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Abstract. Recently, floods and sediment disasters caused by line-shaped rainbands (LRBs) have increased in
frequency following events such as the torrential rainfall around Tokyo of September 2015, which flooded the
Kinu River, Japan. During this event, the shape of the rainfall area matched the topology of the river basin,
causing water levels to rise rapidly and resulting in a serious disaster. Therefore, the shape and duration of heavy
rainfall patterns are critical factors that must be considered for flood prevention. In this study, we examined
features of LRBs in river basins across Japan using long-term radar raingauge data, and investigated relationships
between rainfall intensity, shape, duration, and quantity.

1 Introduction

Japan is located in the East Asian monsoon region, where
rainfall is concentrated in summer/autumn season due to
typhoons and the Baiu. Except for meso-α-scale or larger
rainfall events associated with these seasonal patterns, most
heavy rainfall in Japan is caused by mesoscale convective
systems (MCSs), 40 %–60 % of which are long and narrow
(Tsuguchi and Kato, 2014). Line-shaped rainbands (LRBs)
are composed of multiple linearly organized cumulonimbus
clouds that produce stagnant rainfall over the same area for
several hours. However, the size of these rainfall areas varies
widely, ranging from several hundred to several thousand
square kilometers, which is on the scale of river basins in
Japan. Many of LRBs have influenced the flow of first-order
rivers as well as smaller rivers in Japan, such as torrential
flooding of the Kinu River near Tokyo in September 2015
and the Kuma River in Kyushu in July 2020. These events
caused serious damage due to rainfall stagnation over river
basins.

The physical mechanisms of LRBs have been investi-
gated using numerical models and Doppler radar observa-
tions (e.g., Kato, 1998, 2006, 2020; Yoshizaki et al., 2000).

Statistical analysis of radar rainfall data was first conducted
by Bluestein and Jain (1985), who analyzed an 11-year
dataset in the USA and classified 52 linear MCSs into five
classes (broken line, back-building, broken area, embedded
area, and other). Later, Houze et al. (1990) and Parker and
Johnson (2000) reclassified linear MCSs into two or three
classes, based on a combination of convective and stratiform
clouds. Schumacher and Johnson (2005) analyzed 76 MCSs
that occurred during a 3-year period for the three classes pro-
posed by Parker and Johnson (2000), plus two frequently oc-
curring, unclassified MCS types. Based on these classifica-
tion systems, regional and seasonal trends of other MCSs
were analyzed by Stevenson and Schumacher (2014) and
Haberlie and Ashley (2019). Feng et al. (2016) used a 35-
year observational dataset to show an increasing trend in the
number of MCSs in recent years. Furthermore, Fairman et
al. (2016) and Ashley et al. (2019) investigated features re-
lating to LRBs in the United States. Prein et al. (2017) ap-
plied a climate projection model to show that the frequency
and amount of rainfall will increase in a future climate.

Shimura et al. (2000) classified 37 heavy rainfall events
in the Japanese Kanto region over a 4-year period into
frontal organization and multiple- and single-cell movement
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classes. Seko (2010) categorized back-building, squall line,
and back-and side-building MCS rainfall in the USA using
previous case analyses and classification systems. Yamada et
al. (2012) examined the spatiotemporal distribution and envi-
ronmental characteristics of LRBs in northern Japan based on
21 years of observations. Tsuguchi and Kato (2014) showed
that among 286 heavy rainfall events throughout Japan dur-
ing a 15-year observation period, 64.8 % involved LRBs.
Unuma and Takemi (2016) investigated the rainfall shape,
duration, amount, and environmental characteristics of 4133
events in Japan using an 8-year observation dataset.

In this study, we investigated the relationship between
rainfall duration and shape associated with LRBs in Japan
using long-term, nationwide observational datasets. LRBs
were extracted using an algorithm proposed by Hirockawa
et al. (2020) and revised with some thresholds by Ohya and
Yamada (2023; OY22 hereafter).

