typhoons 
(e.g., Wang et al. 2021b, 2023a, 2025a), such skills for 
Mei-yu QPFs are no doubt higher than those obtained by 
5—km models in operation at the time (also Wang et al. 
2025b). Thus, increasing model resolution is very helpful 
for heavy-rainfall QPFs in Taiwan.

Since the atmosphere is a nonlinear system and all 
forecasts contain errors to limit the predictability (e.g., 
Lorenz 1963; Epstein 1969; Hohenegger and Schär 2007; 
Shen et al. 2021), the multi-member ensemble approach 
is often adopted at operational centers to assess forecast 
uncertainty and better cover all possible scenarios (e.g., 

Toth and Kalnay 1993; Eckel and Mass 2005), includ-
ing the Central Weather Administration (CWA) of Tai-
wan using the Weather Research and Forecasting (WRF) 
model (Skamarock et al. 2005; Hsiao et al. 2013; Hong 
et al. 2015; Powers et al. 2017). While desired, such an 
approach obviously requires much larger computational 
resources than a single model would, particularly when 
cloud-resolving capability is not to be sacrificed. Besides 
the CWA, such an effort was put forward before by the 
Taiwan Typhoon and Flood Research Institute (TTFRI) 
during 2011 − 2018, but their ensemble members, includ-
ing WRF and also Mesoscale Model version 5 (MM5, 
Grell et al. 1994; Dudhia 2005), were again all at 5—km 
grid size, except the sole member of the 2.5—km CReSS 
(Wang 2015; Wang et al. 2021b, 2022b).

Since 2019, in collaboration with the Taiwan Area 
Heavy rain Observation and Prediction Experiment 
(TAHOPE, Yang et al. 2026), the integrated project of 
Taiwan Area Heavy-rainfall Prediction EXperiment 
(TAHPEX) is setup in Taiwan to support each other. On 
one hand, the TAHOPE conducted the field campaign 
and modeling studies related to data assimilation (DA). 
On the other hand, while TAHPEX has its own model-
ing component in science (excluding DA), it also has an 
application component to build a cloud-resolving, multi-
model ensemble system and provide real-time predic-
tions for the field operation of TAHOPE. The overall goal 
of TAHPEX is to improve the understanding of physi-
cal processes and predictability of Mei-yu and typhoon, 
and the QPF skills for extreme/heavy rainfall in Taiwan. 
Due to the outbreak of the global pandemic in early 
2020, the TAHOPE field campaign was delayed for two 
years and eventually successfully conducted from 25 
May to 10 August in 2022 (Yang et al. 2026). From 2019 
to 2021, dry runs during the Mei-yu season were carried 
out, when TAHPEX also provided real-time forecasts. 
The TAHPEX project combines the resources of public, 
academic, and research sectors, and the cloud-resolving 
multi-model ensemble at Δx of around 3 km (and up to 
1 km for some members) is a logical next step to improve 
heavy-rainfall QPFs in line with the past efforts up to 
around 2020 as reviewed above (e.g., Wang et al. 2022b). 
In this study, the QPF results for three dry-run heavy-
rainfall events are reported.

Given the above background of TAHPEX, the main 
goals of the present study are threefold and listed below:

1.	 To assess the QPF capability by cloud-resolving 
members in TAHPEX for Mei-yu heavy rainfall and 

least under-forecast and can over-forecast. It is more useful over the mountains. Finally, the finer 1—km members, 
executed only once per day, show good potential for further improvement to QPFs in heavy-rainfall scenarios.

Keywords  Quantitative precipitation forecast, Heavy rainfall, Mei-yu, TAHPEX project, Categorical statistics, Taiwan
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evaluate whether progresses are made compared to 
earlier modeling/QPF efforts

2.	 To explore how different ensemble products can be 
beneficial for Mei-yu QPFs

3.	 To demonstrate the different predictability of rainfall 
over mountains compared to that over the plains in 
Taiwan

From long-term experience and many case studies in the 
past, heavy rainfall in the mountain regions of Taiwan 
(under southwesterly flow) is known to be more frequent, 
and more importantly, phase-locked to the topography 
(e.g., Fang and Kuo 2011; Jou et al. 2011; Yu and Cheng 
2013; Wang et al. 2022a, 2025b), whereas the rainfall 
over the low-lying plains near the coast is produced by 
transient systems under the influence of the front and/
or local circulation (e.g., Davis and Lee 2012; Wang et al. 
2021a, 2023b). Thus, the predictability of rainfall in Tai-
wan should be significantly higher with better skill over 
the mountains than the plains, but we believe that this 
difference has not been properly demonstrated in the lit-
erature. Therefore, this aspect is chosen as our third goal.

For the remaining part of this paper, Sect. 2 describes 
the TAHPEX experiment during dry-run periods, the 
data, and methodology for QPF verification. For each 
of the three selected heavy-rainfall events, an overview 
and verification results are presented and discussed in 
Sects. 3, 4, and 5, respectively. In Sect. 6, further discus-
sion linked to our first goal is offered. Finally, a summary 
and the conclusions are given in Sect. 7.

2  Data and methodology
2.1  The TAHPEX project and dry-run Mei-yu events
During 2019 − 2021, TAHOPE and TAHPEX carried out 
dry-run trial experiments in the first half of June, which 
is the most-rainy period of the season in Mei-yu clima-
tology (e.g., Chi 2006; Yeh and Chen 1998; Wang et al. 
2017; Wang AH et al. 2021). In addition, the extreme 
event in early June 2017 (e.g., Wang et al. 2021a, 2023b; 
Tu et al. 2022) was included in the project as a special 
case. Eventually, nine target periods (i.e., forecast verifi-
cation periods) from three events that met the 200 mm 
(per 24  h) heavy-rainfall criterion of the CWA were 
chosen for study, as the statistics of the season at heavy-
rainfall thresholds would be more or less dominated by 
these major events, as shown in Wang et al. (2022b). 
These events are 1 − 4 June 2017 (event 1), 10 − 14 June 
2019 (event 2), and 29 May − 1 June 2021 (event 3), 
respectively.

The major specifications of TAHPEX members that 
provided data in this study is given in Table 1. Members 
M01-M05 have a Δx of 2.5 or 3 km, close to the suggested 
grid size by Gentry and Lackmann (2010) and similar 
to the recommendation of a small-size, high-resolution 
(4 km) ensemble by Fang and Kuo (2013). From a nested 
domain of a global model, the grid size of M10 is around 
4.8  km and slightly coarser (Chen et al. 2024; Lin et al. 
2026). At Δx = 1 km, M11 and M13 have the finest grid, 
but their forecasts were made only once per day at 1200 
UTC. As operational models at the CWA, M04 and M05 
(Hsiao et al. 2015, 2020) had routine runs every 6 h, while 
the remaining members were run twice per day at 0000 
and 1200 UTC, with M01 providing an additional run 
at 1800 UTC in 2021. For each event, data from certain 

Fig. 1  (a) The topography of Taiwan (m, color) and the distribution of rain gauges (dots) in 2021, with Taiwan Strait and the two major mountain ranges, 
Central Mountain Range (CMR) and Snow Mountain Range, marked, and (b) gauge sites over the plains (green dots, 390 sites) and those over the moun-
tains (brown diamonds, 221 sites)
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all members, so we tend not to focus on their individual 
performance, but the performance of the entire ensemble 
system in later discussion.

