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Abstract

The future change of heavy rainfall (meso-f3 scale) in the
Baiu season, the atmospheric patterns (over meso-a scale) of sea
level pressure and surface vapor flux, and the connection between
them were investigated by analyzing multiple datasets of a high-
resolution non-hydrostatic regional climate model (NHRCMO5)
for better simulating heavy rainfall, a coarser-resolution global
atmospheric climate model (AGCM20) embedding the NHRCM
05, and a huge database for Policy Decision-Making for Future
climate change (d4PDF) with a coarser-resolution. As a result,
northern Japan and Japan-sea-side areas have a statistically signif-
icant increase of heavy rainfall that is caused by an increase in the
atmospheric patterns with westward-protruding Pacific high and
northward-invading vapor flux along the periphery of the high. In
the Pacific side in eastern Japan, the typical atmospheric pattern
prone to heavy rainfall will change in the future as it will decrease
the occurrence frequency of the atmospheric pattern that presently
caused heavy rainfall with cyclones located at south of Japan.
Besides, the atmospheric pattern with westward-protruding pacific
high, that presently caused heavy rainfall mainly in western Japan,
will expand the area of heavy rainfall eastward in the future due to
an eastward-invading vapor flux.

(Citation: Osakada, Y., and E. Nakakita, 2018: Future change
of occurrence frequency of Baiu heavy rainfall and its linked
atmospheric patterns by multiscale analysis. SOLA, 14, 79-85,
doi:10.2151/s0la.2018-014.)

1. Introduction

Heavy rainfall in the Baiu season (mainly from June to July
in Japan) is one of the main factors causing severe water-related
disasters in Japan. As the warming trend becomes more signif-
icant, it is an urgent issue to project detailed future changes of
Baiu heavy rainfall under climate change. The typical Baiu heavy
rainfall is a phenomenon of back-building type (Seko 2010) in the
small meso-f scale under atmospheric circumstances of Baiu front
in a scale relatively larger than the meso-a scale. Thus, it is neces-
sary to capture Baiu heavy rainfall from multiple spatial scales.

In the KAKUSHIN Program (Kitoh et al. 2009), Kanada
et al. (2012) discovered an increase of extreme precipitation
in early July in the future climate by analyzing a 5-km-mesh
non-hydrostatic regional climate model (NHRCMOS5) under the
A1B scenario proposed in IPCC Special Report on Emission
Scenarios (SRES; IPCC 2000). Nested in an outer 20-km-mesh
global atmospheric climate model (AGCM20), NHRCMOS5 out-
puts 30-minutes precipitation. This high spaciotemporal resolution
enables us to obtain Baiu heavy rainfall as precipitation output
like a weather radar image. Therefore, Nakakita et al. (2012) man-
ually picked up Baiu heavy rainfall events from the precipitation
output of NHRCMOS5 under the SRES A1B scenario with only
single ensemble member (Hereinafter, the Baiu heavy rainfall
events represented by precipitation distributions are called BHRs,
and general Baiu heavy rainfall is called heavy rainfall). They
also revealed increasing trends of BHRs in early July as well as
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around Northern Japan. Additionally, Nakakita et al. (2016, 2017)
extracted atmospheric patterns of sea level pressure and surface
vapor flux prone to heavy rainfall referring to the BHRs’ datasets
(Nakakita et al. 2012), and retrieved the patterns’ occurrence
frequency using a huge ensemble database in a coarser-resolution.
However, the linkage between the future change of heavy rainfall
and corresponding atmosphere has not been clarified in those
literatures yet.

