15 NOVEMBER 2021

SHIBUYA ET AL.

8955

Dynamics of Widespread Extreme Precipitation Events and the Associated
Large-Scale Environment Using AMeDAS and JRA-55 Data
RYOSUKE SHIBUYA,a YUKARI TAKAYABU,a AND HIROTAKA KAMAHORIa
a

Atmosphere and Ocean Research Institute, The University of Tokyo, Kashiwa, Japan
(Manuscript received 23 January 2021, in final form 29 July 2021)

ABSTRACT: This study examines disastrous historical precipitation cases that generate extreme precipitation simultaneously over a wide area in Japan (as in July 2018), defined as widespread extreme precipitation events. A statistically
significant large-scale environment conducive for widespread extreme precipitation events over western Japan is investigated based on composite analysis. During a widespread precipitation event, a zonally elongated positive anomaly of the
column-integrated water vapor extends from East China to western Japan. In the lower troposphere, a dipole of a geopotential height anomaly exists with positive and negative values at the east and west of the precipitation area, respectively.
It is found that the negative geopotential anomaly is enhanced over East China at 2 days before the event and moves toward
the precipitating area mainly due to the potential vorticity (PV) production term by diabatic heating, analogous to a diabatic
Rossby wave. The temporal evolution of the dynamical forced vertical velocity is well in phase with that the PV production
term, suggesting the importance of the coupling between the dynamical forced motion and diabatic heating. This result
provides a physical understanding of the reason why both the background moisture and the baroclinicity are essential in the
composited atmospheric fields and another view to the importance of the feedback parameter between the dynamical
motion and diabatic heating.
KEYWORDS: Atmospheric circulation; Vertical motion; Extratropical cyclones; Extreme events; Precipitation

1. Introduction
During early summer in East Asia, a climatological frontal
zone with a strong equivalent potential temperature gradient
(ue) extends from the southern part of China to Japan
(Ninomiya and Murakami 1987; Sampe and Xie 2010). This
quasi-stationary front is called the mei-yu front (Chinese), the
changma front (Korean), and the baiu front (Japanese).
Ninomiya (1984) suggested that the mei-yu–baiu front is a
subtropical front characterized by a deep, moist neutral layer
and a sharp ue gradient. The rainband associated with the baiu
front sometimes produces a torrential rainfall, which causes
disastrous flooding. For example, the heavy rain event of July
2018 (e.g., Shimpo et al. 2019) associated with the baiu front
generated considerably large amounts of precipitation, especially over western Japan and the Tokai region. During this
event, many in situ ground-based observational stations simultaneously measured their highest recorded precipitation
amount, and this condition led to widespread disasters.
By examining the historical records from 1979 to 2020, this
study reveals that the heavy rainfall event of July 2018 is not the
only case in which extreme precipitation was generated over a
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wide area all at once, although the event of July 2018 is found to
be the most extreme occurrence. In section 2, we define this type
of rain event as a ‘‘widespread extreme precipitation’’ event.
Since the widespread rainfall in these events is likely related to
synoptic- or large-scale dynamics (Horinouchi 2014; Yokoyama
et al. 2017; Horinouchi and Hayashi 2017) with a different scale
from that of a single/multiple mesoscale system (Ninomiya and
Akiyama 1992; Kato 2020), it is expected that such widespread
extreme precipitation might accompany coherent atmospheric
circulation anomalies over East Asia. The purpose of this study
is to elucidate the characteristics of widespread extreme precipitation events and their associated atmospheric patterns from
observations and reanalysis data.
Recent studies have extensively examined the atmospheric
circulation anomalies associated with extreme precipitation over
East China (Zhou and Yu 2005; Wei et al. 2014; Chen and Zhai
2016; Oh et al. 2018; Hu et al. 2019; Zhao et al. 2020) and over
Japan (Hirota et al. 2016; Hamada and Takayabu 2018; Tsuji
et al. 2020; Sugimoto 2020; Harada et al. 2020). It was reported
that extreme precipitation cases over Japan were related to
several key mechanisms: anomalous moisture transport, the
westerly jet, the enhancement of upper-level and low-level
vortices, and Rossby wave propagation associated with upstream blocking. Kamae et al. (2017) showed that heavy rainfall
events over Japan during warm season are often related to the
narrow and intense moisture transport as a form of the atmospheric river, such as those in the United States (Neiman et al.
2008; Demirdjian et al. 2020; Moore et al. 2020, 2021).
However, because a detailed dynamical analysis was only
conducted as a case study of individual extreme precipitation
(Shimpo et al. 2019; Sekizawa et al. 2019; Yokoyama et al.
2020), it is still not clear what mechanisms significantly contribute to the occurrence of extreme precipitation over Japan.
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FIG. 1. (a) Horizontal map of 99th-percentile thresholds of the 12-h-averaged precipitation amount on the
available AMeDAS stations in June and July from 1979 to 2020. Extreme precipitation amount in the 1st and 42nd
case of the widespread extreme precipitation cases recorded on (b) 1200 UTC 6 Jul 2018 and (c) 1200 UTC
30 Jun 1979.