2 Methodology

2.1 Datasets

In this study, we used the Radar/Raingauge Analyzed Precip-
itation product (RA; Nagata, 2011), which is a composite of
C-band radar rainfall data corrected using ground-based rain
gauge data managed by the Japan Meteorological Agency.
The spatial resolution was 5 km when data delivery began in
1988, but was increased to 2.5 km in 2001, and to 1 km in
2006. These changes are improvements due to the expanded
radar and ground rain gauges used. In this study, to analyze
long-term trends, we standardized the resolution through bi-
linear interpolation to 5 km, and data from 1988 to 2019 were
used.

2.2 LRBs definition

A flowchart of the LRBs extraction process is shown in
Fig. 1. This method was based on that of Hirockawa et
al. (2020), using a threshold proposed by OY22. First, closed
curves that satisfy 40 mm per 3 h before the rainfall event
were extracted, and an area of 500–15 000 km2 was selected
as the target area of intense rainfall as a meso-β-scale crite-
rion. If the area overlap threshold was ≥ 40 % of the rainfall
area in the previous 3-h rainfall period, both were considered
to be the same event, indicating stagnation. For each 3 h rain-
fall area, the aspect ratio of the major axis to the minor axis
was calculated as an indicator of the shape of the area. In this
study, we adopted the OY22 LRBs definition to apply statis-
tical analyses to many regions. Thus, LRBs were defined as
having an aspect ratio of ≥ 2.5, a stagnation time of ≥ 4 h,
and a maximum grid rainfall of 35 mm h−1 in all heavy rain-
fall events. In this study, heavy rainfall events are considered
to be those that satisfy the rainfall and area thresholds of the
algorithm; LRBs are assumed to satisfy the aspect ratio and
duration time criteria for such events.

Figure 1. Flowchart of the line-shaped rainband (LRBs) extraction
process used in this study.

3 Results

Through LRBs extraction, we obtained 15 119 heavy rainfall
events, among which 5240 were LRBs (Fig. 2). The loca-
tions where LRBs occurred during May–October from 1988
to 2019 are plotted in Fig. 2a, along with average rainfall and
LRBs orientation according to longitude and latitude. LRBs
also occurred in northern parts of Japan such as the Tohoku
and Hokkaido regions, although they were relatively com-
mon in Kyushu and western Japan (Fig. 2a). The frequency
distributions of these rainfall events according to longitude
and latitude (Fig. 2b, e) indicate that LRBs frequency was
higher in the west and south, and lower in the east and north.
The average rainfall amount was higher for LRBs in the south
than for those in the north, but not higher for LRBs in west-
ern Japan than for those in the east (Fig. 2c, f). In the north-
west Kyushu region, the southwestern part of Japan, more
than half of all rainfall areas appeared in June and July, in-
dicating that LRBs oriented in the east–west and southwest-
northwest directions were significantly more frequent in this
region. Many of the LRBs extracted in this study appear
to have been generated during the Baiu season, although
heavy rainfall events extracted in the Chubu, southern Kii,
and Kanto regions (see Fig. 4 for the detail locations) mainly
occurred from August to September, corresponding to the ty-
phoon season; many of these events were directly caused by
typhoons and topography. Around 140° E, particularly near
37–38° N, larger proportions of LRBs were oriented in the
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Figure 2. Distribution of LRBs during May–October period from 1988 to 2019 according to (b) latitude and (e) longitude, normalized
by land area. Average rainfall according to (c) latitude and (f) longitude. Rainband orientation according to (d) latitude and (g) longitude.
(h) Frequency of LRBs occurrence by month and total LRBs numbers for each region.

Figure 3. Interannual variation in LRBs occurrence by region. Col-
ors indicate the regions where the center coordinates are located.

northwest-southeast direction (green color, Fig. 2d, g), which
is typical of LRBs generated from the Sea of Japan toward
the Hokuriku and Tohoku regions.

The numbers of LRBs that occurred in each region during
May–October from 1988 to 2019 are plotted in Fig. 3. The

Figure 4. Frequency of LRBs aspect ratios by region. Colors indi-
cate the regions where the center coordinates are located.

annual mean was 101, with a standard deviation of 20. Years
with particularly high LRBs occurrence included 1993, 1998,
2011, and 2018, which correspond to years with many heavy
rainfall events nationwide due to typhoons and Baiu fronts as
large-scale disturbances. Although few events occurred from
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Figure 5. Box and whisker plots of the relationship between rainfall intensity and aspect ratio. Lines represent means, box borders represent
25th and 75th percentiles, whiskers represent 1.5× the interquartile range, and dots and crosses represent outliers. The dates and regions of
the top five rainfall events are indicated for rainfall durations of (a) 3 h, (b) 4 h, and (c) 5 h. Precipitation directly caused by tropical cyclones
are indicated by dashes.

