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Abstract
The Japan Meteorological Agency (JMA) issues “Forecast Information on Linear Rainbands” (FILR; translated by the 
authors) approximately half a day before the expected formation of linear rainbands. A linear rainband is identified accord-
ing to a set of operational criteria. A modified Weather Research and Forecasting (WRF) model was applied to sixteen 
heavy rainfall events associated with erroneous FILR decisions. Ten of these events had no FILR issued but subsequently 
experienced linear rainbands (missed issuance). Model results were compared with radar/rain-gauge analyzed precipita-
tion data, with a primary focus on maximum rainfall, one of the criteria. The model reasonably simulated the occurrence 
of heavy rainfall in eight of the ten events and the rainfall intensity in six of those eight events. Conversely, six of the 
sixteen events had FILRs issued but ultimately experienced no linear rainbands (false alarm). In five of these events, the 
model reasonably reproduced the observed rainfall that did not satisfy the linear-rainband criteria. These results suggest 
that, despite several remaining challenges, the modified WRF model has the potential to complement JMA FILR decisions 
and contribute to reducing both missed issuances and false alarms.

Keywords  Heavy rainfall · Linear rainband · Mass-flux scheme · Turbulent buoyancy production · Weather research 
and forecasting model
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Applicability of a modified weather research and forecasting (WRF) 
model to heavy rainfall information

Mikio Nakanishi1 · Youko Yoshizumi1

maximum rainfall of a rainband, as well as the degree of dan-
ger (Kikikuru; Ota and Igarashi 2026). The objective of this 
study is to forecast heavy rainfall rather than to reproduce 
all the criteria used to identify linear rainbands. Therefore, 
the evaluation focuses primarily on the maximum rainfall 
criterion of 150 mm in 3 h and secondarily on the area crite-
rion of 500 km2 with rainfall exceeding 100 mm in 3 h. The 
shape criterion, which requires a major-to-minor axis ratio 
of 2.5 or greater for a rainband, is excluded because heavy 
rainfall can occur even in a circular rainband. Furthermore, 
Kikikuru cannot be estimated from the WRF model output.

We briefly describe the modification of the WRF model. 
An earlier version of the WRF model with a horizontal reso-
lution of 5 km did not satisfactorily simulate several heavy 
rainfall events. To investigate possible limitations of the 
subgrid-scale parameterizations, Nakanishi (2024) com-
pared simulations with horizontal resolutions of 5 km and 
1 km, using the same topographic resolution for both. He 
suggested that improving the parameterization of turbulent 
transport processes near the level of free convection could 
lead to more accurate predictions of the timing and location 
of rainband formation.

1  Introduction

Since 2022, we have been modifying version 4.3.3 of the 
Weather Research and Forecasting (WRF) model (Skama-
rock et al. 2019) to improve our weather forecasting ser-
vices. Nakanishi (2025) demonstrated that the modified 
WRF model improves the reproduction of a linear rainband 
event. This study evaluates the performance of the modified 
WRF model for a larger number of heavy rainfall events, 
including linear rainbands, and its applicability to heavy 
rainfall information.

The Japan Meteorological Agency (JMA) uses a set of 
criteria to identify linear rainbands and issues “Occurrence 
Information on Linear Rainbands” (OILR; translated by 
the authors) immediately before their formation. Accord-
ing to JMA (2026a), the criteria include the area, shape, and 
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The 5-km simulation employed a mass-flux scheme to 
parameterize convection, including shallow cumulus convec-
tion (Sušelj et al. 2013). However, Nakanishi (2025) noted 
that the mass-flux contribution was not explicitly included in 
the turbulent kinetic energy (TKE) equation and consequently 
modified the buoyancy production term. This modified model 
reasonably reproduced a rainband that the earlier version had 
failed to simulate. Since then, the modified version has under-
gone further refinements to subgrid-scale parameterizations 
to improve the simulation of various phenomena, such as 
heavy snowfall associated with winter cold-air outbreaks. In 
this paper, we apply the latest version of the modified WRF 
model to sixteen heavy rainfall events.

As reviewed in detail by Kato (2020), numerous numerical 
studies of linear rainbands have been conducted. However, 
most have been case studies focusing on the formation and 
maintenance mechanisms of linear rainbands (e.g., Kato and 
Goda 2001; Kawano and Kawamura 2020; Tochimoto et al. 
2022; Ono and Ito 2024), the effects of model configuration 
and planetary boundary layer schemes (e.g., Oizumi et al. 
2018), and data assimilation (e.g., Kawabata et al. 2011; Kato 
et al. 2024). In March 2026, the JMA began operational use of 
a regional model with a horizontal resolution of 1 km (JMA 
2026b). Although the JMA model represents topographic 
effects more accurately, it still relies on subgrid-scale param-
eterizations. Owing to limitations in computational resources, 

we retain a horizontal resolution of 5 km. Therefore, favor-
able performance of the modified WRF model may indicate 
improvements that are independent of detailed topographic 
representation. Such improvements may also contribute to 
the development of subgrid-scale parameterizations for 1-km 
resolution models.

Section 2 describes the computational domain, model con-
figuration, and numerical settings. Section  3 presents refine-
ments to the mass-flux scheme and related parameterizations 
since Nakanishi (2025). Section   4 evaluates the modified 
WRF model using heavy rainfall events. Section  5 discusses 
the remaining challenges of the model.

2  Model setup

The modified WRF model was applied to the region sur-
rounding Japan (Fig. 1). This domain consists of 455 × 503 
horizontal grid points with a resolution of 5  km and 45 
stretched vertical levels with the model top at 50 hPa. The 
physics parameterizations are identical to those used by 
Nakanishi (2025):

	● Mellor–Yamada–Nakanishi–Niino (MYNN) level 2.5 
scheme (bl_pbl_physics = 5),

	● Mass-flux scheme (bl_mynn_edmf = 1),
	● Partial condensation scheme (bl_mynn_cloudpdf = 0),
	● Surface layer scheme (sf_sfclay_physics = 5),
	● Noah multi-parameterization scheme 

(sf_surface_physics = 4),
	● Aerosol-aware Thompson–Eidhammer scheme (mp_

physics = 28), and.
	● Rapid Radiative Transfer Model for GCMs 

(ra_sw(lw)_physics = 4),

where the option numbers are given in parentheses. The Noah 
multi-parameterization scheme was modified by Nakanishi 
(2023).