For example, Tochimoto and Kawano (2017) suggested that
the development process of a baiu-frontal depression is consistent with a diabatic Rossby wave (Parker and Thorpe 1995).
Although Boettcher and Wernli (2013) showed that diabatic
Rossby waves are frequently detected around Japan during the
baiu season for the years of 2001–10, a fuller picture as to
whether diabatic Rossby waves were related to the past extreme precipitation cases has been still missing.
One of the theoretical perspectives that links large-scale
circulation and local precipitation is the omega equation in the
quasigeostrophic (QG) framework (Holton 2004; Horinouchi
2014; Nie and Sobel 2016; Horinouchi and Hayashi 2017;
Yokoyama et al. 2020). The main advantage of the QG omega
equation is that contributions from dynamic forcing and diabatic heating can be linearly decomposed, which leads to
quantitative discussions of the role of the large-scale dynamics.
Nie and Fan (2019) introduced the ‘‘dynamic forcing–diabatic
feedback’’ perspective for the development of extreme precipitation in which dynamically forced vertical motions act as a
forcing, and convection responds as a feedback. This view
could offer further profound insights into the mechanism of
extreme precipitation over Japan in terms of large-scale dynamics, moisture, and diabatic heating associated with convection. The present article is organized as follows. The
methodology and data used herein is described in section 2.
The results of the composite analysis are given in section 3.

A discussion is presented in section 4, and section 5 summarizes the results and provides concluding remarks.

2. Data and methods
a. Datasets and event selection
A rain gauge observation network has been installed
across Japan in 1977 as the Automated Meteorological Data
Acquisition System (AMeDAS) managed by the Japan
Meteorological Agency (JMA). The amount of precipitation
is recorded at a 1-h temporal resolution at each AMeDAS
station. In this study, we use rain gauge data collected at 691
AMeDAS stations that have been continuously operating
from 1979 to 2019; in particular, 241 of these AMeDAS stations are located in western Japan. Figure 1a shows the top
99th percentile thresholds of the 12-h-averaged precipitation
amount for the AMeDAS stations. The AMeDAS stations
are widely and quite uniformly distributed over western
Japan with relatively higher precipitation threshold over the
Kyushu region.
In this study, an extreme precipitation event is defined as a
top-99th-percentile precipitation event over a 12-h duration in
June and July at each AMeDAS station. The peak time of an
extreme precipitation event is defined as the time at which each
AMeDAS rain gauge records the highest precipitation amount
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TABLE 1. Dates of the widespread extreme precipitation. The first column denotes the rank of the widespread extreme precipitation, and
the third column denotes the number of the stations that recorded the extreme precipitation within their historical precipitation amount.
Rank

Time and date

No. of stations

Rank

Time and date

No. of stations

1
2
3
4
5
6
7
8
9
10
10
12
13
14
15
16
17
18
19
19
21
22
23

1200 UTC 6 Jul 2018
0000 UTC 6 Jul 2018
1200 UTC 29 Jun 1999
1200 UTC 3 Jul 1995
0000 UTC 19 Jun 2001
1200 UTC 27 Jun 1979
1200 UTC 5 Jul 2018
0000 UTC 7 Jul 2018
0000 UTC 3 Jul 1995
1200 UTC 2 Jun 1988
1200 UTC 25 Jun 1985
1200 UTC 29 Jun 1979
0000 UTC 29 Jun 1979
1200 UTC 24 Jul 1982
1200 UTC 19 Jun 2001
1200 UTC 7 Jul 2018
0000 UTC 27 Jun 1979
1200 UTC 21 Jun 2012
0000 UTC 19 Jun 2013
0000 UTC 19 Jul 2006
0000 UTC 25 Jun 1985
1200 UTC 6 Jul 2020
1200 UTC 2 Jul 1990

182
158
144
139
116
115
113
105
103
92
92
84
83
81
82
77
72
70
67
67
66
65
64

24
25
26
27
27
27
30
30
30
33
33
33
36
36
38
38
40
41
42
42
42

1200 UTC 20 Jun 1983
0000 UTC 28 Jun 1985
0000 UTC 5 Jul 2018
1200 UTC 7 Jul 2020
0000 UTC 7 Jul 2020
1200 UTC 2 Jul 1993
1200 UTC 2 Jul 1993
0000 UTC 14 Jul 2010
0000 UTC 27 Jun 1985
1200 UTC 13 Jun 2020
1200 UTC 19 Jun 2013
0000 UTC 24 Jul 1982
1200 UTC 26 Jun 2013
0000 UTC 20 Jun 1983
0000 UTC 18 Jun 2020
1200 UTC 20 Jun 2018
0000 UTC 4 Jul 1991
0000 UTC 20 Jul 1996
1200 UTC 24 Jun 2012
1200 UTC 3 Jun 1988
1200 UTC 30 Jun 1979

61
59
58
57
57
57
56
56
56
55
55
55
54
54
53
53
52
51
49
49
49

during the 12-h extreme precipitation event. During the analysis,
precipitation records within 6 h before and after peak times
detected in the higher ranks of the extreme precipitation are
removed from the gauge record. Then, the peak time is classified
into either 0000–1200 or 1200–2400 UTC for the composite
analysis. To distinguish extreme precipitation events from those
directly caused by tropical cyclones (TCs), we exclude extreme
precipitation events during which any AMeDAS station was
located within 1000 km of a TC center, where the locations of
TCs were derived from the International Best Track Archive for
Climate Stewardship (IBTrACS) dataset (Knapp et al. 2010).
This is because extreme precipitation events directly caused by
TCs likely have different atmospheric patterns from those related
to the baiu front. Please note that remote effects of TCs (e.g.,
Byun and Lee 2012) more than 1000 km apart from the AMeDAS
stations are not eliminated in this analysis. However, it was confirmed that the atmospheric circulation pattern does not strongly
depend on the existence of the remote effect of TCs, which is
discussed in Text S1 in the online supplemental material in detail.
Next, the number of western Japan AMeDAS stations at
which extreme precipitation occurred simultaneously on a given
day at either 0000–1200 or 1200–2400 UTC between June and
July from 1979 to 2020 is examined. In this study, the top 99th
percentiles for the number of AMeDAS stations that experienced extreme precipitation events are defined as widespread
extreme precipitation events. Table 1 summarizes the dates of
these widespread extreme precipitation events, some of which
were analyzed as case studies by the previous studies (Ninomiya
et al. 1984; Murakami and Huang 1984; Ogura et al. 1985).
Figures 1b and 1c show the 12-h-averaged precipitation during