2001 to 2007, the spatial resolution of RA changed in 2001.
Although this study interpolated the data to standardize the
resolution, the analysis results may have been affected by the
resolution change. Similarly, the spatial resolution changed
in 2006, such that simple comparisons based on the same
resolution are possible only after 2006. The Mann–Kendall
test rejected our results for the Kinki and southern Chugoku
regions (P < 0.05), indicating an increasing trend.

The frequency distributions of heavy rainfall aspect ratios
for each region are shown in Fig. 4. The aspect ratio indi-
cates the ratio of the major axis to the minor axis of the rain-
fall area. A larger aspect ratio represents a more elongated
shape, while a smaller aspect ratio represents a more blocky
shape. Empirically, an aspect ratio of 2.5 or higher is often
associated with LRBs. In all regions, aspect ratios of 2 to 2.5
showed the highest frequency, and significantly fewer events
had larger aspect ratios, indicating a high degree of linearity.
Large aspect ratios were more frequent in southern regions
(blue, Fig. 4) than in all other regions.

Relationships between aspect ratio and rainfall intensity
according to date, location, and duration for 7424 rainfall
events that occurred from May to October during 1988–2019
are shown in Fig. 5. For average rainfall events, there was no
significant relationship between aspect ratio and rainfall in-
tensity. However, many extreme rainfall events had aspect
ratios of 1–3.5. For example, some strong, short-duration
heavy rainfall events showed a linear relationship with as-
pect ratio, such as torrential rains of 101 mm h−1 recorded
at Kurisugawa site, in Kii South region, in August 2001, and
the 92 mm h−1 rainfall event recorded in Yokohama site, near
Tokyo, in July 1998, which was the largest rainfall event to
have occurred since the station was established. More than
60 % of all rainfall area corresponded to localized torrential
rains of 1000 km2 or smaller. Among 4 h rainfall events, both

the median and 95th percentile values indicate that rainfall
intensity increased with the aspect ratio (Fig. 5b), and ex-
treme rainfalls, including the 8.1 disaster in Kyushu, in 1993,
and the Okazaki city torrential rainfall in 2008, in Chubu,
showed a linear relationship for aspect ratios of 2–4. Among
5 h rainfall events, no significant relationship with aspect ra-
tio was detected, although the 95th percentile value tended
to increase with the aspect ratio at aspect ratios close to 2.5
(Fig. 5c). Similar trends were observed nationally and re-
gionally throughout Japan.

4 Summary

In this study, we examined the nationwide distribution of
LRBs using long-term rainfall data for May to October dur-
ing 1988–2019, as well as relationships between rainfall
shape, duration, amount, and intensity. We extracted 15,119
meso-β-scale heavy rainfall events from datasets covering
all of Japan during the study period. Among these, approxi-
mately 40 % of rainfall events had a duration of ≥ 4 h, and
5240 were LRBs. Both the number of LRBs and rainfall
amount were significantly more frequent in the south than
in the north, and almost 80 % were in Kyushu and along the
coast of the Pacific Ocean (i.e., southern Shikoku, southern
Kii, central Japan, and Kanto). The most frequent aspect ratio
range was 2.0–2.5, which indicates shape linearity, and this
distribution pattern was similar over broad regions of Japan.
Significantly more rainbands were oriented in the east-west
direction in Kyushu, where rainfall is concentrated during
the Baiu season, and in the southwest-northeast direction in
other areas. In southern Shikoku and southern Kii, the al-
gorithm implemented in this study extracted heavy rainfall
events that were directly caused by typhoons. Among non-
stagnant heavy rainfall events, there was no significant rela-
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tionship between rainfall amount and aspect ratio for many
events. Extreme rainfall events were concentrated within an
aspect ratio of 2.0–3.5. These results suggest that linear shape
may contribute to rainfall intensity, regardless of rainfall du-
ration and area. A future study should investigate the physical
properties influencing the precipitation efficiency of LRBs.
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