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Sea surface temperature (SST) in the East China Sea (ECS) has undergone a

rapid rise in recent decades, but the associated impact on extreme weather

remains under debate. Here, using a cloud-permitting model, we assess the

impact of the ECS warming observed since the 1980s on a torrential rain event

that caused devastating floods and landslides in the Kyushu Island, western

Japan, in July 2017. Without the increasing trends of SST and air temperature,

the model cannot reproduce the observed extremely high amount of

precipitation during the event, i.e., >700 mm/12-h. The SST increase is found

more influential in determining the precipitation amount. Without the ocean

warming, increases in precipitable water and horizontal moisture transport due

to the atmospheric warming would not lead to precipitation increase during

this event. The change in the amount of precipitation can be largely explained

by the change in the updraft intensity of the convective system. Higher SST

suppresses downward surface sensible heat flux and enhances upward latent

heat flux along the paths of air parcels flowing into the convective system

in this case. This increases the equivalent potential temperature in the lower

troposphere, which enhances the convective available potential energy in the

lower troposphere, leading to intensification of the convective system and

thereby the increase of precipitation. The findings of this case study suggest

an important role of the warming ECS in the intensification of torrential rain

events around Japan and the necessity of further assessment of the role of the

ocean warming in the torrential rains.
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Introduction

Sea surface temperature (SST) in the East China Sea

(ECS) and along the Kuroshio has increased rapidly since the

beginning of the twentieth century (e.g., Wu et al., 2012).

Recent numerical and observational studies demonstrated that

turbulent heat fluxes over regions of the ECS with high SST, such

as along the Kuroshio, destabilize atmospheric stratification

and intensify mesoscale convective systems (e.g., Miyama et al.,

2012; Kunoki et al., 2015; Sato et al., 2016). Although the

importance of assessing the impacts of rising SST on extreme

weather has been suggested (Trenberth et al., 2015), the

corresponding research effort has been rather limited. East

Asia has experienced devastating floods in recent years (e.g.,

Hirockawa et al., 2020; Choi et al., 2021; Zhou et al., 2021).

However, the influence of the ECS warming over recent decades

on torrential rain events in East Asia have not been fully

explored. This study aims to investigate the impact of the

rising SST trend over recent decades on extreme weather,

with primary focus on a test case of a torrential rain event

that occurred in the Kyushu Island, Japan on July 5, 2017

(Figure 1). In that event, line-shaped quasi-stationary convective

systems, as a typical type of precipitation systems that often

lead to severe flooding and landslides in Japan (Unuma and

Takemi, 2016), caused record-breaking rainfall with 24-h totals

of >700mm in the northern Kyushu Island (Kato et al.,

2018; Takemi, 2018; Kawano and Kawamura, 2020; Tsuji et al.,

2020). Severe flooding in that rainfall event caused more

than 40 casualties and inundated more than 1,500 houses

(Hirockawa et al., 2020). Despite its significance and severity,

the impact of the warming ECS on that event has not yet been

investigated comprehensively.

The primary objective of this study is to elucidate the

responses of the mesoscale convective system and precipitation

intensity during the rain event to the historical SST rise in the

ECS since the 1980s, when satellite measurements of SST became

operational. For this purpose, we have adopted the “storyline”

approach to regional climate change information (Hazeleger

et al., 2015; Shepherd et al., 2018). This approach aims to

assess how the severity such as intensity of extreme events has

changed due to historical warming, in contrast to another “risk-

based” approach to estimate the changes in the probability of

occurrence of individual extreme events (Shepherd, 2016).

An additional objective is to separate the contributions

from the atmospheric and oceanic warmings. Through statistical

data analysis, Fujibe (2015) suggested that the SST in the

ECS and the precipitation intensity of extreme weather are

correlated, but their high degree of collinearity prevented

determination of the respective roles of the atmospheric and

oceanic warmings. A long-term increasing trend of SST is

not limited to the ECS but more ubiquitous in other ocean

basins (Figure 2A). Moreover, state-of-the-art climate models

indicate that SST in the global ocean will increase more rapidly

than before under several Shared Socioeconomic Pathways (e.g.,

Kwiatkowski et al., 2020), which would increase the risk of

occurrence of devastating torrential rain events (e.g., Manda

et al., 2014). The findings of this case study may thus contribute

to improving the assessment of future changes in extreme

weather globally.