the 1st and 42nd widespread extreme precipitation events that
occurred at 1200 UTC 6 July 2018 and at 1200 UTC 30 June
1979, respectively. The precipitation amount is depicted only for
the AMeDAS stations that experienced extreme precipitation
during those events. For example, in the first widespread
extreme precipitation event, 183 AMeDAS stations simultaneously recorded large amounts of precipitation exceeding their
top 99th percentiles. All dates reported in Table 1 are used to
obtain the coherent atmospheric circulation patterns associated with the widespread extreme precipitation. A composite
analysis is conducted based on the Japanese 55-year Reanalysis
(JRA-55) 6-hourly dataset at a 1.258 3 1.258 spatial resolution
(Kobayashi et al. 2015). In addition, the fifth-generation reanalysis implemented by ECMWF called ERA5 (Hersbach
and Dee 2016) at a 0.258 3 0.258 spatial resolution is also used
for the analysis of the surface variable. Note that some of
persistent heavy rainfall events are classified as an individual
widespread extreme precipitation event as in Table 1 and thus
the composite members are not completely statistically independent. Nevertheless, this leads to weighting patterns of such
persistent heavy rainfall events on the composite results, because persistent heavy rainfall events could have large social
and economic impacts due to the long duration and high intensity. It was confirmed that the main results in section 3 were
not largely influenced by including any individual persistent
heavy rainfall event as the event of July 2018.

b. The QG omega equation
In this study, the QG omega equation is used to quantify the
contributions from large-scale dynamic forcing and diabatic
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heating. The QG omega equation may be written as follows
(e.g., Holton 2004, 164–168; the derivation is described in our
online supplemental material) :
s=2 v 1 f02

›y g R 2
›2 v
2 = H,
5 22=  Q 1 f0 b
›p2
›p p

(1)

where s 5 2(RT/p)›plnu denotes the dry static energy, p denotes pressure, T denotes temperature, v denotes the vertical
pressure velocity, H denotes the diabatic heating, y g denotes
the meridional geostrophic wind velocity, u denotes the potential temperature, =denotes an operator of the horizontal
gradient, and f0 and b denote the reference Coriolis parameter
and its meridional gradient at 358N, respectively. In this study,
H is calculated as the sum of the convective heating rate and
the large-scale condensation heating rate. The vector Q is the
so-called Q vector, which describes the forcing of the vertical
motion by its convergence:


R ›ug
R ›ug
 =T, 2
 =T ,
(2)
Q5 2
p ›x
p ›y
where ug denotes the horizontal component of the geostrophic
wind velocity. Assuming that a disturbance has a wavenumber
of k 5 2p/Lx (l 5 2p/Ly) with a zonal (meridional) characteristic length Lx (Ly), the QG omega equation for a single
wavenumber is written as
›2 v
k2 1 l2
2=  Q b ›y g
R 2
2
2s 2 v52 2 1
= H.
›p2
f0 ›p pf02
f0
f0
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appears only within the integral. Under the Dirichlet condition
^ t ) 5 0, the analytical solution of the Green’s
^ s ) 5 G(p
of G(p
function in Eq. (4) is obtained as follows:
^ p0 ) 5
G(p,
3

0

e2b(p1p )
2b(e2bpt 2 e2bps )

8
< e2b(ps 1p) 2 e2b(p0 1p) 1 e2b(pt 1p0 ) 2 e2b(ps 1pt )

(p , p0 )

: e2b(ps 1p0 ) 2 e2b(p0 1p) 1 e2b(pt 1p) 2 e2b(ps 1pt )

(p $ p0 )

,

(8)

where b2 5 s(k2 1 l2 )/f02 . Equations (6) and (7) are numerically
calculated by using the Fourier transform in the horizontal
directions and Green’s function in the vertical direction as in
Horinouchi (2014). The Fourier transform is performed using
the entire longitudinal range in the zonal direction and from
108 to 808N in the meridional direction. The tapering windows
are applied from 108 to 258N and from 658 to 808N with a cosine
function. In this study, we set pt 5 100 hPa and ps 5 1025 hPa by
introducing an additional bottom level. The results confirm
that the analytical Green’s function with the above Dirichlet
condition provides a better profile than that with the Neumann
^ s ) 5 ›p G(p
^ t ) 5 0 (not shown).
boundary condition of ›p G(p

3. Composite analysis of widespread extreme
precipitation

(3)

a. Atmospheric circulation patterns of widespread extreme
precipitation

The QG omega equation can be solved using the Green’s
function method (Nie and Sobel 2016). Let there be a Green’s
^ that satisfies
function G

