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A B S T R A C T   

Short-period responses of moisture and precipitation to sea surface temperature (SST) are investigated in model 
simulations for the case of heavy precipitation in the Tsushima Strait on 26 July 2020, where both atmospheric 
and oceanic fronts were established and SST was much lower than the climatological normal (30-year average in 
late July) in the vicinity of the strait. Compared with the experiments using the climatological normal SST, the 
surface latent heat flux and water vapor are lower (higher) in the cooler Tsushima Strait (warmer southern East 
China Sea) in the control experiment. The area-mean precipitation is lowered by the reduced moisture supply 
over the cooler adjacent sea in the Tsushima Strait. The heavy rainfall is enhanced in the strait via the transport 
and convergence of remote moisture from the East China Sea. The ensemble-mean maximum rainfall in the strait 
is higher than that using the climatological normal SST, whereas the maxima are lower over land because of the 
northward shift of the precipitation area caused by the cool SST anomaly. Although the strong surface bar
oclinicity over the SST front in the Tsushima Strait and the remote sea surface conditions over the southern East 
China Sea do not directly influence heavy rainfall, the SST anomaly in the vicinity of the strait influences it. The 
intensity and area of heavy rainfalls potentially leading to natural disasters are sensitive to large SST anomalies 
in the marginal seas adjacent to highly populated cities near the coast. In this case, when there is a local negative 
SST anomaly, the area of heavy precipitation shifts away from land, reducing the rainfall over populated areas.   

1. Introduction 

Heavy precipitation due to quasi-stationary convective systems has 
often been observed in the rainy season of the northern Kyushu Island (K 
in Fig. 1b; e.g., Kato et al., 2018; Kawano and Kawamura, 2020; Nayak 
and Takemi, 2021; Ito et al., 2021). A stationary atmospheric front is 
located in the late rainy season (late July) in the Tsushima Strait be
tween the Kyushu Island and the Korean Peninsula (KP in Fig. 1b), which 
links the eastern Chinese marginal seas (Yellow and East China Seas, Y 
and E in Fig. 1a) and the Sea of Japan (J in Fig. 1a) via oceanic flows and 
the along-strait winds (Takikawa et al., 2005; Isoguchi and Kawamura, 
2007; Shimada, 2010). It is not fully understood how the sea surface 
conditions influence heavy rainfall associated with the quasi-stationary 
atmospheric front over the strait in the late rainy season. 

The responses of precipitation to sea surface temperature (SST) have 
been widely investigated for various oceanic areas (e.g., Pastor et al., 
2015; Cassola et al., 2016; Ferrari et al., 2020). In the case of torrential 
rainfall events in summer in Japan, warm SST was found to induce 
extremely high precipitation (Manda et al., 2014). For a humid air flow 

over the southern coast of Japan from Tropical Cyclone Talas in 2011, 
the coastal warm SST anomaly enhanced the surface latent heat flux via 
the positive feedback of the amplified surface-horizontal winds and 
influenced the precipitation pattern (Yamamoto, 2014). Iizuka and 
Nakamura (2019) reported that warm SSTs over the Sea of Japan led to 
an increase in 24-h precipitation averaged over the northern Tohoku 
region on 9 August 2013. Yamamoto (2020) focused on the mesoscale 
warm SST in the Tsushima Strait and its related water vapor, which 
locally induced heavy rainfall in August 2013 over the sea area. 

The influence of SST fronts on precipitation has been examined 
previously (e.g., Minobe et al., 2008; Kuwano-Yoshida et al., 2010; 
Miyama et al., 2012; Toy and Johnson, 2014). However, it remains 
unclear whether the development of the SST front (surface high bar
oclinicity) influences short-term (24-h) precipitation over the Tsushima 
Strait in the late rainy season. In addition to SST in the vicinity of the 
precipitation area, the atmospheric transport of large amounts of 
moisture from the south is a major cause of floods and torrential rainfall 
over western Japan (Manda et al., 2014; Nayak and Takemi, 2021; Zhao 
et al., 2021). In these cases, large amounts of moisture are supplied over 
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the remote oceans and transported toward the atmospheric front. Thus 
we need to consider the impacts of both the remote and adjacent seas on 
heavy rainfall associated with the stationary atmospheric front. 

Record-breaking heavy precipitation hit the Japanese islands and led 
to flooding and extreme damage in July 2020. In the Tsushima Strait, 

both the atmospheric front and the SST front were established in the late 
July. On 26 July 2020, the stationary atmospheric front was located over 
the Tsushima Strait (Fig. 2a and b), where the horizontal SST gradient 
was high (contours in Fig. 3a–c). Precipitation radar data show heavy 
precipitation of >200 mm/day (Fig. 2c) over the Eastern Channel of the 
Tsushima Strait (ET in Fig. 1c). 