Event overview

The literature provides many detailed accounts of the

rain event of July 5, 2017 (Kato et al., 2018; Takemi, 2018;

Kawano and Kawamura, 2020; Nayak and Takemi, 2020; Tsuji

et al., 2020); therefore, only a brief overview is presented

here. Figure 3A shows the horizontal distribution of equivalent

potential temperature (EPT) and horizontal winds in the

lower troposphere, superimposed on the sea-level pressure,

derived from the U.S. National Center for Environmental

Prediction (NCEP) final analysis (FNL) averaged from 12:00

UTC July 4 to 12:00 UTC July 5, 2017. During the event, the

southerly winds were dominant in the lower troposphere over

the East China Sea. They transported warm and humid air,

characterized by high EPT, from the tropics toward a zone of

large EPT gradient located north of 34◦N at around 130◦E,

which corresponds approximately to the Baiu frontal zone (e.g.,

Sampe and Xie, 2010).

The EPT exceeded 356K in the lowest part of the

troposphere around the fringe of theWestern Pacific Subtropical

High (Figure 3A). This warm and humid airflow established a

conditionally unstable environment to the south of the Baiu

frontal zone, with high convective available potential energy

(CAPE) and low convective inhibition (CIN) in the lower

troposphere south of 34◦N (Figures 3C,D). Both the lifting

condensation level (LCL) and the level of free convection

(LFC) were low around the Kyushu Island (∼33◦N), i.e., the

LCL was well below 900 hPa, and the LFC was approximately

at 850 hPa. Just before the beginning of the rain event,

the Kyushu Island was situated downstream of an upper-

tropospheric shortwave trough, where ascending motion was

induced dynamically, with a cold air mass in the mid-

troposphere (Figure 3B). This configuration provides one of the

typical environmental conditions required for a high likelihood

of deep moist convection over the Kyushu Island during the

warm season.

Confluence of the airstreams from the south and north of

the convective system (Kawano and Kawamura, 2020), possibly

attributable in part to land–sea breeze (Ito et al., 2021), has been

proposed to explain the stagnancy of the system that contributed

to the observed high accumulated precipitation in the northern

part of the Kyushu Island. Although insufficient representation

of fine-scale topographic features in the northern Kyushu Island
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FIGURE 1

(A) Horizontal distribution of 12-h accumulated precipitation (mm) during 01:00–13:00 UTC on July 5, 2017, using a gridded radar and rain

gauge precipitation analysis produced by the Japan Meteorological Agency. (B–D) Same as (A) but for the results of the CNTL, AO80, and O80

experiments, respectively. Rectangles in (B–D) were used for computing the area average of terms in Equation (1). Brown lines depict coastlines.
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FIGURE 2

(A) Linear trend of monthly mean sea surface temperature (SST) in July during 1980–2017. Stippling indicates trends that are statistically

significant at the 10% significance level. (B) Monthly–mean July SST averaged over (22◦-42◦N, 120◦-140◦E) (thin gray line), linear trend (thick

gray line), and 95% confidence interval (blue lines). (C) Linear trends of (color) di�erence between monthly means of sea surface and surface air

temperatures and (contour) monthly mean sea surface temperature in July during 1982–2017.

could cause an underestimation of the simulated precipitation

(Takemi, 2018), a numerical simulation using an idealized

setup with flat topography has shown that the inclusion of the

realistic topography is not necessarily essential for reasonable

reproduction of the observed precipitation amount and its

horizontal distribution (Kawano and Kawamura, 2020).
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FIGURE 3

Maps of (A) sea level pressure (contours), equivalent potential temperature (colors), and horizontal wind velocity (arrows) at the 950-hPa level

averaged during 12:00 UTC on July 4 to 12:00 UTC on July 5, 2017, and (B) geopotential height at the 300-hPa level in decameters (contours)

and air temperature at the 500-hPa level (colors), derived from the NCEP FNL analysis. Latitude–pressure diagrams of (C) convective available

potential energy (CAPE) and (D) convective inhibition (CIN) along 130◦E. Solid and dashed lines indicate the lifting condensation level (LCL) and

the level of free convection (LFC), respectively.