In this section, we examine the composited anomalies of
atmospheric variables associated with the widespread extreme
precipitation. The time of the composited peak precipitation is
denoted as day 70, where a negative (positive) sign denotes a
time prior to (after) the peak. The anomalies in this study are
defined as deviations from the daily climatology calculated
from 1979 to 2018. First, we show composites of a columnintegrated water vapor (CWV0 ) from 1000 to 100 hPa, surface
mean sea level pressure and dewpoint temperature 2 m above
the surface, geopotential height (F0 ), and horizontal wind velocity (u0 ) at 850 and 250 hPa on day 70 in Fig. 2. Note that
since the map of the dewpoint temperature 2 m above the land
is quite complicated, likely due to the fine topography in
ERA5, only the values over the ocean are shown in this study.
We choose the height level of 850 hPa for the composite
analysis because the moisture transport in the zonal direction is
maximized about at 850 hPa. A region of zonally elongated
positive CWV0 appears from East China to western Japan,
while a dipole of F0 at 850 hPa exists with positive and negative
values at the east and west of the precipitation area, respectively. As a result, the anomaly of the northeastward horizontal
wind velocity is enhanced over western Japan, leading to a
large moisture flux from southwest of Japan. The surface front
with stronger horizontal gradient of dewpoint temperature,
denoted by yellow dots in Fig. 2b, is found at the west of the
local minimum of the sea level pressure (SLP). In Fig. 2d, an
upper-level trough exists over the northwest of the low-level
cyclonic anomaly at 850 hPa, which is consistent with the case
studies of extreme precipitation events (Takemura et al. 2019;

^2s
›pp G

k2 1 l2 ^
G 5 d(p 2 p0 ),
f02

(4)

where d denotes the Dirac delta function and s is assumed to be
constant. If we denote the vertical motion component corresponding to Q-vector convergence as vD, the diabatic heating as
vH and the other term as vres, Eq. (1) means that the vertical
motion can be decomposed due to its linearity as follows:
v 5 vD 1 vH 1 vres ,

(5)

where vD denotes the dynamically forced vertical motion, vH
denotes the vertical motion balanced by diabatic heating, and
vres denotes the residual component including the vertical
motion caused by the b effect in Eq. (3). By solving the Green’s
function in Eq. (4), vD and vH are obtained by integrating
Green’s function over the whole pressure coordinate with the
corresponding terms in Eq. (3) as
(
)#
ð pt "
0
2=

Q(p
)
0
^ p) 2
vD (p) 5
(6)
G(p,
dp0 ,
f02
ps
vH (p) 5

ð pt "
ps

(
)#
^ p0 ) 2 R =2 H(p0 ) dp0 ,
G(p,
p0 f02

(7)

where ps and pt denote the pressures at the surface and top
boundary, respectively. Please note that p0 is a variable that
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FIG. 2. A horizontal map of the composite anomaly of (a) column-integrated water vapor (kg m22) and columnintegrated moisture flux (kg m21 s21; dark blue vector), (b) surface mean sea level pressure (hPa) and dewpoint
temperature 2 m above the surface (K), and geopotential height (m) and horizontal wind components (m s21;
vectors) at (c) 850 and (d) 250 hPa with day 70 of the widespread extreme precipitation. The contour interval is
2 kg m22 in (a), 2 K in (b), and 5 m in (c) and (d). The shaded area indicates that the anomalies are statistically
significant at a 95% confidence level using the Student’s t test, while the dotted area indicates that the anomalies are
statistically significant at a 90% confidence level. Yellow dots in (b) represent grid points where the horizontal
gradient of dewpoint temperature exceeds 3.0 3 1026 K m21.

Yokoyama et al. 2020). In addition, a positive F0 value is observed in the upper troposphere to the east of Japan over the
North Pacific subtropical high (NPSH), suggesting an equivalent barotropic structure of the positive F0 .
Temporal evolutions of F0 and u0 at 250 and 850 hPa, SLP
and dewpoint temperature at the surface, and CWV0 from
day 25 to day 21 are shown in Fig. 3. The positive F0 of the
NPSH persists from day 25 to day 21, indicating that positive
F0 might be a precursor of widespread extreme precipitation.
The persistent positive F0 of the NPSH preceding the widespread extreme precipitation event might be attributable to
incoming coherent Rossby wave packets, which is discussed in
Text S2 in the online supplemental material. It is notable that,

on day 25, cyclogenesis occurred at the south of Lake Baikal
around 458N, 1008E, which corresponds to the lee side of the
Altai–Sayan massif. This region is known as the most frequent
cyclogenesis region in East Asia and is referred to as the
‘‘Altai–Sayan cyclogenesis’’ region (Chen and Lazić 1990;
Chen et al. 1991). Historically, previous studies about the lee
cyclogenesis have focused on the Alpine lee cyclogenesis,
with theoretical approaches based on a baroclinic instability
modified by orography [De Marchi 1900; Bergeron 1928;
Petterssen 1956; Speranza et al. 1985; Pierrehumbert 1985;
Rotunno and Ferretti 2001; see also a recent review by Buzzi
et al. (2020)]. On day 23, the Altai–Sayan cyclone moves
southeastward toward 408N, 1208E and becomes slightly
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FIG. 3. A time evolution of the horizontal maps of the composite anomaly of (top to bottom) geopotential height (m) and horizontal
wind components (m s21; vectors) at 250 and 850 hPa, sea level pressure (hPa) and dewpoint temperature 2 m above the surface (K), and
column-integrated water vapor (kg m22) with days (left to right) 25, 23, and 21 of the widespread extreme precipitation. The contour
interval is 8 m in the top row, 5 m in the second row, 2 K in the third row, and 2 kg m22 in the bottom row. The shaded area indicates that
the anomalies are statistically significant at a 95% confidence level using the Student’s t test, while the dotted area indicates that the
anomalies are statistically significant at a 90% confidence level. The magnitude of the unit vector is drawn below the color bar. Yellow dots
in the third row represent grid points where the horizontal gradient of dewpoint temperature exceeds 3.0 3 1026 K m21.
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FIG. 4. A time evolution of the horizontal maps of the Q-vector convergence (m s21 kg21; shading), zonal wind component (m s21; blue
contours), temperature (K; dashed contours) and Q vector (vectors) at 500 hPa with days(left to right) 22, 21, and 70 of the widespread
extreme precipitation. The contour interval is 1 K. The magnitude of the unit vector is drawn below the color bar.