In general, sea-surface condition varies on seasonal timescales in the 
Yellow Sea (Moteki and Manda, 2013) during rainy season between 
spring and summer. Associated with the time lag of the seasonal SST 
warming, the SST anomaly with respect to the climatological normal 
(30-year average in late July) appears in the shallow marginal seas. 
According to Japan Meteorological Agency/High resolution Merged 

Fig. 1. (a–c) Areas of model domains 1 to 3, along with terrain height (km, 
shading), sea area (blue), and locations of the Sea of Japan (J), Yellow Sea (Y), 
East China Sea (E), Philippine Sea (P), Korean Peninsula (KP), Kyushu Island 
(K), Shikoku Island (S), Honshu Island (H), Western Channel of the Tsushima 
Strait (WT), and Eastern Channel of the Tsushima Strait (ET). (For interpreta
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 2. Meteorological data of Japan Meteorological Agency. Surface weather 
charts in Japan at 0000 UTC (a) 26 July 2020 and (b) 27 July 2020. (c) Daily 
radar precipitation (mm) on 26 July 2020. 
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satellite and in situ data Sea Surface Temperature (JMA/HIMSST), the 
SST in late July 2020 was cooler than the climatological normal in the 
Yellow Sea, northern East China Sea, and Tsushima Strait (negative in 
Fig. 3a), whereas it was warmer in the southern East China Sea and 
Philippine Sea (positive in Fig. 3a). In particular, the cool (negative) SST 
anomaly was large (>3 K) in the Yellow Sea, though the warm (positive) 
SST anomaly was weak (<1 K) in the southern East China and Philippine 
Seas. Such a large SST anomaly may modify the intensity and area of the 
precipitation over the marginal seas. Compared with the climatological 
normal, the large-scale temperature contrast between the cool Yellow 

Sea and the warm southern East China Sea was enhanced (Fig. 3a), with 
local, strong SST gradients in the coastal areas of the Korean Peninsula 
(Fig. 3d–f). 

In this article, the atmospheric response to the large SST anomaly 
with respect to the climatological normal in the Tsushima Strait is 
investigated for the case of heavy precipitation on 26 July 2020 in short- 
term (24-h) simulations (Section 2). The analysis focuses on heavy 
rainfall and its related moisture (Section 3). Finally, the results are 
summarized and discussed in Section 4. 

Fig. 3. Distributions of (a–c) SST (K, contours) and (d–f) gradient of SST (K deg.− 1, contours) in CNTL and their differences from CLIM (CNTL − CLIM, color shading) 
in (a, d) Domain 1, (b, e) Domain 2 and (c, f) Domain 3. 
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2. Data and model 

Nested simulations using the Advanced Research Weather Research 
and Forecasting model (WRF–ARW, ver. 4.2; Skamarock et al., 2008) 
were employed to investigate the influence of SST on rainfall in the 
Tsushima Strait during 26 July 2020. The atmosphere between the 

surface and the 50-hPa level is divided into 40 eta levels defined in a 
terrain-following hydrostatic-pressure vertical coordinate. Domain 1 
(the parent domain, Fig. 1a) on a 181 × 145 grid with a horizontal grid 
spacing of 16 km is centered on 130◦E, 35◦N. Domain 2 (the second 
domain, Fig. 1b) on a 241 × 241 grid with a horizontal grid spacing of 4 
km starts from the point I = 60 and J = 34 of Domain 1 (where I and J are 

Fig. 4. Distributions of differences in accumulated upward (a–c) turbulent and (d–f) latent heat fluxes at the surface on 26 July 2020 (MJ m− 2, contours) between 
CNTL and CLIM (CNTL − CLIM, color shading) in (a, d) Domain 1, (b, e) Domain 2 and (c, f) Domain 3. The contours indicate the sea-surface fluxes in CNTL. 
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Fig. 5. Distributions of differences in vertically integrated (a–c) vapor and (d–f) cloud water from 1000 hPa to 100 hPa on 26 July 2020 (mm, contours) between 
CNTL and CLIM (CNTL − CLIM, color shading) in (a, d) Domain 1, (b, e) Domain 2 and (c, f) Domain 3. The contours indicate the vertically integrated amounts in 
CNTL. The contours in (d–f) represent 0.3 mm of vertically integrated cloud water. 
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the west-to-east grid number and south-to-north grid number counted 
from the southwest corner of the outer domain, respectively), and covers 
South Korea and western Japan. Domain 3 (the third domain, Fig. 1c) on 
a 501 × 481 grid with a horizontal grid spacing of 1 km starts from the 
point I = 70 and J = 60 of Domain 2, and covers the Tsushima Strait. The 
meteorological elements of these domains interact by two-way nesting. 
The following physics options are used: the microphysics scheme of 
Thompson et al. (2008), the cumulus scheme of Tiedtke (1989), the 
Rapid Radiative Transfer Model for GCMs (Iacono et al., 2008), the 
planetary-boundary layer scheme of Mellor–Yamada–Janjic (Janjic, 
1994), the Eta surface layer scheme (Janjic, 1996, 2002), and the Noah 
Land Surface Model (Chen and Dudhia, 2001). Cumulus parameteriza
tion is not applied to Domains 2 and 3 because it should not be used for 
resolution of <5 km (Skamarock et al., 2008). 