Methods

Numerical model

The Weather Research and Forecasting model version

3.7.1 (Skamarock et al., 2008) was utilized for the numerical

simulations conducted in this study. Triply nested domains

with 30 vertical levels up to the 50-hPa level were employed

for the simulations (Figure 4A). To resolve the convective

systems explicitly during the event, the horizontal grid

interval was set as high as 1 km within the model’s

innermost domain (D03). The grid intervals of the outer

(D01) and intermediate (D02) domains were set to 9 and

3 km, respectively.
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FIGURE 4

(A) Map showing SST (K) on July 5, 2017. Rectangles labeled D01, D02, and D03 indicate the domains of the triply nested numerical model used

in this study. (B) Vertical profiles of monthly mean air temperature in July (upper axis) averaged over 22◦-42◦N, 120◦-140◦E in 1982 (blue line)

and 2017 (red line), and their di�erence (dashed line, lower axis). Interannual variation has been removed by linear regression.
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TABLE 1 Summary of the model configuration.

Horizontal grid 260× 250, 1x= 9 km (D01), 352× 352, 1x= 3 km

(D02), 301× 301, 1x= 1 km (D03)a

Map projection Lambert conformal

Model top pressure 50 hPa

Vertical levels 30 levels

Eta values in the

vertical coordinate

on the half

mass level

0.997, 0.988, 0.977, 0.962, 0.944, 0.921, 0.895, 0.857,

0.811, 0.765, 0.718, 0.655, 0.578, 0.508, 0.445, 0.387,

0.335, 0.288, 0.245, 0.207, 0.173, 0.142, 0.115, 0.091,

0.070, 0.053, 0.038, 0.025, 0.014, 0.004

Dynamics Non-hydrostatics

Cumulus scheme New Kain–Fritsch convective parameterization

schemeb (Kain, 2004)

Cloud microphysics Milbrandt–Yau 2-moment microphysics scheme

(Milbrandt and Yau, 2005)

Boundary layer Yonsei University planetary boundary layer scheme

(Hong et al., 2006)

Land surface Unified Noah land surface model (Tewari et al., 2004)

Shortwave radiation Dudhia shortwave scheme (Dudhia, 1989)

Longwave radiation RRTM longwave scheme (Mlawer et al., 1997)

Two-way feedback Yes

a1x indicates the horizontal grid interval.
bUsed for domains D01 and D02.

The model configuration including the list of subgrid-

scale parameterization schemes used in the simulations are

described in Table 1. No convective parameterization scheme

was used in the innermost domain (D03) to represent convective

clouds. This study follows the previous studies that examined

the same rain event (Kawano and Kawamura, 2020; Nayak

and Takemi, 2020) for the choice of the cumulus scheme in

the outer and intermediate domains and the nesting method.

We have confirmed that the model could not reproduce the

amount of precipitation reasonably during the event without

the cumulus schemes in these domains. The cumulus scheme in

these domains is therefore needed to reproduce the convective

system that caused the event. The use of the one-way nesting

leads to a slight underestimation of the simulated amount

of precipitation.

Experimental design

The control experiment (CNTL) was conducted to

reproduce the event. In addition to the NCEP FNL

atmospheric reanalysis data, the Global High-Resolution

Sea Surface Temperature (GHRSST) Level 4 analysis

(Naval Oceanographic Office, 2008) was utilized for the

model’s initial and lower boundary conditions, respectively

(Figure 4A).

To examine the response of the mesoscale convective system

to the recent warming of the ECS, this study configured two

sensitivity experiments: AO80 and O80. In AO80, changes since

the 1980s in both local SST and the domain-averaged vertical

air–temperature profile (Figures 2A, 4B) were subtracted from

the SST and atmospheric conditions observed during the main

event, respectively. This experimental setup generally follows

a typical methodology of the storyline approach (Hazeleger

et al., 2015; Shepherd et al., 2018). In O80, only the local

SST change was subtracted from the SST in CNTL, and

air temperature in the initial and boundary conditions was

the same as that in CNTL. The aim of conducting the

two sensitivity experiments was to isolate the impact of the

ocean warming.

Figure 4B shows the spatial mean of the long-term trend

of air temperature around Japan (22◦-42◦N, 120◦-140◦E) in

July averaged over the five atmospheric datasets, including the

U.S. National Centers for Environmental Prediction/National

Center for Atmospheric Research reanalysis 1 (NCEP1; Kalnay

et al., 1996) and the U.S. National Centers for Environmental

Prediction/Department of Energy Atmospheric Model

Intercomparison Project reanalysis 2 (NCEP2; Kanamitsu

et al., 2002), the European Centre for Medium-Range

Weather Forecasts interim reanalysis data (ERA–Interim;

Dee et al., 2011) and fifth-generation atmospheric reanalysis

data, obtained from the European Centre for Medium-

Range Weather Forecasts (ERA5; Hersbach et al., 2020),

and Japanese 55-year Reanalysis (JRA55; Kobayashi et al.,

2015). The vertical profile of the air temperature trend is

nearly constant from the surface to the 250-hPa level. Above

this level, the trend rapidly declines to become negative in

the stratosphere, consistent with the well-known long-term

temperature trend due to global warming. The same relative

humidity distribution as used in CNTL was assigned as the

initial and boundary conditions for AO80, because studies

of global atmospheric moisture have found little long-term

change in relative humidity concomitantly with the recent

warming trend (Dai, 2006; Held and Soden, 2006; Willett et al.,

2008).