weakened. On day 21, the upper-level cyclonic anomaly
almost stagnates over the Korean Peninsula, while a new
lower-level cyclonic anomaly is enhanced at the south of the
propagating Altai–Sayan cyclone over the East China. It
should be noted that, reviewing the individual widespread
extreme precipitation events, some of the composited lowlevel cyclones on day 21 are found to be generated over the
eastern edge of the Tibetan Plateau without the existence of
the Altai–Sayan cyclone and to move toward the East China
(Sugimoto 2020; Lee et al. 2020). It should be noted that a
negative F0 at 850 hPa around Taiwan on day 25 is due to a
composite of tropical cyclones, which are found in approximately 60% of all widespread extreme precipitation cases.
A positive moisture anomaly starts to be enhanced over East
China approximately three days before the widespread precipitation event, leading to elongated positive q0 on day 70. The
eastward extension of positive q0 toward Japan on day 21 was
associated with the enhancement of the cyclonic anomaly in the
lower troposphere. The filamentary structure of the moisture
anomaly is found from day 23 to day 21 like the phenomena of
the atmospheric rivers (ARs). However, during the time evolution
of the moisture anomaly, the filamentary structure is not parallel
to the column-integrated moisture transport and is mainly caused
by the northward moisture transport, which is perpendicular to
the quasi-stationary front from day 25 to day 23. Therefore, although some of the widespread extreme precipitation might be
related to the phenomena of the ARs, the characteristics of
composited moisture anomaly might not be consistent with a
typical characteristic of the ARs (Neiman et al. 2008; Demirdjian
et al. 2020; Moore et al. 2020, 2021). The time series of the
moisture anomaly will be closely examined in section 3b using the
prognostic equation of the column-integrated specific humidity.
Next, the large-scale dynamic forcing of the vertical motion is
investigated following the framework of the QG omega equation in Eq. (1). Figure 4 shows the time series of the composited
Q vector and its convergence following Eq. (2) from day 22 to
day 70 at 500 hPa. The isotherms seem to be almost parallel to

the latitudinal lines over Japan, and therefore the zonal (meridional) component of the Q vector is mainly associated with a
shear deformation (a confluence/diffluence) effect (Horinouchi
and Hayashi 2017). On day 22, a band-shaped region of the
Q-vector convergence appears on a relatively strong temperature gradient from East China to Japan with a negative local
maximum over East China. The strong convergence over East
China on day 22 is likely caused by the cyclonic anomaly of the
Altai–Sayan cyclone from the north (Text S3 and Fig. S3 in the
online supplemental material). From day 22 to day 70, anomalous Q-vector convergence moves eastward from 1208 to 1358E
and a strong Q-vector convergence appears over the precipitation area. The temporal evolution of the Q vector is likely associated with the enhancement and eastward extension of the
cyclonic anomaly (Fig. 3). The direction of the Q vector indicates
that both effects by confluence and by shear deformation contribute to the Q-vector convergence. The confluence effect is
attributable to a zonal wind anomaly induced by the cyclonic
anomaly, which is superimposed onto the jet entrance region of
the climatological jet stream in the lower and upper troposphere.

b. Temporal evolution of the moisture anomalies
The temporal evolution of the column-integrated water vapor in Fig. 3 is quantitatively estimated using a prognostic
equation of precipitable water:
›hq0 i
5 2hu0  =qi 2 hu  =q0 i 2 hu0  =q0 i
›t
2hq(=  u0 )i 2 hq0 (=  u)i 2 hq0 (=  u0 )i
2(vq)0p5p 2 P0 1 E0 ,
s

(9)

where a prime symbol denotes a deviation from the daily climatology and an overbar denotes the daily climatology. In addition,
P denotes precipitation and E denotes evaporation. Angled
brackets indicate mass-weighted vertical integration over the
troposphere. Note that the 2(vq)0p5ps term remains in Eq. (9)
since the mass-weighted vertical integral of h›p(vq)0 i is not exactly
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FIG. 5. Time series of the terms in the prognostic equation of the column-integrated water
vapor in Eq. (9) averaged over (a) East China (288–348N, 1158–1258E) and (b) western Japan
(308–368N, 1308–1368E). The contributions from the terms are denoted by colored and solid or
dashed contours that are represented in the key to the right of the panels. For example, the
convergence of the climatological moisture by the anomalous horizontal wind [2hq(=  u0 )i] is
denoted by the red and solid contour.