With the range and frequency listed in Table 1, Table 2 
summarizes the forecast runs available for each of 
the qualified 24—h target periods in the three events. 
These periods start at 1200 UTC 1 June, 0000 UTC and 
1200 UTC 2 June, and 0000 UTC 3 June 2017 in event 
1 (denoted as P1 − P4, respectively), 1200 UTC 10 June, 
1200 UTC 11 June, and 0000 UTC 13 June 2019 (P1 − P3) 

members might not be available. Also note that the fore-
cast ranges lie between 84 and 120 h, so some members 
might not have outputs for verification toward the lon-
gest lead times for some target periods. While many 
acronyms are given at the bottom of the table, the read-
ers are referred to the papers cited above, Powers et al. 
(2017), Wang et al. (2023a), and their official websites for 
further details of the models and their configurations, 
including the domain size. Nonetheless, the specifica-
tions and configurations both vary to large extents among 

Table 1  Major specifications of TAHPEX members to provide data in this study, including member number, model (with institution), 
horizontal grid size Δx, vertical levels, frequency, forecast range, initial and boundary condition (IC/BC), DA, cloud microphysics scheme 
(with number of moments), cumulus parameterization scheme, and planetary boundary layer (PBL) scheme. The E1, E2, and E3 in 
parentheses denote events 1 − 3 in 2017, 2019, and 2021, respectively, and + 18 Z in the frequency of M01 means an additional run at 
1800 UTC. Abbreviations for those not yet defined in text are given at the bottom
Member Model Δx

(km)
Vertical
levels

Frequency
(runs/day)

Range
(h)

IC/BC DA Cloud
microphysics

Cumulus
parameterization

PBL

M01 NTNU CReSS 2.5 40 2 (E1, E2)
3 (E3, + 18 Z)

120 NCEP GFS No Cold rain (1.5) No Deardorff

M02 NTNU WRF 3.0 45 2 96 (E1)
120 (E2, E3)

NCEP GFS No Goddard Tiedtke YSU

M03 NTU WRF 3.0 41 2 96 NCEP GFS No WDM6 (2) Kain-Fritsch YSU

M04 CWA WRF-D 3.0 52 4 84 (E1)
120 (E2, E3)

NCEP GFS Yes Goddard Kain-Fritsch YSU

M05 CWA TWRF 3.0 52 4 84 (E1)
120 (E2, E3)

NCEP GFS Yes Goddard Kain-Fritsch YSU

M10 (E2, E3) CWA TGFS*  ~ 4.8 63 2 120 NCEP GFS No GFDL No TKE-EDMF

M11 (E1, E2) NTNU CReSS1 1.0 45 1 (12 Z) 96 NCEP GFS No Cold rain (1.5) No Deardorff

M13 (E2, E3) CWA SUM 1.0 42 1 (12 Z) 102 (E2), 120 (E3) NCEP GFS No WSM3 (1) No MRF
* M10 was from the nested domain of an earlier version of the CWA TGFS before it had become operational since 2023. Unlike the operational configuration, neither 
the DA nor cumulus parameterization was used during the experiment periods included in this study.

For model: WRF-D (deterministic WRF), TWRF (Typhoon WRF), TGFS (Taiwan Global Forecast System), SUM (Spectral Unified Model); For IC/BC: NCEP (National Centers 
for Environmental Prediction), GFS (Global Forecast System); For cloud microphysics: WDM6 (WRF double-moment 6 class), GFDL (Geophysical Fluid Dynamics 
Laboratory), WSM3 (WRF single-moment 3 class); For PBL: YSU (Yonsei University), TKE-EDMF (turbulent kinetic energy-based moist eddy-diffusion mass-flux), MRF 
(Medium-Range Forecast) model.

Table 2  Available number of runs from TAHPEX members at each initial time window (12 h apart) for each of the 24—h verification 
periods in the three events, respectively. The runs by M04 and M05 at 0600 UTC (1800 UTC) are grouped into the ensemble runs at 
1200 UTC (0000 UTC) 6 h later, and the same is for M01 runs at 1800 UTC in event 3. The verification periods (24 h each) start at the last 
time with a number, which is highlighted in bold face
Event 1 (2017) Event 2 (2019) Event 3 (2021)
Initial time P1 P2 P3 P4 Initial time P1 P2 P3 Initial time P1 P2
5/31 00 Z 5 5 5 5 6/6 12 Z 3 5/25 12 Z 4

12 Z 8 8 8 8 6/7 00 Z 3 5/26 00 Z 5

6/1 00 Z 7 7 7 7 12 Z 3 3 12 Z 5 5

12 Z 8 8 8 8 6/8 00 Z 3 3 5/27 00 Z 5 5

6/2 00 Z 7 7 7 12 Z 3 3 12 Z 5 5

12 Z 8 8 6/9 00 Z 6 6 6 5/28 00 Z 5 5

6/3 00 Z 7 12 Z 10 10 10 12 Z 5 5

6/10 00 Z 8 8 8 5/29 00 Z 5 5

12 Z 8 8 8 12 Z 4 4

6/11 00 Z 8 8 5/30 00 Z 5

12 Z 10 10 12 Z 9
6/12 00 Z 6

12 Z 9

6/13 00 Z 8
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in event 2, and 1200 UTC 29 May and 1200 UTC 30 May 
(P1 and P2) in event 3, respectively. In event 1, overlap-
ping of target periods occurred using the 200—mm cri-
terion because its rainfall episodes were lengthy enough. 
As relatively few runs were executed at 0600 and 1800 
UTC, those at such times are grouped into the ensemble 
at 0000 or 1200 UTC 6 h later, applying the time-lagged 
concept (e.g., Mittermaier 2007; Lu et al. 2007; Yuan et 
al. 2008; Trilaksono et al. 2012; Wang et al. 2021a, 2023c). 
Thus, the 0000 and 1200 UTC in our study in fact refer to 
a time window (6 h in length) instead of fixed times.

2.2  Observational data for analysis and QPF verification
The observational data during the events used in this 
study include the following. The CWA weather maps at 
various levels are used for synoptic analysis of weather 
patterns. Satellite infrared (IR) cloud imageries are used 
to depict rainfall systems, and rainfall data (at hourly 
intervals) from a dense network of manned stations and 
automated rain gauges over Taiwan (Fig.  1b), also pro-
vided by the CWA (Hsu 1998), are summed to show 
24—h rainfall distributions as well as to verify model 
QPFs. To demonstrate the difference in predictability, 
these sites are classified into those over the plains (eleva-
tion ≤ 300  m) and in the mountains (elevation > 300  m, 
see Fig.  1b). In 2017, 2019, and 2021, the plain sites 
increased from 340, to 369, then to 390, while the num-
bers of mountain sites were 179, 209, and 221. Thus, the 
total site numbers were 519, 578, and 611, respectively.