The JMA issues “Forecast Information on Linear Rain-
bands” (FILR; translated by the authors) approximately half 
a day before the expected formation of linear rainbands. The 
modified WRF model simulated sixteen heavy rainfall events 
associated with erroneous FILR decisions (JMA 2026a). Ten 
of these events (Table 1) had no FILR issued but subsequently 
experienced linear rainbands (missed issuance), resulting in 
the issuance of OILRs. Conversely, the remaining six events 
(Table 2) had FILRs issued but ultimately experienced no lin-
ear rainbands (false alarm), resulting in no OILR issuance.

Each simulation was initialized approximately 20 h before 
the observed peak rainfall time and integrated for 27 h. This 
20-h lead time was empirically determined by consider-
ing both model spin-up from the initial conditions and the 

Fig. 1  Model domain. Shading indicates topography. Numbers denote 
the locations of observed linear rainbands and correspond to the case 
numbers listed in Table 1
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gradual degradation of forecast accuracy with increasing 
lead time. The initial and lateral boundary conditions were 
provided by real-time forecasts from the European Centre 
for Medium-Range Weather Forecasts (ECMWF) with tem-
poral and spatial resolutions of 3 h and 0.25°, respectively 
(ECMWF 2026a). Sea surface temperatures were prescribed 
from the daily High-resolution Merged Satellite and In-situ 
Data SST (HIMSST) dataset with a spatial resolution of 0.1° 
(JMA 2026c).

3  Model refinements

The modified WRF model is identical to that described by 
Nakanishi (2025), except for minor refinements to the mass-
flux scheme and related parameterizations.

3.1  Mass-flux scheme and buoyancy production

Siebesma and Cuijpers (1995) derived a mass-flux formula-
tion by decomposing the vertical turbulent flux 𝑤𝑤′ 𝜙𝜙 ′  of any 
variable 𝜙𝜙  into three contributions, where 𝑤𝑤 is the vertical 
velocity, the overbar denotes the ensemble mean, and the 
prime denotes the deviation from the ensemble mean. Olson et 
al. (2019) incorporated the mass-flux scheme into the MYNN 
scheme of the WRF model. Assuming that the fractional area 
occupied by updrafts is much smaller than unity, 𝑤𝑤′ 𝜙𝜙 ′  can 
be expressed as the sum of eddy-diffusivity and mass-flux 
contributions:

𝑤𝑤′ 𝜙𝜙 ′ = −𝐾𝐾 ∂ 𝜙𝜙
∂ 𝑧𝑧

+∑ 𝑛𝑛
𝑖𝑖𝑖𝑖𝑎𝑎𝑢𝑢𝑢𝑢 (𝑤𝑤𝑢𝑢𝑢𝑢 − 𝑤𝑤) (𝜙𝜙 𝑢𝑢𝑢𝑢 − 𝜙𝜙 ) , � (1)

where 𝐾𝐾 is the eddy-diffusivity coefficient obtained from the 
MYNN scheme, 𝑛𝑛 is the number of updraft plumes, 𝑎𝑎𝑢𝑢𝑢𝑢 is the 
area fraction of plume 𝑖𝑖, 𝑤𝑤𝑢𝑢𝑢𝑢 is the vertical velocity of plume 𝑖𝑖
, and 𝜙𝜙 𝑢𝑢𝑢𝑢 denotes 𝜙𝜙  for plume 𝑖𝑖. We replace ∑ 𝑛𝑛

𝑖𝑖𝑖𝑖𝑎𝑎𝑢𝑢𝑢𝑢, which 
is a function of surface heat flux in Olson et al. (2019), with a 
constant value of 0.05 following Köhler et al. (2011), except 
when 𝑎𝑎𝑢𝑢𝑢𝑢 = 0 under stable conditions with negative surface 
heat fluxes. In addition, we approximate 𝑤𝑤𝑢𝑢𝑢𝑢 − 𝑤𝑤 ≈ 𝑤𝑤𝑢𝑢𝑢𝑢, fol-
lowing Olson et al. (2019).

The virtual potential temperature flux 𝑤𝑤′ 𝜃𝜃 ′
𝑣𝑣, which con-

tributes to TKE production, is given by

𝑤𝑤′ 𝜃𝜃 ′
𝑣𝑣 = 𝐴𝐴 𝑤𝑤′ 𝜃𝜃 ′

𝑙𝑙 + 𝐵𝐵 𝑤𝑤′ 𝑞𝑞′𝑤𝑤 + 𝐶𝐶 𝑤𝑤′ 𝑞𝑞′𝑙𝑙 , � (2)

where 𝜃𝜃 𝑣𝑣 is the virtual potential temperature, 𝜃𝜃 𝑙𝑙 is the liquid 
water potential temperature, 𝑞𝑞𝑤𝑤 is the total water content, and 
𝑞𝑞𝑙𝑙 is the liquid water content. The coefficients 𝐴𝐴, 𝐵𝐵, and 𝐶𝐶 are

𝐴𝐴 𝐴 𝐴 𝐴 𝐴𝐴𝐴𝐴𝑞𝑞𝑤𝑤 − 1.61𝑞𝑞𝑙𝑙, � (3a)

𝐵𝐵 𝐵 𝐵𝐵𝐵𝐵𝜃𝜃 𝜃 � (3b)

𝐶𝐶 𝐶 𝐶𝐶𝐿𝐿𝑣𝑣
𝑐𝑐𝑝𝑝

𝜃𝜃
𝑇𝑇
− 1.61𝜃𝜃 𝜃 � (3c)

where 𝑇𝑇 is the absolute temperature, 𝑐𝑐𝑝𝑝 is the specific heat of 
dry air at constant pressure, and 𝐿𝐿𝑣𝑣 is the latent heat of vapor-
ization. Substituting Eq. (1) into Eq. (2) yields