zero with ps 5 1000 hPa. The three terms on the right-hand
side in the first row of Eq. (9) represent the vertical integration of the advection terms, while the terms in the middle
row represent the vertical integration of the moisture
convergence terms.
First, the time series of the terms in Eq. (9) over East China
(288–348N, 1158–1258E) are shown in Fig. 5a. The convergence
of the climatological moisture by the anomalous horizontal
wind mainly moistens the atmospheric column, while the precipitation almost cancels out this tendency. In addition, the
advection term of anomalous moisture by the anomalous wind
components results in a negative time tendency of precipitable
water. It should be noted that the time tendency of ›hq0 i/›t
seems to be correlated with the first two advection terms in
Eq. (9), namely 2hu0  =qi and 2hu  =q0 i. In particular, the
correlation coefficient between ›hq0 i/›t and 2hu  =q0 i is approximately 0.88 during this period. Thus, the temporal evolution of the positive q0 over East China seen in Fig. 3 from
day 25 to day 21 is likely attributable to the advection terms.
In other words, the climatological southerlies advect the positive q0 around Taiwan, while the climatological moisture field

is advected by the anomalous northwestward flow caused by
the positive F0 over the NPSH. Note that the time series of the
evaporation term has been removed since the contribution of
evaporation is found to be negligible.
Next, the time series in Eq. (9) over western Japan (1308–
1368E, 308–368N) is shown in Fig. 5b. The large amount of
precipitation is almost balanced by 2hq(=  u0 )i around day 70.
Over western Japan, the time tendency of ›hq0 i/›t is well correlated with 2hu  =q0 i with a high correlation coefficient of
0.786, as shown in Fig. 5a. This strong correlation means that
the advection of the positive q0 over East China by the climatological jet stream is one of the most important factors responsible for the temporal evolution of q0 over western Japan,
which is consistent with the temporal evolution of the zonally
elongated anomaly depicted in Fig. 2.

c. Quantitative analysis for the enhancement of the cyclonic
anomaly
As shown in Figs. 2 and 3, the cyclonic anomaly near western
Japan on day 70 is enhanced over East China and moves
eastward. The temporal evolution of this cyclonic anomaly can
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FIG. 6. A time evolution of the horizontal maps of the composite anomaly of potential vorticity (PVU) at 550 hPa
with days 22, 21.5, 21, and 20.5 of the widespread extreme precipitation. The contour interval is 0.03 PVU. The
shaded area indicates that the anomalies are statistically significant at a 95% confidence level using the Student’s t
test, while the dotted area indicates that the anomalies are statistically significant at a 90% confidence level.

be quantitatively analyzed by the prognostic equation of the
potential vorticity (PV) following Hoskins et al. (1985):
0
0


›PV0
›PV
›H
5 2(u  =PV)0 2 v
2 g hh  =H 1 h
,
›p
›p
›t
(11)
where PV denotes the potential vorticity, and hh and h denote a
horizontal and vertical component of the absolute vorticity, respectively. The nonlinear terms are calculated in each time step of
JRA-55 and then the composites are made for the widespread
extreme precipitation events. Figure 6 shows the temporal evolution of PV0 at 550 hPa from day 22 to day 20.5. We have selected the vertical level of 550 hPa to analyze PV0 since the PV
production term as the third term on the rhs of Eq. (11) has a peak
near this level. From day 22 to day 21, a cyclonic anomaly with a
positive PV0 is enhanced over East China at 358N above a cyclonic anomaly (likely due to tropical cyclones) at 208N, and then
moves eastward toward Japan. To examine the enhancement of

PV0 over East China from day 22 to day 21, a horizontal map of
the PV0 time tendency, the sum of the advection terms, and the
PV production terms following Eq. (11) on day 22 are shown in
Fig. 7. The time change of PV0 is positive along 308N with a peak
at a coastal region of East China and over Japan. The positive
time tendency of PV0 could apparently be attributable to the
positive PV0 production term, which is closely discussed in
section 4.
Next, to examine the eastward extension and the enhancement of PV0 , the same analysis as in Fig. 7 is performed on
day 21.5 in Fig. 8. Since the positive tendency of PV0 appears
from East China to the Sea of Japan, one might think that this is
simply due to advection term by the climatological zonal jet
stream, similar to the time evolution of q0 . However, the sum of
the advection terms in Fig. 8b is negative even in front of the
cyclonic anomaly, although the advection term by the zonal
wind component is positive as expected (Fig. 8d). This is because
the sum of the time tendency by the meridional advection of the
climatological low PV from the equatorward by the anomalous
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FIG. 7. Horizontal maps of the composite anomaly of (a) time change of the potential vorticity, (b) a budget by the advection term in
Eq. (11), and (c) a budget by the PV production term in Eq. (11) at 550 hPa on day 22. The contour interval is 0.05 PVU day21. The shaded
area indicates that the anomalies are statistically significant at a 95% confidence level using the Student’s t test, while the dotted area
indicates that the anomalies are statistically significant at a 90% confidence level.

northward wind and that by the vertical advection of the low PV
in the lower troposphere exceeds the time tendency by the zonal
advection. Thus, the positive time tendency of PV0 is mainly
caused by the PV production term due to diabatic heating. The
important point is that the eastward extent and the enhancement
of the cyclonic anomaly on day 21.5 clearly differs from a typical
developing baroclinic disturbance (e.g., Holton 2004) because
the diabatic process dominated the time tendency of PV0 . The
fundamental question discussed in section 4 is what processes
determine the time and spatial evolution of the diabatic heating
in front of the cyclonic anomaly.