A recent modeling study by Iizuka and Nakamura (2019)

suggested that uncertainties in the various SST datasets could

affect the amount of simulated precipitation. To reduce such

uncertainty, the long-term trend averaged over the five SST

datasets was utilized for the model’s lower boundary condition,

i.e., the Centennial Observation-Based Estimates of SST and

marine meteorological variables (COBE; Ishii et al., 2005),

Hadley Centre Sea Ice and Sea Surface Temperature dataset

(HadISST; Rayner et al., 2003), the Extended Reconstructed

Sea Surface Temperature version 4 (ERSST; Huang et al., 2014;

Liu et al., 2014), Merged Satellite and In situ Data Global

Daily Sea Surface Temperature (MGDSST; Sakurai et al., 2005),

and Optimum Interpolation Sea Surface Temperature (OISST;

Reynolds et al., 2007). Monthly-mean SST in July averaged over
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the adjacent maritime regions around the Japanese archipelago

(22◦-42◦N, 120◦-140◦E) exhibits a long-term warming trend

of 1.83 × 10−2 K/year, corresponding to a rise of 0.66 K

during 1982–2017 (Figure 2B). As evident in Figure 2C, the

SST warming trend is greater than the trend of surface air

temperature over most of the East China Sea (ECS) and the

western North Pacific south of Japan, which indicates the SST

warming is not forced locally by the atmospheric warming.

Sasaki and Umeda (2021) indicates that the ECS warming

during the last century was caused by the enhancement of

horizontal oceanic heat transport, which was driven by the

local atmospheric forcing over the continental shelf and the

strengthening of the Kuroshio in the ECS (Wu et al., 2012).

The latter is related to the intensification of the North Pacific

Subtropical High, which may be attributable to the change in

the sulfate aerosols and the greenhouse gases in the atmosphere

(Toda and Watanabe, 2020).

After 6 hours of spin-up in domains D01 andD02 from 12:00

UTC on July 3, 2017, the simulations in D03 were initialized

at 18:00 UTC on July 3, 2017, ∼30 h before the occurrence of

the rain event. Another set of simulations initialized at 12:00

UTC on July 3, 2017 in D03, was also conducted to assess the

sensitivity to the initial conditions. The difference in the results

between these sets of simulations was found small (figure not

shown), and therefore the results described below were rather

insensitive to the initial conditions and thus robust, at least

between the two sets tested here.

Results

Control experiment

Figure 1B shows the horizontal distribution of the amount

of precipitation during 01:00–13:00 UTC on July 5, 2017

(P12) in CNTL. Overall, the model reproduces the horizontal

distribution of the observed precipitation (Figure 1A), including

the location and intensity of the main precipitation band

that caused the substantial amount of precipitation recorded

during the event. Partly because a weak precipitation band

observed to the north of the main band is missing, the

simulated P12 averaged over [33.2◦-33.8◦N, 130◦-132◦E] in

CNTL (40mm) is less than observed (60mm). The observed

main precipitation band is meridionally broader than the

simulated precipitation band. It could be caused by some local

maxima of the observed hourly precipitation, which have not

been reproduced by the model used in this study. A vertical

cross section of simulated radar reflectivity in CNTL shows

FIGURE 5

(A–C) Horizontal distributions of 10-min precipitation (colors) and horizontal wind (arrows) at the height of 600m at 05:50 UTC on July 5, 2017,

almost when the 10-min precipitation reached its peak. Rectangles indicate the domains used for computing backward trajectories and

time–height variations shown in Figures 10, 12, respectively. Gray contours indicate 500-m topography. (D–F) Cross sections of simulated radar

reflectivity in dBZ (colors), and upward (solid lines) and downward (dashed lines) velocities at intervals of 5 and 1 m/s, respectively. All quantities

displayed in (D–F) are meridional averages over 33.4◦-33.5◦N.
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FIGURE 6