𝑤𝑤′ 𝜃𝜃 ′
𝑣𝑣 = 𝑤𝑤′ 𝜃𝜃 ′

𝑣𝑣PCS +∑ 𝑛𝑛
𝑖𝑖𝑖𝑖𝑎𝑎𝑢𝑢𝑢𝑢𝑤𝑤𝑢𝑢𝑢𝑢 (𝐴𝐴∆ 𝑖𝑖𝜃𝜃 𝑙𝑙 + 𝐵𝐵∆ 𝑖𝑖𝑞𝑞𝑤𝑤 + 𝐶𝐶∆ 𝑖𝑖𝑞𝑞𝑙𝑙) , � (4)

where 𝑤𝑤′ 𝜃𝜃 ′
𝑣𝑣PCS is obtained from the partial condensation 

scheme (e.g., Nakanishi and Niino 2009) and ∆ 𝑖𝑖𝜙𝜙 𝜙 𝜙𝜙 𝑢𝑢𝑢𝑢 − 𝜙𝜙
.

Table 1  Ten missed-issuance cases in 2024 (JMA 2026a). The loca-
tion of each rainband is indicated by the corresponding case number 
in Fig. 1
Case Prefecture Peak 

rainfall
mm/3 h

Peak time
month/day 
hour

Initial time
month/day 
hour

Forecast 
time
month/
day hour

1 Shizuoka 164 06/28 11 06/27 15 06/28 12
2 Yamagata 151 07/25 23 07/25 03 07/26 00
3 Tochigi 240 08/26 02 08/25 03 08/26 02
4 Iwate 208 08/27 21 08/26 21 08/27 20
5 Hyogo 212 08/29 19 08/28 21 08/29 19
6 Akita 142 09/20 05 09/19 09 09/20 06
7 Ishikawa 223 09/21 11 09/20 15 09/21 10
8 Miyazaki 290 10/22 17 10/21 21 10/22 18
9 Nagasaki 183 11/02 02 11/01 03 11/02 03
10 Okinawa 345 11/09 03 11/08 03 11/09 03
Times are given in Japan Standard Time (JST = UTC + 9). Peak and 
Forecast times denote the times at which the maximum 3-h accumu-
lated rainfall occurs in the radar/rain-gauge analyzed (RRA) precipi-
tation data and the modified WRF model, respectively. Peak rainfall 
denotes the corresponding maximum 3-h accumulated rainfall in the 
RRA data

Table 2  Same as Table 1, but for six false-alarm cases in 2024 (JMA 
2026a). No linear rainbands were identified in these cases
Case Region Peak 

rainfall
mm/3 h

Peak time
month/day 
hour

Initial time
month/day 
hour

Forecast 
time
month/
day hour

A Tokai 114 05/28 20 05/27 21 05/28 22
B Shikoku 136 06/18 07 06/17 09 06/18 08
C Tohoku 99 08/12 02 08/11 09 08/12 02
D Kanto 80 08/16 18 08/15 21 08/16 18
E Tohoku 111 08/17 06 08/16 09 08/17 07
F Tokai 134 08/27 08 08/26 15 08/27 08
For Case A only, the peak and forecast rainfall times differ by two 
hours
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Equation (4) was described in Text S2 of Nakanishi (2025). 
As an alternative, he also proposed a formulation that blends 
the effects of plume and non-plume regions. Although this for-
mulation can be applied to models without a mass-flux scheme, 
its performance depends strongly on the choice of the prob-
ability density function in plume regions. In contrast, Eq. (4) is 
a straightforward formulation within the mass-flux framework 
that explicitly accounts for the effects of plume regions. The 
sign of the mass-flux term, i.e., the second term on the right-
hand side of Eq. (4), depends on the value of ∆ 𝑖𝑖𝜙𝜙 . A positive 
mass-flux term enhances TKE production, whereas a negative 
term reduces it. Consequently, increased TKE can help air par-
cels in the lower layer rise above the level of free convection.

3.2  Plume model

3.2.1  Equations

The plume model calculates 𝜙𝜙 𝑢𝑢𝑢𝑢 and 𝑤𝑤𝑢𝑢𝑢𝑢. The equations for 
𝜙𝜙 𝑢𝑢𝑢𝑢 and 𝑤𝑤𝑢𝑢𝑢𝑢 are given by

∂ 𝜙𝜙 𝑢𝑢𝑢𝑢
∂ 𝑧𝑧

= −𝜖𝜖 𝑖𝑖 (𝜙𝜙 𝑢𝑢𝑢𝑢 − 𝜙𝜙 ) , � (5)

1
2

∂𝑤𝑤2
𝑢𝑢𝑢𝑢

∂ 𝑧𝑧
= −𝛼𝛼 𝛼𝛼 𝑖𝑖𝑤𝑤2

𝑢𝑢𝑢𝑢 + 𝛽𝛽 𝛽𝛽 𝜃𝜃 𝑣𝑣𝑣𝑣𝑣𝑣𝑣−𝜃𝜃 𝑣𝑣

𝜃𝜃 𝑣𝑣
, � (6)

where 𝜖𝜖 𝑖𝑖 is the fractional entrainment rate and 𝑔𝑔 is the accel-
eration due to gravity. We replace the coefficients 𝛼𝛼 𝛼 𝛼 and 
𝛽𝛽 𝛽 𝛽𝛽𝛽𝛽 used by Olson et al. (2019) with 𝛼𝛼 𝛼 𝛼 and 𝛽𝛽 𝛽 𝛽 
following Köhler et al. (2011) and Neggers (2015). Accord-
ingly, 𝜖𝜖 𝑖𝑖 is obtained from the empirical formulation of Neg-
gers (2015):

𝜖𝜖 𝑖𝑖 = 0.02 𝑑𝑑𝑖𝑖−0.35, � (7)

where 𝑑𝑑𝑖𝑖 is the diameter of plume 𝑖𝑖. As in Olson et al. (2019), 
we assume that 𝑑𝑑𝑖𝑖 = 𝑖𝑖 𝑖 𝑖𝑖𝑖 m ( 1 ≤ 𝑖𝑖 ≤ 𝑛𝑛) and that 𝑑𝑑𝑖𝑖 
remains constant with height, where 𝑛𝑛 is 10 or less depending 
on the grid spacing and the depth of the mixed layer. Equa-
tions (5) and (6) are integrated from the lowest level to the level 
at which 𝑤𝑤𝑢𝑢𝑢𝑢 vanishes.