In the SOUSEI Program succeeding to the KAKUSHIN
Program, a new dataset of NHRCMO5 was developed by nested
in AGCM20 (Mizuta et al. 2012) under the scenario of Repre-
sentative Concentration Pathways 8.5 (RCPS8.5; IPCC 2013).
These models have four SST ensembles, called cO~c3 (Mizuta
et al. 2014). c1~c3 are made by a cluster analysis of SST change
patterns projected in Coupled Model Intercomparison Project
phase 5 (CMIP5). c0 is the total mean. The patterns of c0 and
c2 are associated with El-Nino, however cl has a characteristic
opposite to c¢2. c3 has significant warming in the western North
Pacific. However, the ensemble number is still insufficient for
statistical analysis. Hence, Mizuta et al. (2016) performed a huge
ensemble experiments, of which the dataset is called Database
for Policy Decision-Making for Future climate change (d4PDF).
In these future experiments, the SST forcing is from CMIPS
same as AGCM20/RCMO5 and the amplitude of warming is kept
stationary 4 K warmer than the preindustrial climate, which is cor-
responding to that around the end of the twenty-first century under
RCP8.5, throughout the 60-year integration. d4PDF has outputs
in two resolutions, including a 60-km-mesh global atmospheric
model (d4PDF60) and the nested 20-km-mesh regional climate
model (d4PDF20). Particularly, d4PDF60 has 100 and 90-ensem-
bles of climate experiments in the present (1951-2010) and future
(2051-2110), respectively. d4PDF20 has 50 and 90-ensembles
for the present and future climates. d4PDF enables us to esti-
mate probabilistic future changes in extreme events. However,
d4PDF20 is not finer enough to represent BHRs while NHRCMO05
can.

This study aims to estimate the detailed future change of
heavy rainfall by clarifying its linkage with corresponding atmo-
spheric patterns. To accurate reveal multiscale effects, we used
NHRCMO5’s precipitation output for BHRs, and utilized AGCM20
and d4PDF20 for atmospheric patterns of sea level pressure,
Py,, and surface vapor flux, . To reinforce the linkage, we also
analyzed some real BHRs in the past. In this study we shall focus
on the regional future change as a preliminary analysis for the
detailed future change of heavy rainfall by multiscale analysis.

2. Data and methodology

The datasets we used are NHRCMOS5 and AGCM20 under
RCP8.5 as well as d4PDF20. From NHRCMOS5 we extracted the
precipitation output from June 1* to August 31" for the period
of 20-years in present (1981-2000) and four SST ensembles
c0~c3 of future (2077-2096). Because some heavy rainfall of
back-building type often occurred even in August, the period of
August is included in our analysis. As is the outer model covering
NHRCMO0S5, AGCM20 with hourly outputs was used to check the
atmospheric patterns of P, and F;, corresponding to the BHRs
found in the nested NHRCMOS5 (Hereinafter, the BHRs atmo-
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Fig. 1. The framework and methodology of this study.

spheric patterns is abbreviated as BHRAP). Then, d4PDF20 with
hourly output was utilized for retrieving the occurrence frequency
of these BHRAP. For analyzing the past real BHRs, we used
weather radar data for rainfall event’s spatial distributions and
locations, and used Japanese 55-year Reanalysis (Kobayashi et al.
2015), JRASS, for spatial distributions of Py, and F.

For analyzing BHRAP for P, and F, we used the method of
Self-organizing map (SOM), which is a non-linear classification
technique for principal component analysis. As is a pattern rec-
ognition technique, SOM can project high-dimensional variables,
that is atmospheric variables of P, and F, to a visually under-
standable low-dimensional array. Each element in SOM is denoted
as a node. Nodes distributed relatively nearby in a map possess
a similar feature. Taking the advantage of SOM, we can easily
achieve data classification of the same dimensional atmospheric
data into one node having a minimum Euclid distance with that
data. For more details, one can refer to other studies (Camus et al.
2011; Ohba et al. 2014, 2016).

Figure 1 illustrates the framework of this research. The meth-
odology is briefly explained as follows.