2.3  Methods for QPF verification
In order to assess the skill level of QPFs by the TAHPEX 
members compared to past results in Taiwan and fulfill 
our first research goal, the conventional categorical sta-
tistics (e.g., Wilks 2011; Ebert et al. 2003) are adopted 
as the primary method of verification. Thus, based on 
event occurrences (rainfall reaching a given threshold) 
in the observation (O) and/or forecast (F), the outcomes 
at all verification points (N) can be grouped into four 

categories in the 2 × 2 contingency table: hits (H, event in 
both in O and F), misses (M, event in O but not F), false 
alarms (FA, event in F but not O), and correct negatives 
(event in neither O nor F), respectively. From the table, 
the two widely-used scores, the TS and bias score (BS), 
can be computed as (Schaefer 1990, with examples; Jol-
liffe and Stephenson 2003)

	 TS = H/ (H + M + FA) , and� (1)

	 BS = (H + FA) / (H + M)� (2)

Thus, the TS (with a value between 0 and 1) is a measure 
of how well the observed rainfall area is predicted and the 
higher, the better. The BS measures whether the model 
over-forecast (BS > 1) or under-forecast (BS < 1) the size 
of the rain area, with the most ideal value being one. 
While more details can be found in the references cited 
above, one often needs to choose suitable thresholds and 
avoid issues like the double penalty in space and time 
(e.g., Ebert and McBride 2000; Davis et al. 2006; Wang et 
al. 2023a). As our focus is on heavy-rainfall QPFs, later 
verification results are at thresholds chosen from 50, 80, 
130, 200, 250, and 350  mm per 24  h. Among them, 80, 
200, and 350  mm correspond to the CWA criteria for 
“heavy rainfall” and increasingly larger events ​(​​​h​t​​t​p​s​​:​/​/​w​​
w​w​​.​c​w​a​.​g​o​v​.​t​w​/​V​8​/​C​/​K​/​C​o​m​m​o​n​F​a​q​/​r​a​i​n​_​a​l​l​.​h​t​m​l​​​​​)​. In 
TAHPEX, all model data were interpolated onto a com-
mon grid of 0.025° × 0.025° (roughly 2.5 km × 2.5 km) for 
real-time transfer, then interpolated again onto the gauge 
sites to perform the verification in this work, as in many 
earlier studies. So, the same procedure was applied to all 
members for data processing.

Several ensemble products are also produced and eval-
uated, and Table 3 provides an explanation of how each 
one is computed. These include the ensemble mean, 
and the rainfall using probability matching (PM) tech-
nique (e.g., Ebert 2001; Fang and Kuo 2013) to remedy 
the issue of smoothing out peak values by the ensemble 
mean. The exceedance probability (EP) refers to the rain-
fall amount to exceed certain probability in the ensemble, 
such as top 10% of members (e.g., Fawcett and Walshaw 
2013). Owing to the small size of the TAHPEX ensemble, 
only the rank is used and EP-1, EP-2, and EP-3 refer to 
the member with the highest, second highest, and third 
highest rainfall (Table 3), respectively. Thus, EP-1 would 
correspond to the top 10% in a 10-member ensemble, but 
the top 1/3, or 33%, if only three runs were available at a 
given lead time.

3  Event 1: 1—4 June 2017
3.1  Event overview
The first event took place over 1–4 June 2017. The surface 
Mei-yu front approached Taiwan slowly from the north 

Table 3  The post-processing methods for five different 
ensemble products in this study, including the ensemble mean, 
PM, and exceedance probability at rank 1 (EP-1), rank 2 (EP-2), 
and rank 3 (EP-3), respectively
Mean Arithmetic average of all members
PM Rank all rainfall at all grid points by all the members 

inside the verification domain from high to low, then 
extract the median value from each batch of ensemble 
size and assign it to the grid point from high to low (i.e., 
the value from the ith batch to the ith grid point), at the 
order of the ensemble mean

EP-1 Use the highest rainfall value among all members at 
every grid point

EP-2 As in EP-1, except using the second highest rainfall value

EP-3 As in EP-1, except using the third highest rainfall value

https://www.cwa.gov.tw/V8/C/K/CommonFaq/rain_all.html
https://www.cwa.gov.tw/V8/C/K/CommonFaq/rain_all.html
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on 1 June, with a series of mesoscale convective systems 
(MCSs) developing along it (Fig. 2a). The front moved to 
central Taiwan and lingered during 2–3 June (Fig. 2b,c), 
before moving to the south and weakening on 4 June (fig-
ure not shown). At low levels, strong west-southwesterly 
flow of 20–35 kts persisted near and upstream of Taiwan 
throughout 1–3 June at 850 hPa (Fig. 2d–f). The flow was 
even stronger farther aloft, and gradually turned into 
westerlies of about 30–50 kts at 500 hPa (Fig. 2g–i).

The evolution of the convection and MCSs near the 
Mei-yu front during event 1 is depicted by the IR cloud 
imageries every 6  h in Fig.  3. Leading to 1200 UTC 1 
June, the series of active MCSs along the front was appar-
ent (Fig. 3a, b), and further intensified as the associated 
rainband made landfall in northern Taiwan around 1800 
UTC (Fig.  3c; e.g., Wang et al. 2021a, 2023b). As the 
rainband stalled across the northern coast, clear back-
building behavior was evident near 0000 UTC 2 June, 
with new cells triggered in succession at the western end 

of the band over northern Taiwan Strait (Fig.  3d). This 
rainband eventually produced a peak amount of 635 mm 
over 12  h in northern Taiwan. Finally, the front and its 
convection started to move south just before 0600 UTC 2 
June (Fig. 3e), with new MCS development in central Tai-
wan Strait, producing rainfall in central Taiwan including 
the coastal plains from 1200 UTC 2 June to 0000 UTC 
3 June (Fig. 3f − h). During this period, new cell develop-
ment upstream (to the west) of existing MCSs was again 
evident. During 3 June, another large MCS developed 
over southern Taiwan Strait, and then moved onshore to 
central and southern Taiwan (Fig. 3i − k). Only on 4 June, 
convection started to weaken, finally bringing this event 
to an end (Fig. 3l, later figures not shown). The extreme 
rainfall event along the northern coast has been studied 
by Wang et al. (2021a, 2023b) and Tu et al. (2022).