3.2.2  Lower boundary condition

The initialization of plumes at the lowest level 𝑧𝑧1 within the 
surface layer is also modified following Köhler et al. (2011). 
𝜙𝜙 𝑢𝑢𝑢𝑢 (𝑧𝑧1) and 𝑤𝑤𝑢𝑢𝑢𝑢 (𝑧𝑧1) at 𝑧𝑧1 are given by

𝜙𝜙 𝑢𝑢𝑢𝑢 (𝑧𝑧1) = 𝜙𝜙 (𝑧𝑧1) + 𝑐𝑐𝑤𝑤
′ 𝜙𝜙 ′

𝑠𝑠
𝜎𝜎 𝑤𝑤

, � (8)

𝑤𝑤𝑢𝑢𝑢𝑢 (𝑧𝑧1) = 𝑐𝑐𝑐𝑐 𝑤𝑤, � (9)

where the subscript 𝑠𝑠 denotes the surface layer. If 𝑧𝑧1 is much 
smaller than the depth of the mixed layer, the standard devia-
tion 𝜎𝜎 𝑤𝑤 of vertical velocity is empirically obtained as

𝜎𝜎 𝑤𝑤 ≈ 1.2(𝑢𝑢3∗ + 1.5𝑘𝑘 𝑔𝑔
𝜃𝜃 𝑣𝑣𝑣𝑣𝑣

𝑤𝑤′ 𝜃𝜃 ′
𝑣𝑣𝑠𝑠𝑧𝑧1)

1/3
, � (10)

where 𝑢𝑢∗ is the friction velocity and 𝑘𝑘 is the von Kármán 
constant. Unlike Köhler et al. (2011), who set 𝑐𝑐 𝑐 𝑐𝑐𝑐𝑐 cor-
responding to ∑ 𝑛𝑛

𝑖𝑖𝑖𝑖𝑎𝑎𝑢𝑢𝑢𝑢 = 0.05, we use

𝑐𝑐 𝑐 min
⎡
⎢
⎢
⎣
2.05, (

𝐾𝐾 ∂ 𝜃𝜃
∂ 𝑧𝑧

|||𝑧𝑧1
+𝑤𝑤′ 𝜃𝜃 ′

𝑠𝑠

∑ 𝑛𝑛
𝑖𝑖𝑖𝑖𝑎𝑎𝑢𝑢𝑢𝑢𝑤𝑤′ 𝜃𝜃 ′

𝑠𝑠
)

1/2
⎤
⎥
⎥
⎦
. � (11)

This upper limit ensures that the vertical heat flux at 𝑧𝑧1, calcu-
lated from Eqs. (1), (8), and (9), remains smaller than 𝑤𝑤′ 𝜃𝜃 ′

𝑠𝑠, 
thereby preventing unintended cooling of 𝜃𝜃  at the lowest layer.

4  Results

We compared the horizontal distributions of simulated rain-
fall with radar/rain-gauge analyzed (RRA) precipitation data 
(Nagata 2011) on an hourly basis. The comparison was con-
ducted at the time when the simulated 3-h accumulated rainfall 
reached its maximum within ± 2 h of the observed peak rain-
fall time (see Tables 1 and 2). In addition, OILRs are issued 
using 3-h accumulated RRA precipitation data on a ten-minute 
basis. Therefore, the observed rainbands shown in Figs. 2, 3, 
4 and 5 do not necessarily satisfy all the criteria defined by 
JMA (2026a). For reference, Figs. 2, 3, 4, 5, 6, 7 and 8 also 
show results from the WRF model using the original mass-flux 
scheme of Olson et al. (2019) (ORG), which does not include 
the second term on the right-hand side of Eq. (4). The unit of 
3-h accumulated rainfall (mm per 3 h) is hereafter abbreviated 
as mm. The issues identified in this section are further dis-
cussed in Sect.  5.

4.1  Missed-issuance cases

Based on the characteristics of heavy rainfall events and the 
forecast performance, we classified the ten cases in Table  1 
into four categories: daytime, coastal, nighttime, and forecast-
failure cases.

4.1.1  Daytime cases

Figure 2 shows the horizontal distributions of 3-h accumulated 
rainfall from the RRA data, the modified WRF model, and 
the ORG model for Cases 1, 7, and 8. Surface winds from the 
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5th-generation ECMWF Reanalysis (ERA5) data (ECMWF 
2026b) are used as a proxy for observed surface winds.

For Case 1, the RRA data (Fig. 2a) show a linear rainband 
with a maximum rainfall of 150 mm on a south-facing slope in 
the Tokai region (point 1 in Fig. 1). The ERA5 surface winds 
blow toward the slope from the southwest. The WRF model 
(Fig. 2b) reasonably reproduces the rainband and satisfies the 
criterion requiring an area of at least 500 km2 with rainfall 
exceeding 100 mm (JMA 2026a). The maximum rainfall of 
144 mm simulated by the WRF model is only slightly lower 
than the criterion requiring a maximum rainfall of 150  mm 

or more (JMA 2026a). In contrast, the distance between the 
rainfall maxima in the RRA data and the WRF model (DIS) is 
53 km. This westward displacement of the simulated rainband 
is consistent with the WRF surface winds being more easterly 
than the ERA5 winds. The ORG model (Fig. 2c) satisfies nei-
ther the rainfall nor the area criterion.