1) Referring to the criteria listed in Supplement 1 (Nakakita et al.
2012), we manually picked up BHRs from the spaciotemporal
precipitation distributions of NHRCMOS5 under RCPS8.5 and
estimated the statistics of the future change of BHRs. Here,
even if a tropical cyclone affects Baiu front remotely, we
extract all BHRs which are not directly caused by a tropical
cyclone and belong to the type of meso-3 back-building.

From AGCM20 we extracted the BHRAPs corresponding
to BHRs obtained from NHRCMOS. The analysis area for
atmosphere spans from 120°E to 155°E and from 20°N to
50°N. Also, we retrieved the future change of the occurrence
frequency of these BHRAPs from d4PDF20. Then, the method
of SOM was applied to classify the atmospheric variables and
to estimate the future change of these atmospheric variables.
The features of real BHRs in the past and corresponding
BHRAP were investigated by using weather radar data and
JRASS.

Based on the results of 1)~3), we revealed the linkage between
heavy rainfall and atmosphere, and analyzed the cause of the
BHRs’ future change in terms of the statistical information of
the atmosphere’s future change obtained from d4PDF20.

2)

3)

4)

3. Results

3.1 The future change of Baiu heavy rainfall events

Figure 2 shows the future change of the BHRs’ appearance
frequency for 20 years by summarizing all events obtained from
NHRCMOS. The areas in red (pink) has a 5% (10%) statistically
significant increase in BHRs. The BHRs’ appearance frequency is

shown in the lower bar charts in which the asterisk symbol ** (*)
mean 5% (10%) statistically significant increase. The frequency
of BHRs will increase almost everywhere in Japan. Especially
in Hokkaido, Tohoku and Hokuriku, where seldom experienced
BHRs in the present climate of NHRCMOS, we discovered a
statistically significant increase in BHRs. This indicates that these
arcas will face a new risk of heavy rainfall-triggered-disasters
in the future. As for Kyusyu, the increase numbers of BHRs for
c0~c3 are considerable large, though the differences are not statis-
tically significant except for cl. The pacific side area, e.g., Kanto
or Tokai, also has no statistically significant differences.

3.2 The future change of atmospheric patterns

For BHRAPs we extracted the spatial distributions of 10-days-
averaged Py, and F; from AGCM20 corresponding to the BHRs
obtained from NHRCMO5 using SOM method. For obtaining
proper atmospheric classifications, Nakakita et al. (2017, 2018)
treated independently each variable on each one-dimensional
SOM rather than treated all variables on one two-dimensional
SOM conventionally. Then, they constructed a two-dimensional
SOM by assigning the two one-dimensional SOMs as vertical
and horizontal axes, respectively. Each one-dimensional SOM is
composed of 50 nodes. In this study, we cited and expanded these
results. The datasets for the SOM construction were AGCM20’s
present and future cO simulations. By analyzing all future ensem-
bles of c0~c3 in AGCM20, we discovered that the results of c1~c3
are almost equivalent to the one of c0. Thus, the c0 result is taken
as a representative in the following analysis.

Figure 3a shows the classification of 10-days-averaged P, and
F, from AGCM20 on SOMs. White circles denote the 10-days-
averaged atmosphere without BHR in NHRCMOS5 within 10-days,
and red (blue) circles or stars denote the atmosphere with at least
one or greater than three BHRs in future (present) climate. Figure
3b shows the classification of 10-days-averaged Py, and F; from
d4PDF20 in terms of the same pattern at each node in Fig. 3a,
and the color represents the number difference between the future
and present climates classified into each node. We identified eight
clusters of 1~4 and A~D using the U-matrix method (Ultsch
1990), which we calculate Euclid distances between two adjacent
nodes and splits the particular two nodes with relatively large
Euclid distances, and the cluster-averaging P, and F, are shown
in Fig. 3c. The nodes inside the circled clusters in Fig. 3b have
1% statistical significant differences of the numbers between the
future and present climate. d4PDF are calculated under the similar
conditions of future scenario and SST in AGCM?20, therefore we
classified d4PDF20 into SOM made from AGCM20 to clearly
show the atmospheric future change with its huge ensembles.