Histograms showing the number of 1 × 1 km grids (Ng) of 12-h precipitation during 01:00–13:00 UTC on July 5, 2017, in (A) radar and rain gauge

analysis and (B) numerical experiments conducted in this study. Black, blue, and red columns in (B) indicate CNTL, AO80, and O80, respectively.
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consecutive development of convective clouds in the downwind

direction (Figure 5D), typical of quasi-stationary convective

precipitation bands that cause severe flooding and landslides

during the warm season in Japan. Figure 6 shows histograms of

the number of 1× 1 km grids of P12. Unlike in the observations

(Figure 6A), CNTL does not simulate a local maximum P12

exceeding 900mm (Figure 6B). Still, it successfully reproduces

such extreme local P12 that exceeds 800mm. The response of

the precipitation during this event to SST changes is discussed

in the following subsection.

Sensitivity experiments

P12 in CNTL shows an obvious increase in precipitation

relative to AO80, with a fractional increase of about 20%

within the main precipitation band (Figure 1). It exceeds the

value expected from the Clausius–Clapeyron (CC) relationship

(∼6%/K at 20◦C) and is at least qualitatively consistent with

estimates indicated previously in a data analysis study (Utsumi

et al., 2011). Recent numerical modeling studies of torrential

rain events have also shown such large changes in the amount

of precipitation (Meredith et al., 2015; Volosciuk et al., 2016).

The simulated radar reflectivity and updraft velocity in CNTL

indicate that the convective systems simulated are stronger

and apparently more organized than those simulated in AO80

and O80 (Figure 5). The histograms in Figure 6B indicate

that both AO80 and O80 fail to simulate extreme local P12

exceeding 700mm, consistent with the substantial weakening

of the convective systems for the lack of the warming trends.

Furthermore, the frequency of local P12 exceeding 100mm in

O80 is less than in any other simulations. These results highlight

the particular importance of the SST warming in the extreme

precipitation observed during this event.

The fractional change in precipitation intensity, δP/P, can be

approximately scaled using the dry static energy (DSE) budget

(e.g., Muller et al., 2011):

δP/P ≈

(

[

δ (w)

(

∂qsat

∂z

)

C

]

+

[

wCδ

(

∂qsat

∂z

)]

+ RES

)

/

[(

w
∂qsat

∂z

)

C

]

, (1)

where the brackets and subscript C indicate the vertical

integral from the surface to 20 km in altitude and values in

CNTL, respectively, δ is the difference in CNTL from another

experiment, P the precipitation amount, z the vertical coordinate

directed upward, w vertical velocity, and qsat the saturation

water vapor mixing ratio. The first and second terms on the RHS

of Equation (1) correspond to the changes due to the differences

in w and the vertical gradient of qsat , referred to as the dynamic

and thermodynamic terms, respectively (e.g., Muller et al., 2011;

Fildier et al., 2017). Note that the denominator in Equation

FIGURE 7

Fractional contribution to the changes in 12-h precipitation

averaged over the rectangular domain shown in Figure 1,

evaluated using the dry static energy budget equation. Cyan,

magenta, and gray colors indicate thermodynamic, dynamic,

and residual terms, respectively.

(1) is negative in the spatial and/or temporal mean sense in

the convective system. The residual term (RES) includes several

processes that are neglected on the RHS of Equation (1), e.g.,

change in precipitation efficiency, effect of horizontal advection,

and covariance of differences in w and vertical gradient of qsat .

Figure 7 shows the fractional contributions to P12 from the

individual terms of Equation (1) in the rectangular domain

indicated in Figure 1, where P12 in CNTL exceeds 500mm and

its changes from AO80 and O80 are largest. The dynamic term

can explain the majority of the fractional change in P12 both in

AO80 and in O80 from CNTL, and the thermodynamic term

plays only a secondary role. This evaluation indicates that the

more vigorous upward motion contributes to the increase in the

precipitation amount in CNTL. This result is consistent with

the recent observational study on the torrential rains in mid-

latitudes (Lenderink et al., 2017), but in contrast to the results

of some numerical simulations of convective systems over the

tropical oceans where the thermodynamic term dominates over

the dynamic term (e.g., Muller et al., 2011; Fildier et al., 2017).

Unlike previous simulation studies for the tropical maritime

regions, the reduction in lower-tropospheric upward velocity

from CNTL is relatively small and its negative contribution to

the dynamic term does not dominate (Figure 8).