For Case 7, an east-west-oriented stationary front is inferred 
from the convergence line of the ERA5 surface winds (Fig. 2d) 
and the distribution of simulated surface heat flux (Figs. S1d 
and S1e). The RRA data (Fig.  2d) show a linear rainband 
aligned with the front, with enhanced rainfall over the Noto 

Fig. 2  Horizontal distributions of 3-h accumulated rainfall from (a, d, 
g) the RRA data, (b, e, h) the modified WRF model, and (c, f, i) the 
ORG model for Cases 1 (a–c), 7 (d–f), and 8 (g–i). The information 
box in the upper-left or lower-right portion of each panel shows the 
500-km2 area criterion (Y: satisfied, N: not satisfied), the maximum 
rainfall (Max), and the distance between the rainfall maxima in the 

RRA data and the modified WRF or ORG model (DIS). Barbs show 
surface winds at 10 m above ground level from (a, d, g) the ERA5 
data, (b, e, h) the modified WRF model, and (c, f, i) the ORG model 
one hour before the end of the 3-h accumulation period. A flag, full 
barb, half barb, and circle denote wind speeds of 10, 2, 1, and < 0.5 m 
s–1, respectively
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Peninsula (point 7 in Fig. 1). The WRF model (Fig. 2e) satisfies 
both the rainfall and area criteria; however, the simulated rain-
band is located north of the peninsula along the convergence 
line of the WRF surface winds and covers a larger area with 
rainfall exceeding 100 mm than the observed rainband. The 
ORG model (Fig. 2f) exhibits similar performance.

For Case 8, the RRA data (Fig. 2g) show three rainbands 
along the eastern coast of Kyushu, a large island in southwest-
ern Japan. The southernmost rainband produced particularly 
heavy rainfall. The ERA5 surface winds blow toward the 
eastern coast from the southeast. The WRF model (Fig. 2h) 
also simulates three rainbands in similar locations. However, 
the southernmost simulated rainband is displaced southward 

with a DIS of 59 km. This displacement is consistent with the 
WRF surface winds being more easterly than the ERA5 winds. 
Although the compact spatial extent of the simulated rainband 
prevents it from satisfying the area criterion, its maximum rain-
fall satisfies the rainfall criterion. The ORG model (Fig. 2i) also 
satisfies the rainfall criterion but simulates the rainbands farther 
inland than observed, on the lee side of the eastern coast.

4.1.2  Coastal cases

Figure 3 is the same as Fig. 2, but for Cases 2, 6, and 9. 
Based on weather charts (e.g., JWA 2026), these cases were 
associated with frontal systems. The simulated surface heat 

Fig. 3  Same as Fig. 2, but for Cases 2 (a–c), 6 (d–f), and 9 (g–i). The rainband near 40°N, 140°E in (a) is excluded from the linear-rainband analysis 
(see text)
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flux (Fig. S2) and surface wind fields (especially Fig.  3h 
and i) suggest that both the WRF and ORG models simulate 
rainbands forming on the positive side of the zero-flux line 
and north of the frontal boundary.

For Case 2, the RRA data (Fig. 3a) show two rainbands: 
a northern rainband near 40°N, 140°E and a southern rain-
band near 39°N, 140°E. The northern rainband produced a 
maximum rainfall of 184 mm but did not satisfy the area cri-
terion. The maximum rainfall of 146 mm shown in Fig. 3a 
was recorded in the southern rainband. Although the south-
ern rainband narrowly missed both the rainfall and area cri-
teria at this time, an OILR was issued for this event. Both 
the WRF and ORG models (Fig. 3b and c) reasonably repro-
duce the southern rainband and satisfy both the rainfall and 
area criteria. Conversely, both models fail to reproduce the 
northern rainband. Mount Moriyoshi is located at 39.98°N, 
140.55°E, near the rainband. Its elevation is 1,454  m, 
whereas the elevation of the 5-km grid cell containing 
the mountain is about 800 m. A finer grid spacing may be 
required to adequately resolve the terrain around Mount 
Moriyoshi and thereby reproduce the northern rainband.

For Case 6, the RRA data (Fig. 3d) show a rainband near 
39.5°N, 140°E, with a maximum rainfall of 139 mm at this 
time. Although the WRF model simulates rainfall exceed-
ing 60 mm in the same region, another rainband near Mount 
Chokai (39.10°N, 140.05°E) produces a maximum rainfall 

of 158  mm (Fig.  3e). Over the Sea of Japan west of the 
mountain, the WRF surface winds (Fig. 3e) are more north-
erly than the ERA5 winds (Fig. 3d). This difference in wind 
direction, together with the presence of the mountain, may 
contribute to the displacement of the simulated rainband. 
The ORG model (Fig. 3f) does not satisfy the area criterion.

For Case 9, the RRA data (Fig. 3g) show a rainband near 
the coast of northwestern Kyushu, while the WRF model 
(Fig.  3h) simulates a rainband over the sea west of the 
observed rainband. The DIS is 91 km, which is the largest 
among the missed-issuance cases excluding the forecast-
failure cases. As in Case 7 (Fig. 2d and e), the displacement 
of the simulated rainband illustrates the difficulty of accu-
rately predicting the location of frontal wind convergence. 
However, the presence of clearly distinguishable fronts (see 
Figs. S1d, S1e, S2g, and S2h) appears to facilitate rainband 
prediction. Both the WRF and ORG models (Fig. 3h and i) 
simulate the rainband and satisfy both the rainfall and area 
criteria.

4.1.3  Nighttime cases

Figure 4 is the same as Fig. 2, but for Cases 3 and 4. Based 
on the weather charts for these cases (e.g., JWA 2026), 
although a typhoon was moving northward over the ocean 

Fig. 4  Same as Fig. 2, but for Cases 3 (a–c) and 4 (d–f)
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south of Kyushu, Japan was located on the western periph-
ery of the Pacific high-pressure system.