We can find that patterns 1~4 are highly associated with the
BHRs from Fig. 3a, thus they are regarded as the BHRAPs. These
patterns have the characteristics of westward-protruding Pacific
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Fig. 2. The future change of BHRs’ appearance frequency for 20 years projected by NHRCMOS. Figures in upper line show the future change which the
areas in red and pink have 5% and 10% statistically significant increase. Figures in lower line show the appearance frequency for the present and future
climates. The asterisk symbols ** and * respectively denote the 5% and 10% statistically significant increase. c0, cl, c¢2 and ¢3 denote individual ensemble
members of future experiments with different SST change patterns. The SST patterns in c0 and c2 are similar to the observed interannual variation pattern
of ENSO and the pattern of ¢l is an opposite characteristic to ¢2. And c3 has larger warming in the western North Pacific.
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high and vapor flux along the periphery of the high. Moreover,
most of the nodes composing the patterns 1~3 are in red and 1~3
are circled in Fig. 3b. This means the occurrence frequency of the
patterns 1~3 has a statistically significant increase in the future.
On the other hand, we can find that patterns A~D have the distinc-
tive future change in Figs. 3b and 3c. The pattern B (D) has more
abundant supply of F than the one of A (C) while patterns A-B
(C-D) have the same Py, distribution (each cluster is located at the
same horizontal position in SOM). We can see a clear shift to the
atmospheric patterns with an abundant vapor flux from the pattern
A to B, and C to D in Fig. 3b. However, we cannot find relevant
correspondences among the patterns A~D and BHRs. This study
focuses on the future change of heavy rainfall, therefore we only
discuss the patterns 1~4, which are highly associated with BHRs,
for the linkage between BHRs and atmosphere.

Figure 4 shows (a) the composited equivalent potential
temperature at 850 hPa (defined as O, hereafter), and (b) the
composited precipitation and the BHRs locations (denoted by
%) when BHRs occurred under the patterns 1~4. These variables
are averaged in the present and future, respectively. In the future
climate’s patterns 1~3, BHRs exist in Japan-sea-side and northern

Pattern 1 Pattern 2
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Japan areas although they do not exist in the present. It is assumed
that this future change is due to the northward-invading air mass
of high 6, in the future. Additionally, BHRs exist around the
Pacific side in eastern Japan in all of the future climate’s patterns
1~4. Kato (2007) pointed out that the Pacific side in eastern Japan
does not presently have much heavy rainfall due to no abundant
supply of high 6, air mass at low level unlike the western Japan.
However, these future climate’s patterns 1~4 have the inflow of
high 6, air mass, thus BHRs may occur around the Pacific side in
eastern Japan. These results indicate that the northward and east-
ward-invading air mass of high 6, in the future cause the increase
of BHR’s appearance frequency in areas of Japan-sea-side,
northern Japan, and the Pacific side in eastern Japan. Moreover,
the increasing trends of the patterns 1~3 coincide with the one of
BHRs around Japan-sea-side and northern Japan areas shown in
Fig. 2.

3.3 The mechanisms of future change of BHRs in the Pacific side
in eastern Japan

The patterns 1~4 will cause an increase of BHRs in the future
around the Pacific side in eastern Japan, i.e., Kanto and Tokai,

Pattern 3 Pattern 4

50N

Present (3) Present (6) Present (0) Present (2) K]
— = = _
350
340
Future_cO (4) Future_c0O (13) Future_cO (7) 330
A 320
310
300
201\£0E 130E 140E 150E
(a) Equivalent Potential Temperature at 850 hPa [mm/day]
1480
60
. 50
y’ No BHRs 40
Present (0) 25
20
15
10
5
’ Future_cO (4) 1 Future_c0(13) || | Future_cO (7)

o0
130E 140E

(b) Precipitation distribution and location of BHRs

Fig. 4. (a) The composited 0, at 850 hPa; and (b) the precipitation distribution and the BHRs locations (%) when BHRs occurred in the future and present

climates. The numbers in parentheses mean the sample number for each cluster.
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where do not have the statistically significant increase of BHRs
shown in Fig. 2. Therefore, we further investigated the reason of
the future change in this area.