With the active MCSs and convection during 1 − 3 June 
as reviewed above (Fig. 3), heavy rainfall was received in 
many regions in Taiwan, both in mountain interiors and 

Fig. 2  The color surface weather maps produced by the CWA every 24 h at 1200 UTC of (a) 1 June, (b) 2 June, and (c) 3 June 2017, respectively, with 
isobars drawn every 4 hPa (yellow, thickened at 1000 hPa). (d) − (f) As in (a) − (c) except at 850 hPa, with geopotential height analyzed every 30 gpm (black 
contours) and isotherms (red dashed) drawn every 3 °C. (g) − (i) As in (d) − (f) except at 500 hPa, with height contours every 60 gpm and isotherms every 
5 °C. Station plots and wind barbs follow the convention
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over the plains (Fig. 4). From 1200 UTC 1 June to 1200 
UTC 2 June, heavy rainfall occurred along the northern 
coast (peaking at 645  mm), central CMR (~ 400  mm), 
and southern CMR (519  mm, Fig.  4a). On 2 June (in 
UTC, Fig.  4b), the rainfall stopped in northern Taiwan 
(~ 250  mm) after a few hours, while the peak amount 
in the southern CMR reached 643 mm, over 300 mm in 
central CMR, and up to 505 mm in central plain near the 
foothill (near 23.7°N, 120.6°E), caused by the MCSs seen 
in Fig. 3f − h. From 1200 UTC 2 June to 1200 UTC 3 June 
(Fig. 4c) and also on 3 June (0000 − 2400 UTC, Fig. 4d), 
the two centers merged into one in central-southern 
CMR and the maximum rainfall accumulations were 657 
and 609  mm over each of those time periods, respec-
tively. Meanwhile, the rain over central plains and north-
ern Taiwan gradually reduced. These four 24—h periods 

are the target periods for QPF verification in event 1, 
which was a special case for re-run in TAHPEX due to 
its extreme rainfall. With 12 h of overlapping, the sample 
size is enlarged for event 1 to increase the stability of the 
verification results.

3.2  Verification of QPFs
Using the method described in Sect. 2.3, the categorical 
scores of QPFs (starting from 0000 UTC 31 May with no 
missing runs, Table  2) by each member and ensemble 
products are computed at different forecast ranges for 
each verification period. For the overall results, contin-
gency tables at the same threshold and range for different 
target periods are combined into one table to compute 
the scores. In Figs. 5 and 6, the overall TS and BS of 
TAHPEX members for event 1 are shown as a function 

Fig. 3  Geostationary satellite IR cloud imagery (brightness temperature, °C, scale at bottom) surrounding Taiwan every 6 h from (a) 0600 UTC 1 June to 
(l) 0000 UTC 4 June 2017 during event 1
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of forecast range (i.e., lead time) at a few selected thresh-
olds from 80 to 350 mm. While some members perform 
better and others less so, we do not focus on their differ-
ences since their configurations are considerably differ-
ent (Table 1). Typically, the TSs increase as the forecast 
lead time shortens (Fig. 5), but the 12 − 36 h QPFs tend 
to be the best compared to 0 − 24  h ones, presumably 
linked to spin-up issues of rainfall systems. For event 1, 
this is the case even for one member with DA in M05. 
As the threshold rises, the TSs drop lower, and the over-
all TS of 12 − 36 h QPFs (from all sites) is around 0.5 at 
80 mm, 0.27 at 200 mm, 0.18 at 250 mm, and below 0.05 
at 350 mm. When the QPFs for mountain rainfall (middle 
column) are compared with those over the plains (right 
column), the former is significantly better than the latter 
across all thresholds and lead times, and the TS results 
for the entire Taiwan lie in between the two. With the fin-
est grid (Δx = 1 km), M11 tends to perform better in TSs 
from its daily runs, especially at range beyond day 1 and 
out to day 3.5 (60 − 84  h). Among other members, M03 
also performs quite well.

In Fig. 6a, the overall BSs of most members at 80 mm 
for the entire Taiwan are close to unity within the range 
of 2  days, with some under-prediction over 0 − 24  h, in 
agreement with the spin-up. At ranges beyond 48 h, how-
ever, under-forecast in rainfall becomes more and more 
serious. This tendency is also evident toward higher 
thresholds, as the BSs among all four ranges within 
36 − 60  h drop to about 0.7 at 200  mm, and further to 
only around 0.25 at 350 mm (Fig. 6d,g). Thus, even at res-
olutions higher than before, the TAHPEX members still 
struggle to produce enough rainfall for extreme Mei-yu 
cases in Taiwan like event 1, leading to lowered TSs. In 

the mountain region (middle column), the characteris-
tics of BSs are similar to those in the whole island, with 
increasing under-prediction toward higher thresholds 
and longer lead times. Over the plains (right column), 
however, individual members may sometimes over-fore-
cast rainfall at certain ranges to offset the under-forecast 
in the mountains, especially M11 and even at 350  mm. 
Even so, over-forecasts (over plains) are still rare com-
pared to under-forecasts, and only occur in some mem-
bers at some lead times. Nevertheless, with a finer grid, 
M11 is indeed more capable to produce more intense 
rainfall from migratory MCSs, suggesting potential ben-
efits to further increase model resolution.

The overall TSs obtained from ensemble products at 
the same thresholds are shown in Fig. 7. The character-
istics of the TSs are similar to those in Fig.  5 in many 
aspects. The ensemble mean and PM have a slight advan-
tage at 80  mm at the two shortest ranges, 0 − 24 and 
12 − 36  h (Fig.  7a). At longer ranges and higher thresh-
olds, EP-1 emerges as having the highest TS among all 
products, while the ensemble mean is often the worst as 
expected. Again, the TSs over the mountains are consis-
tently higher than those over the plains across all thresh-
olds shown, by large margins as well. While the TSs of 
EP-1 may not be quite as high as the best member in 
Fig. 5 (at the same threshold and range), but its certainty 
offers practical value in real-time operations since the 
best member is not known in advance.

As for the BSs of ensemble products, the mountain 
areas often have more ideal values (closer to 1) at 80 
and 200 mm within the range of 36 − 60 h compared to 
the plains and Taiwan as a whole (Fig. 8a − f ), because 
the members do not tend to under-forecast or it is less 

Fig. 4  The observed 24—h rainfall distribution (mm, scale to the right) over Taiwan (a) from 1200 UTC 1 June to 1200 UTC 2 June, (b) over 0000 − 2400 
UTC 2 June, (c) from 1200 UTC 2 to 1200 UTC 3 June, and (d) over 0000 − 2400 UTC 3 June 2017 during event 1, respectively
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serious. However, none of the products shows a consis-
tent advantage here, as the BS closest to 1 can be from 
any one of them. At longer ranges and toward higher 
thresholds, EP-1 always has the least under-prediction 
(or slight over-prediction, Fig. 8h, k) in the mountain 
areas and thus often emerges as having the highest TS. 
However, over the plains, EP-1 frequently exhibits seri-
ous over-prediction (right column), except at longer lead 
times or above 250 mm. In such cases, the BSs from EP-2, 
EP-3, or PM may be better. Because of this, EP-1 for the 
entire island may also over-predict rainfall (left column), 
except at 350  mm and ranges beyond 48  h, while most 
other products under-predict. In any case, from Figs. 5, 
6, 7 and 8, the TSs for event 1 are seen to be much higher 
over the mountains where the predictability is higher, 
than the plain areas with lower predictability associated 
with mostly transient MCSs.