For Case 3, the RRA data (Fig. 4a) show a rainband on an 
inland southeast-facing slope. The ERA5 surface winds are 
southerly, suggesting that the rainband developed primarily 
through upslope lifting. The WRF model (Fig. 4b) simulates 
rainfall exceeding 40 mm near the observed rainfall but sat-
isfies neither the rainfall nor the area criterion. A simulated 
maximum rainfall of 116 mm occurs in the Noto Peninsula, 
resulting in a DIS of 255 km. The ORG model (Fig. 4c) also 
exhibits similar characteristics. As in Case 1 (Fig. 2a and b), 
rainfall exceeding 40 mm occurs on the south-facing slope 
in the Tokai region, suggesting that this region may be sus-
ceptible to heavy rainfall under warm, moist southerly flow.

For Case 4, the RRA data (Fig. 4d) show a rainband with 
a maximum rainfall of 193  mm near 40°N, 141°E. The 
ERA5 surface winds blow toward the rainband from the 
south. This rainband appears to have formed under the influ-
ence of topography in the northern part of a basin extending 
from north to south. The WRF model (Fig.  4e) simulates 
the rainband with a lower maximum rainfall of 112 mm. In 
addition, the simulated rainband is displaced to the lee side 
of the observed rainband. However, the DIS is only 27 km, 
the smallest among the missed-issuance cases. The ORG 
model (Fig. 4f) also exhibits similar characteristics. Cases 

3 and 4 suggest that the underestimation of rainfall and the 
leeward displacement of simulated rainbands may result 
from the ineffectiveness of the mass-flux scheme under noc-
turnal stable conditions (see Sect.  3.1).

4.1.4  Forecast-failure cases

Figure 5 is the same as Fig. 2, but for Cases 5 and 10. In 
these cases, the WRF model failed to reproduce the observed 
rainbands.

For Case 5, a typhoon made landfall in Kyushu around 08 
JST on 29 August (e.g., JWA 2026). The RRA data (Fig. 5a) 
show a linear rainband in northeastern Shikoku, the fourth-
largest island in Japan. However, both the WRF and ORG 
models (Fig. 5b and c) simulate a weaker rainband, located 
slightly west of the observed rainband, that does not satisfy 
the rainfall criterion. Instead, the WRF model (Fig. 5b) gen-
erates a spurious rainband near 34.5°N, 136.5°E.

For Case 10, Okinawa Island, located south of Kyushu, 
was situated on the southern periphery of a high-pressure 
system and within a weak pressure trough (e.g., JWA 2026). 
The RRA data (Fig.  5d) show a linear rainband northeast 
of Okinawa Island, together with a rainfall pattern resem-
bling that around a low-pressure system. However, neither 
the WRF nor ORG model (Fig.  5e and f) reproduces the 

Fig. 5  Same as Fig. 2, but for Cases 5 (a–c) and 10 (d–f)
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Fig. 6  Same as Fig. 2, but for Case A at 20 JST (a–c) and 22 JST (d–f) on 28 May

 

Fig. 7  Same as Fig. 2, but for Cases B (a–c) and F (d–f)
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overall rainfall pattern or the rainband. In particular, the 
ORG model (Fig. 5f) fails to reproduce the observed rainfall 
area northeast of Okinawa Island.

4.2  False-alarm cases

For convenience, we divided the six cases in Table 2 into 
three groups. In this study, the primary goal for false-alarm 
cases is to keep the simulated maximum rainfall below the 
rainfall criterion of 150 mm (JMA 2026a).

4.2.1  Case A

Figure 6 is the same as Fig. 2, but for Case A. For this case, 
the peak rainfall times in the RRA data and the WRF model 
differ by two hours (Table 2). The top and bottom panels of 
Fig. 6 show the rainfall distributions at the times of peak 
rainfall in the RRA data and the WRF model, respectively.

At 20 JST on 28 May, the RRA data (Fig.  6a) show a 
maximum rainfall of 114  mm near Mount Fuji (35.36°N, 
138.73°E), the highest mountain in Japan. At the same 
location, the WRF model (Fig. 6b) simulates a maximum 
rainfall of 123 mm, which is close to the observed maxi-
mum rainfall and remains below 150  mm. Unlike Mount 

Fig. 8  Same as Fig. 2, but for Cases C (a–c), D (d–f), and E (g–i)
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Moriyoshi (Fig. 3b), Mount Fuji is adequately resolved at a 
5-km grid spacing. Although the ORG model (Fig. 6c) also 
simulates rainfall near the mountain, it produces excessive 
rainfall over a mountain range near 36°N, 137.5°E.

At 22 JST on 28 May, the rainfall near Mount Fuji in 
the RRA data has almost ceased (Fig. 6d). However, rain-
fall near the mountain in the WRF model intensifies and 
exceeds 150 mm (Fig. 6e). Thus, the simulated maximum 
rainfall satisfies the rainfall criterion, despite the observed 
maximum rainfall of 114 mm at 20 JST (Fig. 6a). To avoid 
a false alarm when only the rainfall criterion is considered, 
the WRF model may require further improvement to sup-
press excessive rainband development. Rainfall near the 
mountain in the ORG model also persists but is weaker than 
that in the WRF model (Fig. 6f).

4.2.2  Cases B and F

Figure 7 is the same as Fig. 2, but for Cases B and F. For Case 
B, a low-pressure system accompanied by a front passed 
near Shikoku (e.g., JWA 2026). The RRA data (Fig.  7a) 
show a rainband with a maximum rainfall of 135 mm along 
the southeastern coast of Shikoku, whereas the WRF model 
(Fig. 7b) simulates a rainband with a maximum rainfall of 
138 mm over central Shikoku. Over the ocean south of Shi-
koku, the WRF surface winds are more easterly than the 
ERA5 winds. The westward displacement of the simulated 
rainband is consistent with the more easterly WRF surface 

winds. In contrast, the ORG model (Fig.  7c) produces a 
maximum rainfall exceeding 150 mm.