Figure 9 shows the moisture budget averaged within the area

around the convective system, which is based on the following

equation of vertically integrated moisture flux convergence:

δ
[

−∇ ·
(

qv
)]

= −
[

∇ ·
(

qCδv
)]

−
[

∇ · (vCδq)
]

−
[

∇ · (δvδq)
]

, (2)
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FIGURE 8

Time–height diagrams of (A–C) vertical velocity and (D,E) vertical gradient of saturated water vapor mixing ratio, averaged over the rectangular

domain shown in Figure 1. (A,D) CNTL, (B,E) di�erences between CNTL and AO80, and (C,F) di�erences between CNTL and O80.

where q represents water vapor mixing ratio and v horizontal

wind velocity. Similar to Equation (1), the first, second, and

third terms on the RHS of this equation are referred to as

the dynamic, thermodynamic and residual terms, respectively.

As in the DSE budget discussed above, the dynamic term in

Equation (2) dominates in the inter-experiment differences in

moisture convergence during the period when the precipitation

intensity maximized (i.e., 03:00–07:00 UTC on July 5, 2017).

This result suggests feedback between the intensification of the

updraft (hence horizontal mass convergence) and increase in

water vapor that fuels this convective updraft. The reduction in

the moisture convergence in O80 is much larger than in AO80,

indicating that SST change plays an essential role in the feedback.

Figure 10 shows the backward trajectories of air parcels

originating around the centroids of the rectangular domains

shown in Figure 5. The wind field in the domain D02 was

used in this analysis. The trajectories using the D03 wind

field are very similar to those shown in Figure 10, at least

within the domain D03 (not shown). Figure 10 suggests

that the near-surface air flowing into the convective system

came from the west–southwest of northern Kyushu. It has

been confirmed that no substantial changes are found in

the air parcel trajectories if the initiation time is shifted

slightly, owing to the almost steady low-level southwesterly

winds around the edge of the Western Pacific Subtropical

High (Figure 3A). Time–latitude diagrams of precipitable water

along the meridian just to the west of the Kyushu Island

(129.3◦E) show that the fractional increase of precipitable

water in O80 relative to that in AO80 is ∼7% (Figure 11A),

reflecting the recent atmospheric warming. Likewise, the

eastward component of the vertically integrated moisture

transport increases by the same order (∼6%; Figure 11B).
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FIGURE 9

Vertically integrated moisture flux convergence averaged over the area surrounding the convective system (33.3◦-33.6◦N, 130.4◦-131.5◦E) as

the di�erences of CNTL—AO80 (blue lines) and CNTL—O80 (red lines). Solid, dashed, and dotted lines indicate dynamic, thermodynamic, and

residual terms, respectively.

The precipitable water and vertically integrated moisture

transport in O80 are larger than those in AO80 since the air

temperature and relative humidity in the initial and lateral

boundary conditions in O80 are set to the same values as

those in CNTL. However, such increases in precipitable water

and integrated moisture transport in O80 relative to AO80

contributed to neither the intensification of the convective

system (Figure 5) nor the increase in the amount of precipitation

(Figure 1). These results corroborate the findings in the DSE

and water vapor budget analyses, i.e., intensification of the

convective system and increase in the precipitation amount in

CNTL is attributable primarily to more vigorous updraft and

mass convergence.

Time–height variations of the CAPE and LFC in the area

to the southwest of the western tip of the main precipitation

band (indicated by the southernmost rectangles in Figure 5)

are shown in Figures 12A–F. The CAPE in CNTL exceeds

1.4 kJ kg−1 in the lowest 500m. The CAPE in CNTL is larger

than that in AO80 and O80. The corresponding variations

in the northern domain shown in Figure 5 are found similar

(figure not shown). The increase in CAPE in CNTL relative

to AO80 and O80 is not limited to the near-surface layer but

extends above the top of the boundary layer. Such upward

extension of the enhanced CAPE has been shown to increase the

amount of precipitation by changing the degree of organization

and intensification of convective systems (Takemi, 2014), to

which SST warming can contribute positively, as shown in

this study. The LFC in CNTL is of the order of 500m

in the boundary layer. The difference in the LFC in the

boundary layer among CNTL, AO80, and O80 is very small,

and therefore it probably played only a minor role in the

changes in the convective system. The vertical profiles of EPT

and saturated equivalent potential temperature (SEPT) indicate

that the increases in CAPE in CNTL relative to AO80 and O80

are mainly due to the increased EPT in the lower troposphere

(Figures 12G–I). The decrease in SEPT in the mid-troposphere

generally acts to increase CAPE. However, reduction in mid-

tropospheric SEPT in AO80 does not lead to larger increase

in CAPE, in comparison in O80 (Figures 12B,C). These results

indicate that the SST change plays a fundamental role in the

increase of CAPE and hence in the amount of precipitation

in CNTL.