3.3  Example of ensemble rainfall probability
One other useful tool from ensemble forecasts is the 
probability of certain events, as shown in Fig. 9 from runs 
for period 3 at selected initial times at 0000 or 1200 UTC 
(which includes the previous 0600 or 1800-UTC runs) 
as an example. While the probabilities of 24—h rainfall 
reaching different thresholds gradually increase as the 
lead time shortens, those over the mountains remain 
higher than over the plains (e.g., northern Taiwan and 
central coastal plain, cf. Figure 1) rather consistently for 
areas that actually hit those thresholds in the observation 
(black contours, Fig.  9). This is again an indication that 
the rainfall predictability is higher over the mountains. 
However, at 350 mm, no more than 20 − 40% of members 
could produce such an amount even in the mountains 
no matter the lead time, and almost none of them could 
reach 500 mm, consistent with the under-forecast in this 
rather extreme event.

Fig. 5  TS values of 24—h QPFs in event 1 made by the TAHPEX members as a function of forecast range (every 12 h from 0 − 24 to 72 − 96 h), combined 
for the four target periods, at the threshold of 80 mm, computed at (a) all (519) gauge sites in Taiwan, (b) mountain sites (179), and (c) plain sites (340) only, 
respectively. Second to fourth rows as in (a) − (c), except at thresholds of (d) − (f) 200 mm, (g) − (i) 250 mm, and (j) − (l) 350 mm, respectively, as labelled. 
Legend for the members is shown at the bottom

 



Page 10 of 28Wang et al. Terrestrial, Atmospheric and Oceanic Sciences           (2026) 37:15 

4  Event 2: 10—14 June 2019
4.1  Event overview
The second event occurred during 10–14 June 2019 
as the Mei-yu front lingered near Taiwan. The surface 
front was nearly stationary just north of Taiwan at 1200 
UTC 10 June (Fig.  10a), then moved southward slowly 
to reach southern Taiwan at 1200 UTC 11 June (not 
shown) and 0000 UTC 12 June (Fig.  10b). Afterwards, 
the front retreated and stayed near northern Taiwan 
until 0000 UTC 13 June, when a frontal low developed 
(Fig.  10c). Then, the high-pressure system behind the 
front strengthened and pushed the front to advance 
southward across Taiwan on 14 June 2019 (not shown). 
From 850 to 500 hPa, the prevailing winds shifted from 
west-southwesterly to almost westerly, and were stronger 
at 1200 UTC 10 June (around 25 − 40 kts, Fig. 10d, g) than 
0000 UTC 12 June (about 20 − 25 kts, Fig. 10e, h). At 0000 
UTC 13 June, the low-to-mid-level flow strengthened 
again in association with the developing low (Fig. 10f, i).

On satellite IR cloud imageries, the convection near 
the Mei-yu front became more active prior to 1800 UTC 
10 June (Fig. 11a, b), and a large MCS developed and 
reached maturity around 0000 UTC 11 June (Fig.  11c) 
to affect central Taiwan. After this MCS weakened and 

diminished (Fig. 11d,e), the front moved south and new 
MCSs broke out over the southern Taiwan Strait around 
1800 UTC 11 June (Fig.  11f ). As convection continued 
to develop over Taiwan through 0600 UTC 12 June (Fig. 
11g, h), the surface front retreated northward. Then, as 
the low developed, the front moved through Taiwan for 
the second time on 13 June, producing another wave of 
deep convection in Taiwan (Fig. 11i − l).

The accumulated rainfall distributions in Taiwan over 
three 24—h periods (P1 − P3) are shown in Fig.  12. The 
first is from 1200 UTC 10 June to 1200 UTC 11 June, 
with three rainfall centers in northern (~ 120 mm), cen-
tral (307 mm), and southwestern Taiwan (173 mm), from 
the MCSs seen in Fig. 11a − d. The rain fell mainly in cen-
tral CMR (270 mm) as the front retreated during the sec-
ond period (Fig.  12b), from 1200 UTC 11 June to 1200 
UTC 12 June, but the central plain also received some 
rainfall (162 mm). During P3 on 13 June (in UTC), three 
centers in northwestern plain (235  mm), central CMR, 
and southern CMR (224 mm) were observed, as the Mei-
yu front swept through Taiwan. For event 2, these are the 
three target periods for QPF verification.

Fig. 6  As in Fig. 5, except showing the BS values in event 1 at (a) − (c) 80 mm, (d) − (f) 200 mm, and (g) − (i) 350 mm, respectively
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4.2  Verification of QPFs
For event 2, data from M01, M02, and M10 became avail-
able from the runs at 1200 UTC 6 June and those from 
M04 and M05 were from 0000 UTC 9 June 2019. The 
two 1—km members, M11 and M13, were since 1200 
UTC 9 June (Table 2). Measuring the accuracy of QPFs, 
the overall TSs for event 2, with contingency tables inte-
grated over P1 − P3, are depicted in Fig. 13 at four thresh-
olds from 50 to 200 mm. Generally, the scores are higher 
at 0 − 24  h than 12 − 36  h. Toward the longer range, the 
1—km members (M11 and M13) and a few other ones 
could at times make better QPFs, even at 96 − 120 h. For 
event 2, however, its TSs at 50 mm are roughly compa-
rable to those at 80 mm in event 1, and most of them at 
130 mm are already lower than those at 200 − 250 mm in 
event 1. At 200 mm, no member exhibits any skill (TS > 0) 
at ranges beyond day 2 (Fig. 13j − l). Thus, the overall skill 
is lower in event 2 compared to event 1 mainly because 
it was a smaller rainfall event (Figs. 4 and 12), in agree-
ment with Wang (2015) and Wang et al. (2022b). Again, 

the TSs over the mountains (209 sites) are mostly higher 
than over the plains (369 sites) across all thresholds and 
ranges in event 2, with only occasional exceptions.

The BSs (which measure under/over forecasting) cor-
responding to Fig. 13 are presented in Fig. 14, but results 
at the threshold of 200 mm are omitted. At just 50 mm, 
the majority of members already show under-prediction 
in rainfall over the entire Taiwan for event 2 except at the 
shortest range on day 1 (Fig.  14a). This tendency wors-
ens toward longer ranges and becomes the most serious 
near 48 − 72 h (mean BS ≈ 0.3), then somewhat less seri-
ous farther beyond. Toward higher thresholds (Fig. 14d, 
g), the under-prediction of most members also becomes 
worse. At times, some members could produce BS > 1 
across the thresholds and achieve higher TSs in Fig.  13 
(including M11 and M13), particularly when the over-
forecasting is not too serious (say, BS ≤ 2). Nevertheless, 
many members seriously under-predict while others 
excessively over-predict rainfall, and this happens more 
frequently over the plains than the mountains (middle 

Fig. 7  As in Fig. 5, except showing the TS values of TAHPEX ensemble products in event 1, including ensemble mean, PM, EP-1, EP-2, and EP-3 as a 
function of forecast range (every 12 h from 0 − 24 to 72 − 96 h) at the threshold of (a) − (c) 80 mm, (d) − (f) 200 mm, (g) − (i) 250 mm, and (j) − (l) 350 mm, 
respectively. Legend for the products is at the bottom
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and right columns), again suggesting a lower predict-
ability with more unstable QPF results in the plains. At 
200 mm (BS not shown), the above contrasting condition 
also worsens but all TS = 0 over the plains (see Fig. 13l), 
thus no hit occurs there even when roughly 1/3 of mem-
bers over-predict rainfall. In this aspect, the condition is 
less serious over the mountains.