Matsumoto et al. (2013) analyzed the relationship among
heavy rainfall and atmospheric patterns in Kanto Region during
the Baiu season and pointed out that much heavy rainfall around
Kanto is highly related to the cyclones located at south of Japan.
We also analyzed the real heavy rainfall in the past for clarifying
the BHRs and their typical BHRAP by using radar data and
JRASS. Figure 5 shows the radar’s precipitation distribution and
the 10-days-averaged Py, and F; of the past real heavy rainfall in
Tokai Region on 11™ September 2000 (PS2000) and similar distri-
butions from NHRCMOS. Figures 5a and 5c have high similarity
on the shape and locations of precipitation distribution. Both
events were caused by the abundant supply of vapor in the south-
east direction (white arrows in Figs. 5b and 5d) pumped up to the
north by a cyclone located at south of Japan (black arrows in Figs.
5b and 5d), and Pacific high was not westward-protruding. The
BHRAPs of other past real heavy rainfall events in the Pacific side
area in eastern Japan have the same atmospheric characteristics as
PS2000 (see Supplement 2). In short, the typical BHRAP for the
Pacific side in eastern Japan in the current climate is related with
the cyclones located at south of Japan and southeast F inflow to
BHRSs’ locations. Moreover, we confirmed that NHRCMO5 can
represent such characteristics well.

Next, we checked the future change of the occurrence fre-
quency of this typical BHRAP. Figure 6a shows classification of
AGCM20 which BHRs occurred only in the Pacific side in eastern
Japan (Kanto and Tokai). Figure 6b is same as Fig. 3b. Highlighted
in a yellow dashed frame in SOMs in Fig. 6, the nodes show the
representative characteristics of this typical BHRAP shown in
Fig. 6¢c. We can find that many present atmospheric patterns with
BHRs are classified into the nodes inside that yellow frame in Fig.
6a. Also, there are many nodes inside the yellow frame in Fig.

PS2000 (radar & JRAS5)
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6b are colored in blue. This means that the occurrence frequency
of this typical BHRAP will decrease in the future. On the other
hand, many future atmospheres with BHRs are classified into the
patterns 1~4. These results indicate that the typical BHRAP for
the Pacific side in eastern Japan will change in the future, and the
BHRAP for mainly western Japan in the current climate will start
to cause heavy rainfall even in eastern Japan in the future (Fig. 7).

4. Summary

In this study, the detailed future change of heavy rainfall has
been investigated from multiple spatial scales.

We clarified the statistically significant increase in the appear-
ance frequency of BHRs, which are directly obtained from the
NHRCMOS5’s precipitation output, in northern Japan and Japan-
Sea-side areas. This future change results from the increase in
the BHRAPs with a westward-protruding Pacific high and a
northward-invading high 6, air mass along the periphery of the
high. Moreover, we found that the typical BHRAP will change
in the Pacific side in eastern Japan. The occurrence frequency
of a typical BHRAP in the current climate, which has a cyclone
located at south of Japan, will decrease in the future. Instead, the
atmospheric patterns with a westward-protruding Pacific high,
which presently cause heavy rainfall mainly in western Japan,
will expand the area of heavy rainfall eastward due to eastward-
invading high 0, air mass, and the pattern will frequently occur
in the future. These significant future changes of atmospheric
occurrence frequency are statistically clarified by a huge ensemble
of d4PDF20. To our knowledge, this study is the first clarifying
the relationship between the future change of Baiu heavy rainfall
and atmospheric patterns. In the future, we will further verify our
results using other AGCM and AOGCM.
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