The changes in EPT in the lower troposphere described

above must be related to the changes in surface heat fluxes

(Figure 13). The magnitude of the latent heat flux (LHF) in

CNTL during the day prior to the event is much larger

than that of sensible heat flux (SHF), owing to the non-

linear dependence of saturated water vapor pressure over the

sea surface on the SST. The LHF in CNTL has increased

on the order of 20W m−2 (10W m−2) compared with

AO80 (O80) over the northern ECS. On the other hand,

the SHF in CNTL has slightly increased from O80, but little

changed from AO80. Figure 14 depicts modifications of the

thermodynamic profiles of the air flowing into the convective

system along the backward trajectories. In CNTL, SHF is

downward during most of the period of tracking the parcels,
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FIGURE 10

Backward trajectories of air parcels that originated from the 1 × 1 km grids located to the southwest [33.35◦N, 130.55◦E] (solid lines) and

northwest [33.45◦N, 130.5 ◦E] (dashed lines) of the western tip of the convective system in CNTL (black), AO80 (blue), and O80 (red). In each of

the experiments 25 air parcels placed initially at 0.2-km intervals at a height of 300m in each of the grids were released at 05:00 UTC on July 5,

2017. Circles and thick lines indicate the mean locations of the 25 parcels at 1-h intervals and the mean paths, respectively. Arrows indicate

horizontal winds at 0.3-km height at 05:00 UTC on July 5, 2017. Black contour indicates the amount of precipitation of 250 mm/12-h during

01:00–13:00 UTC on July 5, 2017. Gray contours indicate 500-m topography.

while LHF is upward. Consequently, the near-surface potential

temperature (water vapor mixing ratio) in CNTL gradually

decreases (increases) as the air flows toward the Kyushu Island.

The higher SST in CNTL reduces the downward surface SHF

and thereby increases the near-surface potential temperature

relative to AO80 and O80 as the air parcels approach the

Kyushu Island. Simultaneously, the increased upward LHF

in CNTL enhances the increase of near-surface water vapor

mixing ratio. These processes contribute to the increase in

lower-tropospheric EPT and hence to the intensification of

the convective system in CNTL than in AO80 and O80. It

might seem curious that the changes in potential temperature

and water vapor mixing ratio in O80 relative to CNTL extend

well above the boundary layer. This could be attributable

to the earlier passage of Tropical Storm Nanmadol across

the East China Sea (Supplementary Figure S1). A recent study

highlighted the possible role of preceding weather disturbances

in the preconditioning of the environment for torrential rain

(e.g., Moteki, 2019). The topic is beyond the scope of this study,

but it should be examined in future.

Summary and discussion

Torrential rain events tend to occur more frequently in

Japan (Fujibe, 2015) as well as in many other parts of the

world (Meredith et al., 2015). Attributing such events to on-

going global warming is not straightforward owing to large

internal atmospheric variability in mid-latitudes (Hazeleger

et al., 2015; Shepherd et al., 2018). Employing the storyline

approach by focusing on known changes in SST (Trenberth

et al., 2015), this study has assessed the impact of the ECS

warming on a torrential rain event that occurred in the western

part of Japan in 2017. Despite the dominant source of the

warm–humid air responsible for such torrential rain events is

in the Tropics and the sensible and latent heat fluxes over

the extratropical oceans tend to be reduced in the warm

season, this study has demonstrated that atmospheric warming

and moistening over the ECS contributed positively to the

extreme precipitation during the target event. Especially, we

have shown that the SST rise observed in the last few decades

played an essential role in enhancing the conditionally unstable
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FIGURE 11

Time–latitude diagrams of (A) precipitable water and (B) eastward component of the water vapor flux integrated vertically from 1,000 to 300 hPa

along the meridian to the west of Kyushu Island (130.3◦E). Contours and colors indicate AO80 and the di�erences between O80 and AO80,

respectively.

conditions in the lower troposphere. We have also shown

that the increase in precipitation was attributable primarily to

enhanced updrafts, whereas the increased water vapor could not

contribute positively without the SST rise.