The TSs of ensemble products for event 2 are shown 
in Fig.  15, again consistently better over the mountains 
than the plains. Compared to the TSs by individual mem-
bers (Fig. 13), they tend to be better across all ranges at 
50 and 80 mm for all three regions (Fig. 15a − f ). The dif-
ferences in TSs among these products are often quite 
limited within 12 − 36 h at 50 and 130 mm and 0 − 24 h 

at 80 mm, but the EP-1 always has the best TSs beyond 
these ranges, often even higher than the best member 
at 50  mm. Toward higher thresholds, this may not be 
true but EP-1 remains competitive against most mem-
bers. At 200  mm, slightly more products register TS > 0 
than the members, but they do not help over the plains 
where no member is effective. Another likely advantage 
of ensemble products is that their performance is more 
stable across the forecasts. From Fig.  16, it is clear that 
the better performance in TSs by EP-1 for event 2 (for 
which most members under-predict rainfall) is mainly 
because it raises the BS significantly (and increase hits) at 
ranges beyond about 12 − 36 h. At shorter ranges, the BSs 
of EP-1 are often excessive and PM, EP at a lower rank, or 

Fig. 8  As in Fig. 7, except showing the BS values in event 1 at (a) − (c) 80 mm, (d) − (f) 200 mm, (g) − (i) 250 mm, and (j) − (l) 350 mm, respectively
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some weighted ensemble may be a more balanced choice 
to avoid high FAs. At the two thresholds shown in Fig. 16, 
the above effect of EP-1 is more ideal over the mountains 
(BS closer to 1) than the plains as well. Overall, the QPF 
skill for event 2 is lower than event 1, but the rainfall over 
the mountains remains more predictable than the plains.

4.3  Example of ensemble rainfall probability
As another example, the probability distributions for P3 
in event 2 (Fig.  17) again show that the rainfall is more 
predictable (with higher probabilities) in the mountains 
than the plains (with lower probabilities) in general, 
including at 130 mm at the two shorter ranges (Fig. 17k, 
o). Between the two rainfall areas over the plains, one 
in northwestern and the other in southwestern Taiwan 

Fig. 9  Ensemble probabilities of 24—h QPFs (%, color, scale to the right) from all members initialized at 0000 UTC 31 May 2017 to reach (a) 80, (b) 200, (c) 
350, and (d) 500 mm for target period 3 (1200 UTC 2 to 1200 UTC 3 June) in event 1. Remaining rows as in (a) − (d), except from (e) − (h) members initial-
ized at 0000 UTC 1 June, (i)–(l) those initialized at 0000 UTC 2 June, and (m)–(p) those initialized at 1200 UTC 2 June, respectively
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(Fig.  12c), the former region appears to be better pre-
dicted with higher probabilities than the latter.

5  Event 3: 29 May-1 June 2021
5.1  Event overview
The third event spanned from 29 May to 1 June in 2021, 
as a Mei-yu front slowly moved through Taiwan from 
north to south (Fig. 18a − c) and then into the Bashi 
Channel (not shown). At 850 hPa, prevailing winds sur-
rounding Taiwan were initially from the southwest at 
about 20 − 30 kts (Fig.  18d), but turning into westerlies 
at 1200 UTC 30 May before weakening (Fig. 18e, f ) as 
the front advanced. Meanwhile, farther aloft at 500 hPa, 
a trough was passing through Taiwan with westerly flow 
during event 3 (Fig. 18g − i), presumably coupled with the 
movement of the low-level front.

Figure 19 shows the satellite IR cloud imageries at 6—h 
intervals during event 3, and reveals that convection was 
active and several MCSs developed in Taiwan and the 
adjacent area when the front approached and moved 

across Taiwan. These MCSs included the one over central 
and southwestern Taiwan at 0000 UTC 30 May (Fig. 19c), 
and a subsequent system over southwestern Taiwan dur-
ing 0600 − 1200 UTC (Fig. 19d, e). Later around 1800 
UTC 30 May and 0600 UTC 31 May, more convection 
and another MCS also developed over central CMR (Fig. 
19f − h), apparently behind the front. The resultant rain-
fall distribution from 1200 UTC 29 May to 1200 UTC 30 
May (Fig. 20a) shows widespread rainfall in central Tai-
wan, in both the CMR and the plain area with maxima 
around 220 mm, and also in southern Taiwan. Over the 
next 24 h from 1200 UTC 30 May to 1200 UTC 31 May, 
central CMR (242 mm) and the northwestern to central 
coastal area (peaking at 192 mm) were the main rainfall 
regions (Fig. 20b). The QPFs for these two periods will be 
verified.

5.2  Verification of QPFs
For event 3, M01 had three runs per day, with an addi-
tional one at 1800 UTC, while outputs from M04 and 

Fig. 10  As in Fig. 2, except at (a), (d), (g) 1200 UTC 10 June, (b), (e), (h) 0000 UTC 12 June, and (c), (f), (i) 1200 UTC 13 June 2019, respectively (as labelled), 
during event 2
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M05 were available only since 0000 UTC 30 May onward 
(Table 2). Figure 21 shows the overall TSs for event 3 at 
50, 80, and 130 mm, integrated over the two target peri-
ods P1 and P2 (see Fig. 20). The scores at the short range 
for event 3 are relatively low and many members exhibit 
little advantage over forecasts at longer lead times. Oth-
erwise, the overall TSs are comparable to those for event 
2. At 50 − 80 mm at long ranges, M10 and M13 at times 
perform better. At these two thresholds, the mountain 
areas again tend to receive higher TSs than the plains, 
but such an advantage is not apparent at 130 mm, where 
the TSs rarely reach 0.2. At 200 mm, none of the mem-
bers could produce TS > 0 except for M10 at 0 − 24  h 
(TS ~ 0.03), so the figure is omitted here.

In Fig.  22, the corresponding BSs at 50 and 130  mm 
are shown. Similar to event 2, the majority of members 
exhibit under-prediction even at 50 mm, and if not, their 
TSs are often higher. At 130 mm, the under-forecasting 
becomes more serious and fewer member can produce 
more ideal BS values. Again, the BSs are more vari-
able and unstable over the plains than the mountains. 
Whenever a higher BS appears (less under-prediction or 
over-prediction), the TS rises due to an increased num-
ber of hits. At 200 mm, however, the BSs for event 3 (not 
shown) are similar to those for event 2, but all TSs remain 
zero as mentioned. Thus, for all three events, most mem-
bers with Δx ~ 3 km still under-predict rainfall at heavy-
rainfall thresholds, and a further increase in resolution 
appears needed.