4. Discussion
This section will focus on the coupling process between the
dynamic forcing and diabatic heating. Analyzing the Q vector
in the horizontal plane at a single vertical level is not sufficient
for this purpose since the dynamically forced vertical motion is
determined by multilevel dynamic forcing due to the property
of the Laplacian operator in Eq. (3). By calculating Eqs. (6)
and (7), we obtain the vertical profiles ofvD, vH, and vres. As an
example, Figure S4 shows a profile of v from the JRA-55 and
the obtained profiles of vD, vH, and vres on day 70 averaged
over western Japan (308–368N, 1308–1368E). The vertical profiles of vD and vH have peaks at approximately 500 hPa, while
vres has a bottom-heavy profile. Although vD has much smaller
amplitude than vH, the diabatic heating is considered to be a
response of the relatively weak dynamical forcing in the extreme precipitation cases (Nie and Sobel 2016; Nie and Fan
2019). Therefore, we have compared the time evolution of the
anomaly of the PV production term as the source of vH and the
anomaly of vD (v0D ) from day 22 to day 21.
Figure 9 shows the horizontal maps of the anomaly of PV
production term and v0D at 550 hPa on day 22 to day 21. As
previously discussed, the positive PV production term is distributed as a band-like shape from East China to Japan on
day 22, which leads to the enhancement of a new cyclonic

anomaly over East China. The anomalous dynamically forced
upward motion is also analyzed over East China, which is likely
induced by the wind anomalies superimposed on the climatological jet entrance region (Fig. 3; see also Fig. S3). Note that a
low-frequency positive PV production anomaly appears over
Japan Island in the presence of the baiu front, even before
day 22 with little anomalous dynamic forcing. When this dynamically forced vertical motion was intensified on day 21 in
front of the cyclonic anomaly (Fig. 9e), the positive PV production rate also increased west of Japan (Fig. 9b). To distinguish the low-frequency component of positive PV production
anomaly, the differences in the PV production term and v0D
between day 22 and day 21 are shown in Figs. 9c and 9f. The
spatial pattern is quite similar except for the coastal region of
East China. In addition, the time series of ›PV0 /›t, anomalies of
advection term, and PV production term averaged over western
Japan (338–398N, 1308–1368E) at 550 hPa are also compared to
those of v0 , v0D , and v0H in Fig. 10. It is found that the time series
of v0D is well in phase with that of v0 , v0H , and the PV production
term, implying the importance of the coupling process between
the dynamically forced vertical motion and diabatic heating (Nie
and Sobel 2016; Nie and Fan 2019), not only in the spatial distribution (Fig. 9) but also in the temporal evolution (Fig. 10).
It is likely that the coupling process inherently involves an interaction between a thermodynamic background condition and a
well-organized rainfall system (Yokoyama et al. 2017; Yokoyama
et al. 2020): Dynamical forced motion moistens the midtroposphere, which is favorable for a development of deep cumulus
convection and its organization (e.g., Sherwood 1999; Kuang and
Bretherton 2006; Takayabu et al. 2010; Schiro and Neelin 2019;
Demirdjian et al. 2020). Once deep cumulus condition is promoted under a condition of a lower-tropospheric convective instability, convection itself can also moisten the midtroposphere
further through the diabatic ascent, and hence enhances the favorable condition for the organization of the rainfall system.
Why is the dynamically forced motion excited in front of the
low-level cyclonic anomaly? As shown in Fig. 3, southerly wind
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FIG. 8. Horizontal maps of the composite anomaly of (a) time change of the potential vorticity, (b) a budget by the advection term in
Eq. (11), (c) a budget by the PV production term in Eq. (11), and a time tendency by the advection term due to (d) zonal, (e) meridional,
and (f) vertical wind components at 550 hPa with day 21.5. The contour interval is 0.05 PVU day21. The shaded area indicates that the
anomalies are statistically significant at a 95% confidence level using the Student’s t test, while the dotted area indicates that the anomalies
are statistically significant at a 90% confidence level.

anomalies are induced between the new low-level cyclonic
anomaly and the persistent positive F0 over NPSH. Since the
low-level wind anomalies are superimposed on the low-level
jet stream and are simultaneously across the baiu front, the
Q-vector convergence is then effectively induced in the presence of the cyclonic anomaly following Eq. (2) (Figs. 4 and 9).
Therefore, both the persistent positive F0 over NPSH and the
baiu front would be the important preliminary factor for the
enhancement of the new cyclonic anomaly over East China.
The dynamical structure of the evolution of PV0 in this study
is consistent with a behavior of a diabatic Rossby wave (Parker
and Thorpe 1995; Boettcher and Wernli 2013): The diabatic
Rossby wave has a low-level positive PV anomaly located in a
moist and a baroclinic environment, without a strong dynamical coupling from an upper-level disturbance. A meridional
wind gives a thermal advection at the downstream of PV0 ,
giving an ageostrophic vertical motion and therefore a diabatic
heating as a PV source. Thus, the diabatic Rossby wave could
propagate eastward rapidly along the baroclinic zone by its
continuous diabatic generation of PV at the downstream of its
original position, which is consistent with our results. In these

cases, the climatological frontal zone in East Asia, the baiu
frontal zone, would be a key component for the evolution of
PV0 like a diabatic Rossby wave. A numerical study by Parker
and Thorpe (1995) shows that the diabatic Rossby wave has a
solitary behavior in which a growth rate, a phase speed, and a
structure of an unstable mode are independent of wavelength
within its range of 1900–4000 km. Although it is only a rough
estimation in Fig. 6, the phase speed of PV0 , which moves from
1208 to 1308E within days 21.5 to 20.5, is approximately
10.5 m s21, which is the same order of a theoretical phase speed
of an unstable mode of the diabatic Rossby wave (;14 m s21).
According to Parker and Thorpe (1995), a numerical behavior of the unstable mode in the moist-baroclinic environment depends on a nondimensional parameter « controlling a
parameterized heating amplitude H:
Du
[ H 5 uz h(z)w(zb ) ,
Dt