As in previous modeling studies (Kato et al., 2018;

Takemi, 2018; Kawano and Kawamura, 2020), the amount of

precipitation was underestimated in this study. Uncertainties

in the surface heat fluxes and hence the lower-tropospheric

thermodynamic structure over the ECS could be one of the

factors for this underestimation. Recent efforts to produce ocean

surface flux data with higher accuracy (Tomita et al., 2019) and

to provide ship-based monitoring of the moisture field over the

ocean using the global navigation satellite system (Shoji et al.,

2017; Ikuta et al., 2021) will provide indispensable information

for improving numerical simulations.

The fractional change in the amount of precipitation

produced in the experiments conducted in this study exceeds

the CC scaling. Such super-CC scaling has been reported in

recent studies (Lenderink et al., 2017; Hatsuzuka et al., 2021),

but it remains debatable (e.g., Fildier et al., 2017). Recent studies

indicate that the increase in the near-surface moistening causes

the substantial increase in the amount of the precipitation of the

mid-latitude torrential rains, consistent with the present study

(Lenderink et al., 2017; Schumacher and Peters, 2017). This

study demonstrated that the recent ECS warming contributed

significantly to such near-surface moistening that lead to the

intensification of the precipitation during the event. Although

the analyses in this study indicate that the majority of the

precipitation change is attributable to the enhanced updrafts

and moisture convergence, it could be affected by other factors

included in the residual term in Equation (1) and gray portion

in the bar chart in Figure 7 (e.g., precipitation efficiency; Narsey

et al., 2019). Further investigation on the mechanisms of the

changes in precipitation intensity is reserved for future work.

It should be emphasized that the present study examined

the impact of ocean warming on one specific rain event and

therefore further assessment is needed to reach a more general

conclusion on the oceanic impact on torrential rains. Convective
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FIGURE 12

Time–height diagrams of (A–C) convective available potential energy (CAPE) and (D–F) level of free convection (LFC) averaged over the

southern rectangle shown in Figure 5. (A,D) CNTL, (B,E) di�erence between CNTL and AO80, and (C,F) di�erence between CNTL and O80.

Solid, dashed and dotted lines in (D–F) indicate the planetary boundary layer height in CNTL, AO80, and O80, respectively. Vertical profiles of (G)

equivalent potential temperature (EPT) and saturated equivalent potential temperature (SEPT) in CNTL, and di�erences in (H) SEPT and (I) EPT

between CNTL and AO80 and between CNTL and O80, averaged spatially over the southern rectangle shown in Figure 5 and averaged

temporally over 02:00–10:00 UTC on July 5, 2017.
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FIGURE 13

Horizontal distributions of the surface (A,C) latent and (B,D) sensible heat fluxes averaged from 00:00 UTC July 4 to 00:00 UTC July 5, 2017.

Contours show the values in CNTL and colors indicate di�erences (A,B) between CNTL and AO80 and (C,D) between CNTL and O80.

systems that cause torrential rain events exhibit a spectrum of

characteristics under various environmental synoptic conditions

(Hamada et al., 2015). Synoptic-scale dynamical forcing is

found to play a more important role in the July 2018 heavy

rainfall event in comparison with the 2017 event (Tsuji et al.,

2020; Yokoyama et al., 2020). A recent study highlighted the

importance of continuous upgliding inflow of warm and humid

air in the mid-troposphere in heavy rain events during the warm

season in Japan (Tsuji et al., 2021). Comparative studies under

various environmental synoptic conditions will be a fruitful

way to achieve deeper understanding of the impact of the

warming of the marginal seas on torrential rainfall events and

thereby to contribute to more reliable future projections. In

addition to case-specific experiments such as those of the present

study, multiyear time-slice experiments will also be valuable for

providing more reliable estimates of the impact of the long-

term trend of SST on precipitation extreme from the statistical

perspective (Cubasch et al., 1995).
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FIGURE 14

Time–height diagrams of (A–C) potential temperature and (G–I) water vapor mixing ratio, and time series of (D–F) surface sensible heat flux and

(J–L) surface latent heat flux along the mean paths of the backward trajectories shown as thick solid lines in Figure 10. (A,D,G,J) CNTL, (B,E,H,K)

di�erence between CNTL and AO80, and (C,F,I,L) di�erence between CNTL and O80. Solid and dotted lines in (A–C) and (G–I) indicate the

planetary boundary layer height in (solid line) CNTL [dashed line in (B,H)] AO80, and [dashed line in (C,I)] O80.
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