Fig. 11  As in Fig. 3, except for every 6 h from (a) 1200 UTC 10 June to (h) 0600 UTC 12 June, and then from (i) 0000 to (l) 1800 UTC 13 June 2017 during 
event 2

 



Page 16 of 28Wang et al. Terrestrial, Atmospheric and Oceanic Sciences           (2026) 37:15 

The TSs of ensemble products for event 3 are shown in 
Fig. 23, also at 50, 80, and 130 mm. The scores are simi-
lar to those from individual members but are more stable 
and consistent among products, and also higher over the 
mountains than the plains. The TSs show no strong vari-
ation with lead time and tend to be lower around day 4 
(72 − 96 h), but the skill becomes quite limited at 130 mm. 
As in event 2, the EP-1 consistently has the highest TS 
among all products at 50 and 80  mm, mainly because 
it raises the BS to above 1 when individual members 
under-predict (see Fig. 22), especially over the plains. At 
130 mm (and above), the BSs of EP-1 often become too 
high (figure not shown), and those of EP-2 are often more 
ideal, despite its TSs may be somewhat lower. For event 
3, the characteristics of BSs are very similar to those for 
event 2, so the figure is omitted here.

6  Discussion
In this section, we focus our discussion on the first sci-
entific goal stated in Sect.  1: Does TAHPEX show 
improvement in Mei-yu heavy-rainfall QPFs in Taiwan 
using cloud-resolving members for ensemble? To help 
answer this question, Table 4 is compiled from past stud-
ies and the present work to compare the TSs of 24—h 
QPFs at five selected thresholds of 50, 80, 130, 200, and 
350 mm (per 24 h) for Mei-yu rainfall events in Taiwan 
since the early 2000s. Some of the past results were for 
the entire Mei-yu season (May − June), but the statistics 

at heavy-rainfall thresholds should be dominated by the 
larger events (see e.g., Wang et al. 2022b, 2023a). To 
make a fair comparison, the average skills of the mem-
bers, not any of the ensemble products, are given. In the 
few occasions where the scores were not computed at the 
thresholds specified here (e.g., at 75 instead of 80  mm), 
linear interpolation is used to estimate the TSs. In some 
earlier studies, MM5 was used, while the Mei-yu results 
from the ensemble experiment carried out by the TTFRI 
in 2015 and 2016 are also adopted. Another caveat that 
should be noted is that these studies performed their 
evaluation over different Mei-yu seasons and thus differ-
ent rainfall events.

From Table  4, it is clear that as the technology 
advances and computational resource and model resolu-
tion increase, the QPF skill at heavy-rainfall thresholds 
improves with time, as the later models have a grid size 
of at least about 3 km. Across all five thresholds and the 
three ranges from day 1 (0 − 24 h) to day 3 (48 − 72 h), the 
highest TS is either obtained by the TAHPEX or 2.5—km 
CReSS (same setting as M01), which span different sea-
sons with events of different predictability. At 50, 80, and 
130 mm, the TSs of TAHPEX or CReSS can reach 0.57, 
0.36, and 0.22 on day 1, 0.45, 0.28, and 0.19 on day 2, 
and 0.34, 0.25, and 0.16 on day 3, respectively, much bet-
ter than before (for days 1 − 2). Also, at 200 mm, the TSs 
are ≥ 0.2 at all three ranges, but the skill by 5—km models 
was very limited before 2016. Thus, while the TAHPEX 

Fig. 12  As in Fig. 4, except for the 24—h period (a) from 1200 UTC 10 June to 1200 UTC 11 June, (b) from 1200 UTC 11 June to 1200 UTC 12 June, and (c) 
over 0000 − 2400 UTC 13 June 2019 during event 2, respectively
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members are certainly not perfect, considerable improve-
ment has been made, not only in the TS but also in the 
increase in lead time. This is consistent with Wang et al. 
(2025b), who compared 2.5—km and 5—km CReSS with 
identical settings except for the grid size, over the same 
Mei-yu seasons of 2012 − 2014. In addition, from their 
once-daily runs, the 1—km TAHPEX members can quite 
often produce higher TSs with considerably less under-
prediction compared to other members, even at ranges 
beyond 72 h. These results suggest the potential benefits 
and direction for further improvement.

7  Conclusions and summary
In this study, the performance of 24—h QPFs in Mei-yu 
heavy-rainfall events by the cloud-resolving multi-model 
members and their ensemble products in the TAHPEX 
project during the dry-run periods is evaluated. Nine 
target periods from three events (1 − 4 June 2017, 10 − 14 
June 2019, and 29 May − 1 June 2021) are included for 
verification of QPFs using skill scores such as TS and BS, 

at thresholds from 50 to 350 mm (per 24 h) and ranges 
from 0 − 24 h out to 96 − 120 h, and the ensemble prod-
ucts include the ensemble mean, PM, and EP from the 
most, second most, and third most rainy member (EP-
1, EP-2, and EP-3), respectively. Various aspects of the 
results are discussed, including the performance against 
past results, the contrasting QPF skills over the moun-
tains compared to the plain regions of Taiwan, the useful-
ness of ensemble products, and the QPFs by the 1—km 
members with a finer grid. The major findings are sum-
marized below.

First, compared to past evaluations on 5—km mod-
els, TAHPEX members show significant improvement 
in TS at heavy-rainfall thresholds and also in lead time. 
At 130  mm, for example, they exhibit a TS of over 0.2 
on day 1, and not much lower on day 2 (0.19) and day 3 
(0.15). At 200 mm, the TSs are only slightly lower as well. 
At 350 mm, however, the TS are ≤ 0.1 in general, suggest-
ing only limited skill at such a high threshold. From the 
limited number of forecasts by the two 1—km members, 

Fig. 13  As in Fig. 5, except in event 2 (combined for the three target periods) at thresholds of (a) − (c) 50 mm, (d) − (f) 80 mm, (g) − (i) 130 mm, and (j) − (l) 
200 mm, respectively. The number of gauge sites were 209 over the mountains and 369 over plains, with a total of 578 sites. The forecast range is out to 
96 − 120 h
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they show potential for further improvement both over 
mountains and plains.

Second, the BS values indicate under-prediction 
over heavy-rainfall thresholds by most members even 
with convective-permitting capabilities, more serious 
toward higher thresholds and ranges around 48 − 72  h 
and longer, except at 80  mm and below in event 1. 
Such under-forecast is overall less severe in the moun-
tains (elevation > 300  m) compared to the plains (eleva-
tion ≤ 300  m). At the same time, a few members can 
over-predict, but tend to produce only misses and FAs 
with very few hits. Such a scenario is also more serious 
toward high thresholds and over the plains. Given the 
results of mostly under-prediction at Δx of 2.5 − 3 km, a 
further increase in model resolution seems beneficial but 
this remains to be confirmed.

Third, the Mei-yu rainfall over the mountains in Tai-
wan exhibits significantly higher predictability than rain-
fall over the plains. This is reflected in consistently higher 
TS values, more stable and smaller ranges of variation in 
BS (less serious over- and under-prediction), and higher 
heavy-rainfall probabilities by the ensemble across nearly 
all thresholds and all forecast ranges, in all three events. 