(12)

where z denotes height and zb denotes a height where PV0 is
located, w denotes a vertical wind component, u denotes a potential temperature, and h denotes a specified function of height.
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FIG. 9. Horizontal maps of the composite anomaly of the PV production terms at (a) day 22 and (b) day 21 at 550 hPa, and (c) their
difference. (d)–(f) As in (a)–(c), but for the anomaly of dynamical forced vertical motion (v0D ) at 550 hPa. The contour interval is
0.05 PVU day21 in (a)–(c) and 0.8 31022 Pa s21 in (d)–(f). The shaded area indicates that the anomalies are statistically significant at a
95% confidence level using the Student’s t test, while the dotted area indicates that the anomalies are statistically significant at a 90%
confidence level.

Thus, the parameter « represents an intensity of the diabatic
heating as a response to the vertical wind component, which is
similar to a diabatic heating feedback parameter a (Nie and
Sobel 2016; Nie and Fan 2019) defined as a ratio of precipitation
amounts due to vH against that due to vD. For low «, the unstable mode is consistent with a dry baroclinic wave, while for
large « that has a moist-dominated solution as a diabatic Rossby
wave in which the diabatic energy conversion plays a key role
rather than the baroclinic conversion. It is clear by Eqs. (7) and
(12) that a stronger coupling between diabatic heating and vD
with large a is associated with an unstable system with large
«. Since a sensitivity of moist convection strongly depends
on environmental moisture (e.g., Derbyshire et al. 2004;
Holloway and Neelin 2009; Schiro and Neelin 2019), the
higher CWV in the mei-yu–baiu region is a favorable condition for large a (Nie and Fan 2019) and therefore for the
unstable regime of diabatic Rossby waves. It is notable that,
although a typical diabatic Rossby wave has an isolated
wave structure in the lower troposphere, the upper-level
trough on the subtropical jet is also statistically significant
on day 70 (Fig. 2c). It is therefore indicated that the interaction from the upper-level trough would be important for
the widespread extreme precipitation events (Takemura

et al. 2019; Yokoyama et al. 2020). Further work is needed to
elucidate the statistical behaviors of the diabatic Rossby
waves and their interaction with the upper-level trough in
the baiu region.

5. Summary
This study reveals the large-scale environment under which
widespread extreme precipitation events have historically
formed over western Japan for the years 1979 to 2020.
Figure 11 summarizes the environmental conditions under
the widespread extreme precipitation events. Preceding the
event before approximately a week, the equivalent barotropic structure of the positive anomaly of NPSH is maintained due to a low-frequency Rossby wave train propagation
through the polar front jet from eastern Europe to Japan
(Fig. S2). In addition, lee cyclogenesis occurs at Altai–Sayan
region and moves southeastward toward Japan. On three
days before the event, the cyclonic anomaly induces Q-vector
convergence over East China by producing the anomalous jet
entrance region, while the low-frequency anticyclonic anomaly
induces the moisture transport toward East China. Under such a
background condition, a new cyclonic anomaly is enhanced due
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FIG. 10. Time series of (a) the terms in the prognostic equation of the potential vorticity in
Eq. (11) and (b) of v0 , v0D , and v0H at 550 hPa averaged over western Japan (338–398N, 1308–
1368E). The contributions from the terms are denoted by lines represented in the key to the
right of the panels.

to diabatic heating induced by the dynamically forced motion
under the rich moisture anomaly over East China.
At the peak of the extreme precipitation, the pair of the
positive and negative geopotential anomaly induces the strong

moisture fluxes and Q-vector convergence over the precipitating area. The temporal and spatial patterns of the dynamically forced vertical velocity are well in phase with those of the
diabatic heating term, which is consistent with the dynamics of

FIG. 11. A schematic for factors of the atmospheric circulation pattern behind the widespread extreme precipitation
events.
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the diabatic Rossby wave. This might imply the importance
of the coupling process between the dynamical forced motion
and the diabatic heating in the widespread extreme precipitation events. Such features are statistically significant for historical widespread extreme precipitation cases.
A new finding in this analysis is that the low-level cyclonic
anomaly that causes the widespread extreme precipitation
evolves over East China and extends eastward as a similar
manner to the diabatic Rossby wave. This result provides a
physical understanding of the reason why the background
moisture and the baroclinicity are both essential in the composited atmospheric fields and of the importance of the feedback parameter between the dynamical motion and diabatic
heating.
The regional atmospheric condition for background moisture, stability, and baroclinicity could change due to global
warming, likely leading to variation of the intensity and frequency of the widespread extreme precipitations. Further research would be interesting to examine frequencies and future
changes of such an atmospheric circulation pattern using
phases 5 and 6 of the Coupled Model Intercomparison Project
[CMIP5 (Taylor et al. 2012) and CMIP6 (Eyring et al. 2016)].
In addition, different climate models show large uncertainties
of regional climate changes (Shepherd 2019). For the description of plausible futures, the storyline technique (e.g.,
Zappa and Shepherd 2017) is a useful approach to understand
what factors characterize the uncertainty of regional atmospheric circulation changes in climate change responses.
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