For Case F, a typhoon moved northwestward over the 
ocean south of Kyushu while intensifying (e.g., JWA 2026). 
Both the RRA data and the WRF model (Fig. 7d and e) show 
a rainband on the western side of the Tokai region, with a 
maximum rainfall of 134 and 124 mm, respectively. In con-
trast, although a rainband simulated by the ORG model also 
remains below 150 mm (Fig. 7f), it is more intense and dis-
placed farther to the lee side than the rainbands in both the 
RRA data and the WRF model.

4.2.3  Cases C, D, and E

Figure 8 is the same as Fig. 2, but for Cases C, D, and E. 
In these cases, the typhoon centers were located over the 
ocean east of Japan (e.g., JWA 2026), and the ERA5 surface 
winds blowing from the ocean were easterly to northeast-
erly (Fig.  8a and d, and 8g). The RRA data (Fig.  8a and 
d, and 8g) show maximum rainfall below 100  mm, with 
rainfall over land generally not exceeding 80 mm (Fig. 8d). 
Both the WRF (Fig. 8b and e, and 8h) and ORG (Fig. 8c 
and f, and 8i) models generally simulate rainbands in loca-
tions similar to the observed rainbands and produce rainfall 
below 90 mm over land. However, the simulated rainfall, 
likely associated with the typhoon eyewalls, is more intense 
than the observed rainfall. The difference in rainfall near the 

Table 3  Summary of results from the modified WRF model
Figure Case Forecast RRA rainfall

mm/3 h
WRF rainfall
mm/3 h

WRF Area
≥  500 km2

DIS
km

2 1 Yes 150 144 Yes 53
7 Yes 194 190 Yes 73
8 Yes 260 289 No 59

3 2 Yes 146 166 Yes 31
6 Yes 139 158 Yes 54
9 Yes 150 170 Yes 91

4 3 Partial 240 116 (56) No 255 (46)
4 Partial 193 112 No 27

5 5 No 212 174 No 178
10 No 345 339 Yes 200

6 A Yes
No

114
86

123
164

No
No

3
57

7 B Yes 135 138 Yes 54
F Yes 134 124 No 23

8 C Yes 99 (71) 175 (90) Yes (No) 89 (16)
D Yes 80 (80) 120 (40) Yes (No) 95 (7)
E Yes 98 (63) 127 (40) Yes (No) 416 (66)

Cases are listed in the order shown in Figs. 2, 3, 4, 5, 6, 7 and 8. Forecast denotes the degree of forecast performance. For Cases 1–10, Yes, 
Partial, and No denote reasonable reproduction of both rainband formation and rainfall exceeding 150 mm in 3 h, reasonable reproduction of 
rainband formation only, and forecast failure, respectively. For Cases A–F, Yes and No denote reasonable reproduction of rainband formation 
with rainfall remaining below 150 mm in 3 h and forecast failure, respectively. Numbers in parentheses for Case 3 indicate the values obtained 
when the rainband near the Noto Peninsula is excluded, whereas those for Cases C–E indicate the values obtained when the rainbands near the 
typhoon eyewalls are excluded
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eyewalls between the RRA data and the models is discussed 
in Sect.  5.

5  Discussion

Table  3 summarizes the results from the modified WRF 
model. The ORG model also reproduced several cases rea-
sonably well. Nevertheless, the modified WRF model per-
formed no worse than the ORG model in almost all cases 
and showed substantial improvement in several cases. In 
this section, we discuss the causes of the remaining issues 
and the challenges for further model improvement.

5.1  Forecast failure

The modified WRF model performed poorly in Cases 5 
and 10 (Fig. 5). For Case 5, Fig. 9 shows the typhoon track 
and central pressure from the WRF model together with 
the best-track data provided by the Regional Specialized 
Meteorological Center Tokyo (JMA 2026d). Although the 
positions of the simulated typhoon centers at 6-h intervals 
(orange circles in Fig. 9a) are somewhat scattered because 
of the relatively flat pressure distribution around the simu-
lated typhoon centers, they do not differ greatly from the 
best-track positions (red circles). In contrast, the initial 
central pressure of about 960 hPa from the ECMWF data 
is approximately 26 hPa higher than that in the best-track 
data (Fig.  9b). This substantial discrepancy in the initial 
pressure may have contributed to the poor performance of 
the modified WRF model. This issue cannot be resolved 
solely by improving subgrid-scale parameterizations and 
may require improvements to the initial conditions through 
appropriate data assimilation techniques (e.g., Xiao et al. 
2006; Zhu et al. 2026). Bonavita et al. (2017) showed that 
modifications to the ECMWF data assimilation system 
improved the initial representation of tropical cyclones 
and the resulting analyses.

Figure 10 illustrates the horizontal distributions of sur-
face air temperature, surface wind, and sea level pressure 
from the ERA5 data (ECMWF 2026b), ECMWF data, 
and modified WRF model for Case 10. The ERA5 data 

Fig. 10  Horizontal distributions of surface air temperature (shading), 
surface wind (barbs), and sea level pressure (contours) from (a) the 
ERA5 data, (b) the ECMWF data, and (c) the modified WRF model 

for Case 10 at the start of the 3-h accumulation period (00 JST on 09 
November). A flag, full barb, and half barb denote wind speeds of 10, 
2, and 1 m s–1, respectively

 

Fig. 9  (a) Typhoon track and (b) central pressure from the best-track 
data (red dashed line), the ECMWF data (cyan dashed line), and the 
modified WRF model (orange solid line). For the ECMWF data and 
the modified WRF model, central pressure is defined as the minimum 
sea level pressure. Open and filled circles in (a) indicate typhoon-cen-
ter positions at the initial time and at 6-h intervals, respectively
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(Fig. 10a) show a pressure trough extending northeastward 
from Okinawa Island, which gradually developed after 
about 18 JST on 08 November (FT15). This trough may 
be responsible for the rainfall pattern shown in Fig.  5d. 
Neither the ECMWF data (Fig. 10b) nor the WRF model 
(Fig. 10c) reproduces such a well-defined trough. Whether 
data assimilation can reproduce such a pressure trough 
remains unclear and should be examined in future studies.