This finding has significant implications, as heavy-rainfall 
events in Taiwan occur more frequently in the moun-
tains, where they are phase-locked and more predict-
able compared to those over the plains from transient 
systems.

Fourth, derived from 3 − 10 runs, the five ensemble 
products perform more stably in QPFs than individ-
ual members and thus are useful: the EP-1, with largest 
rain areas, consistently exhibits the highest TS among 
all products, except at 50—80  mm and the short range 
within 12 − 36 h in events 1 and 2. Because the best mem-
ber is not known in advance, the certainty of EP-1 makes 
it useful in routine operation. However, the better TS of 
EP-1 than other products is at the expense of excessive 
BS, especially over the plains, so other products may offer 
a more balanced choice.

Some other results are also worth mentioning. The 
overall skill of QPFs is higher in the 2017 event, which 
was a larger rainfall event in magnitude, consistent with 
Wang (2015) and Wang et al. (2021b, 2022b). On the 
other hand, the spin-up issue at the shortest range also 
appears more significant in this more extreme event. 
Among the ensemble products, the TSs of PM and EP-2 

Fig. 14  As in Fig. 13, except showing the BS values in event 2 at (a) − (c) 50 mm, (d) − (f) 80 mm, and (g) − (i) 130 mm, respectively

 



Page 19 of 28Wang et al. Terrestrial, Atmospheric and Oceanic Sciences           (2026) 37:15 

Fig. 16  As in Fig. 15, except showing the BS values in event 3 at (a) − (c) 50 mm and (d) − (f) 130 mm, respectively

 

Fig. 15  As in Fig. 13, except showing the TS values of ensemble products in event 3
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are often comparable (but lower than EP-1), followed 
by EP-3 and the ensemble mean, which under-estimates 
the peak values of rainfall as expected. In conclusion, the 
higher predictability of heavy rainfall over the mountains 
than the plains in Taiwan suggests that their QPFs need 
to be perceived and applied differently to maximize their 
usefulness in hazard reduction. More studies to further 

explore these aspects in greater depth are also recom-
mended in the near future.

Fig. 17  As in Fig. 9, except showing the probabilities of 24—h QPFs (%) from members initialized at the time labelled to reach 50, 80, 130, and 200 mm, 
respectively, for target period 3 in event 2 (0000 UTC 13 June to 0000 UTC 14 June 2019)

 



Page 21 of 28Wang et al. Terrestrial, Atmospheric and Oceanic Sciences           (2026) 37:15 

Fig. 18  As in Fig. 2, except at (a),(d),(g) 1200 UTC 29 May, (b), (e), (h) 1200 UTC 30 May, and (c), (f), (i) 0000 UTC 31 May 2021, respectively (as labelled), 
during event 3
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Fig. 19  As in Fig. 3, except for every 6 h from (a) 1200 UTC 29 May to (h) 0600 UTC 31 May 2021 during event 3
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Fig. 20  As in Fig. 4, except for the 24—h period (a) from 1200 UTC 29 May to 1200 UTC 30 May, and (b) from 1200 UTC 30 May to 1200 UTC 31 May 2021 
during event 3, respectively
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Fig. 22  As in Fig. 21, except showing the BS values in event 3 at (a) − (c) 50 mm and (d) − (f) 130 mm, respectively

 

Fig. 21  As in (a) − (i) of Fig. 13, except for event 3, combined for the two target periods. The number of gauge sites were 221 over the mountains and 
390 over plains, with a total of 611 sites
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Abbreviations
BS	� Bias score
CReSS	� Cloud-Resolving Storm Simulator
CMR	� Central Mountain Range
CWA	� Central Weather Administration
DA	� Data assimilation
EP	� Exceedance probability
FA	� False alarm

GFDL	� Geophysical Fluid Dynamics Laboratory
GFS	� Global Forecast System
IC/BC	� Initial and boundary condition
IR	� Infrared
MCS	� Mesoscale convective systems
MM5	� Mesoscale Model version 5
MRF	� Medium-Range Forecast
NCEP	� National Centers for Environmental Prediction

Table 4  Comparison of TS values of 24—h QPFs at fixed thresholds over 50 − 350 mm in Taiwan Mei-yu season by major efforts or 
studies since the early 2000s leading to TAHPEX. Some values are estimated using averaging or linear interpolation and/or given 
a range, and the dash “ − ” means that no verification is available at that threshold and range. The highest value over the years is 
highlighted in bold face
Forecast
range

Rainfall
threshold
(mm)

Before 2012
5—km MM5/WRFa

2013 − 14
CWA 5—km WRFb

2015 − 16
TTFRI 5—km modelsc

2012 − 17
2.5—km CReSSd

2017 − 21
TAHPEX
members

Day 1
(0—24 h)

50  ≤ 0.11  < 0.14 − 0.17  ~ 0.40 0.40 0.57
80  −   < 0.09 − 0.12  ~ 0.31 0.29 0.36
130  −   < 0.05 0.16 − 0.22 0.21 0.22
200  −   < 0.02 0.03 − 0.09 0.15 0.10 − 0.31
350  −  0.00  ≤ 0.01 0.11  < 0.04

Day 2
(24—48 h)

50  −   < 0.07 − 0.11  −  0.36 0.45
80  −   < 0.07 − 0.09  −  0.27 0.28
130  −   < 0.07  −  0.19 0.17

200  −   < 0.02  −  0.16 0.13 − 0.26
350  −  0.00  −  0.03 0.02 − 0.08

Day 3
(48—72 h)

50  −   −   −  0.34 0.31

80  −   −   −  0.25 0.22

130  −   −   −  0.16 0.15

200  −   −   −  0.10 0.06 − 0.23
350  −   −   −  0.03  < 0.05

a Taken from Wang et al. (2017) and references cited in Wang et al. (2022a); b From Fig. 2 of Wang et al. (2022a); c From TTFRI annual reports (in Chinese), targeted for 
major Mei-yu events, at range of 6 − 36 h; d From Wang et al. (2023a), an update from Wang et al. (2022a) through the 2012 − 2017 Mei-yu seasons, for group A (minor 
events excluded)

Fig. 23  As in Fig. 21, except showing the TS values of ensemble products in event 3
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PBL	� Planetary boundary layer
PM	� Probability matching
QPF	� Quantitative precipitation forecast
SUM	� Spectral Unified Model
TAHOPE	� Taiwan Area Heavy rain observation and Prediction Experiment
TAHPEX	� Taiwan Area Heavy-rainfall Prediction Experiment
TGFS	� Taiwan Global Forecast System
TKE-EDMF	� Turbulent kinetic energy-based moist eddy-diffusion mass-flux
TS	� Threat score
TTFRI	� Taiwan TyphoonG and Flood Research Institute
TWRF	� Typhoon WRF
WDM6	� WRF double-moment 6 class
WRF	� Weather Research and Forecasting
WRF-D	� Deterministic WRF
WSM3	� WRF single-moment 3 class
YSU	� Yonsei University
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