5.2  Sea surface conditions

Unrelated to the pressure trough, Fig.  10 shows that the 
WRF model produces surface air temperatures approxi-
mately 0–2 °C higher than those in the ERA5 data. This 
warm bias may be associated with differences in sea sur-
face temperatures between the ERA5 and HIMSST data-
sets and/or differences in surface heat fluxes between the 
ERA5 data and the WRF model. Indeed, the sea surface 
temperature around Okinawa Island in the HIMSST data 
was about 0–1  °C higher than that in the ERA5 data 
(Fig. 11).

Similar issues for rainfall, rather than temperature, were 
identified in Cases C, D, and E (Fig. 8), in which the sim-
ulated rainfall near the typhoon eyewalls over the ocean 
was larger than that in the RRA data. Radar-based rainfall 
estimates generally become less accurate with increasing 
distance from the radar and may underestimate rainfall at 
long ranges (e.g., Kitchen and Jackson 1993). However, 
the heavy rainfall and high surface air temperatures may 
also be attributable to excessive surface latent and sensible 
heat fluxes, respectively. Reexamination of the sea sur-
face temperature data and parameters in the surface layer 
scheme, such as the roughness length over water, may 
therefore be warranted.

5.3  Mass-flux scheme

In the current mass-flux scheme, the assumption of 
𝑤𝑤𝑢𝑢𝑢𝑢 − 𝑤𝑤 ≈ 𝑤𝑤𝑢𝑢𝑢𝑢 was used (see Sect.   3.1). Near typhoon 
eyewalls, however, 𝑤𝑤 may not be negligible even at a rela-
tively coarse 5-km grid spacing. The impact of reintroduc-
ing 𝑤𝑤 should be investigated.

For the nighttime events of Cases 3 and 4 (Fig. 4), the 
simulated rainfall was lower than both the observed rainfall 
and the 150-mm rainfall criterion. Under nocturnal stable 
conditions, the current mass-flux scheme is generally inac-
tive. The weaker rainfall and leeward displacement of the 
simulated rainbands suggest that the absence of the second 
term on the right-hand side of Eqs.  (1) and (4) may lead 
to inadequate simulations of rainband location and rain-
fall intensity. The current mass-flux scheme only consid-
ers plumes rising from the surface (see Sect.  3.2.2). In the 
absence of such plumes, incorporating updrafts originating 
from the lifting condensation level, like the shallow cumu-
lus parameterization of Neggers et al. (2002), may improve 
the prediction of rainband location and rainfall intensity.

Furthermore, the modified WRF model produced exces-
sive rainfall around Mount Fuji in Case A (Fig.  6). This 
event also occurred at night, and its simulation may there-
fore be improved by the above modification to the mass-
flux scheme. As described in Sect.  3.1, the mass-flux term 
in Eq.  (4) can become negative and moderate turbulence 
growth. However, whether this effect suppresses rainband 
development remains under investigation.

6  Conclusions

Using the modified WRF model, we conducted sixteen sim-
ulations of heavy rainfall events, including linear rainbands, 
to evaluate its applicability to heavy rainfall information. 

Fig. 11  Horizontal distributions of sea surface temperature from (a) the ERA5 data, (b) the modified WRF model (daily HIMSST data), and (c) 
their difference for Case 10 at the start of the 3-h accumulation period (00 JST on 09 November)
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The events consisted of ten missed-issuance cases and six 
false-alarm cases. Model results were compared with the 
RRA data, with a primary focus on maximum rainfall. For 
reference, results from the ORG model using the original 
mass-flux scheme were also presented. The modified WRF 
model performed no worse than the ORG model in almost 
all cases and showed substantial improvement in several 
cases.

For eight of the ten missed-issuance cases, the WRF 
model reasonably simulated the occurrence of heavy rain-
fall (Figs.  2, 3 and 4). The distance between the rainfall 
maxima in the RRA data and the WRF model (DIS) was 
approximately 54 km on average, which tended to be rela-
tively large for frontal rainfall (e.g., Figs.  2e and 3h) but 
relatively small for orographic rainfall (e.g., Fig. 4e). In two 
of these eight cases, both of which occurred inland at night, 
the WRF model underestimated rainfall intensity (Fig. 4). 
Furthermore, the WRF model performed poorly in the 
remaining two cases, which occurred within the influence 
of a typhoon or over the ocean on the southern periphery of 
a high-pressure system (Fig. 5).

For five of the six false-alarm cases, the WRF model rea-
sonably reproduced the observed rainfall that did not satisfy 
the linear-rainband criteria (Figs. 7 and 8). However, rain-
fall near typhoon eyewalls over the ocean may be overesti-
mated. In contrast, for the remaining event, the WRF model 
simulated heavy rainfall exceeding the 150-mm rainfall cri-
terion near Mount Fuji (Fig. 6), the cause of which remains 
under investigation.

Further evaluation using a larger number of rainfall 
events, including cases with correct FILR decisions, is 
needed. Nevertheless, this study suggests that the modified 
WRF model has the potential to complement JMA FILR 
decisions and contribute to reducing both missed issuances 
and false alarms. We currently perform real-time forecasts 
every 6 h. Based on the present results, forecasts with lead 
times of 17–25 h may be suitable for supporting FILR deci-
sions, as they are available approximately half a day before 
the expected rainband formation.

However, several challenges remain, including poor per-
formance within typhoon-affected regions, possible overes-
timation of sea surface temperature and surface heat fluxes 
over the ocean, and the underestimation of rainfall during 
nighttime events. Future work to address these challenges 
includes:

	● Introducing data assimilation techniques into the model,
	● Reexamining the sea surface temperature data and pa-

rameters in the surface layer scheme, such as the rough-
ness length over water, and.

	● Reintroducing 𝑤𝑤  and incorporating updrafts originat-
ing from the lifting condensation level into the mass-
flux scheme.
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