The National Centers for Environmental Prediction/Final (NCEP/ 
FNL, ds083.3) analyses dataset and JMA/HIMSST were used for the 
initial and boundary conditions. The SST in the Western North Pacific in 
late July 2020 (contours of Fig. 3a–c) was used for a control experiment 
(CNTL). The climatological normal SST was used for a comparative 
experiment (CLIM). The SST difference between CLIM and CNTL is 
shown in Fig. 3a–c (shading). The present study investigates the influ
ence of the SST difference on short-term heavy rainfall in the presence of 
the SST front in the Tsushima Strait. 

The simulation was performed from 0000 UTC 25 July 2020 to 0000 
UTC 27 July 2020 (Run +00 in Table S1–S4). 3D-grid nudging of wind, 
temperature, and water vapor was applied to Domain 1 during the spin- 
up period before 0000 UTC on 26 July to reproduce the appropriate 

distributions of wind, temperature, and water vapor in the coarser 
domain. After the spin-up, the nudging-free run was conducted for the 
analysis period (from 0000 to 2400 UTC 26 July). Ensemble experiments 
were conducted in this study to check the sensitivity to the spin-up, of 
which initial times are listed in Table S1–S4. In the ensemble experi
ments in CNTL and CLIM, the nudging was applied to Domain 1 during 
the spin-up (from the initial time of the simulation to 0000 UTC 26 July 
2020) using the sea surface condition in late July 2020 (contours in 
Fig. 3a–c). During 26 July 2020 (from 0000 UTC 26 to 0000 UTC 27 July 
2020), SST in late July 2020 was used in CNTL and the climatological 
normal was used in CLIM. Because the atmospheric conditions are the 
same between CNTL and CLIM at the initial time of the analyses (0000 
UTC 26 July 2020) for each ensemble run, the simulated difference 
between the two experiments is caused by the SST difference during 26 
July 2020. 

As shown in Table S1-S4, the initial time of Run +00 is around the 
center of the ensemble spread of the initial time. The results in Run +00 
are analyzed in Section 3, as the maximum daily precipitation (273 mm) 
is almost the same as the ensemble average (289 mm) in the Tsushima 
Strait (Table S3) (the difference from the ensemble average (16 mm) is 
the smallest in the ensemble members). Differences between the 
ensemble members are also discussed, based on the supplementary 
material. 

To overview the meteorological conditions and validate the model 
output, the present study used JMA weather charts and radar echo in
tensity data on a 1 km × 1 km resolution grid over Japan. In addition, 
the present work also used an operational objective analysis dataset for 

Fig. 6. Longitude–latitude cross-sections of 
backward trajectories of air parcels initially 
located at (a) 1000, (b) 900, (c) 800, and (d) 
700 hPa in the area of the large difference in 
vertically integrated vapor between CLIM 
and CNTL. The backward trajectory started 
each hour on 26 July 2020 (TINIT) and ended 
at 0000 UTC on 26 July 2020. TINIT = 1–6 h 
(green), 7–12 h (blue), 13–18 h (purple), 
and 19–24 h (red) on 26 July 2020. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   
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initial data of the JMA meso-scale model (MSM) with 5 km grid spacing 
and a columnar water vapor estimated from the Advanced Microwave 
Scanning Radiometer 2 (AMSR2, Wentz et al., 2014) in the 

supplementary material. 
Backward trajectory analysis based on Stunder (1996) was also 

conducted (Appendix C in Yamamoto, 2018). The air parcels are initially 
located at 1000–700 hPa in the area of large difference of vertically 
integrated vapor between CLIM and CNTL (|CLIM − CNTL| > 1 mm). 
The backward trajectories start each hour on 26 July 2020 (TINIT) and 
end at 0000 UTC 25 July 2020. 

3. Results 

Before investigating comparative experiments in CNTL and CLIM, 
the CNTL simulation is overviewed here using the meteorological ele
ments (wind, air temperature, and relative humidity). The surface wind 
and sea-level pressure in CNTL are similar to the objective analysis data 
for the MSM, though the simulated relative humidity is somewhat higher 
over the seas where weather observation data of relative humidity are 
insufficient (Fig. S1). At the 700-hPa level, the meteorological elements 
in Run +00 of CNTL are similar to the objective analysis data for the 
MSM (Fig. S2). The humid flow over Japan is seen in the objective 
analysis data and CNTL simulation. Such an atmospheric river stayed 
during 26 July 2020 in the AMSR2 columnar water vapor map (Fig. S3). 
The columnar water vapor of >55 mm is simulated in Section 3.2. Heavy 
precipitation of >200 mm/day (Fig. 2c) was located over the Eastern 
Channel of the Tsushima Strait in the JMA radar precipitation. Such a 
heavy rainfall is also simulated in CNTL (Section 3.4). Accordingly, it is 
considered that the CNTL simulation reproduced the meteorological 
condition in and around the Tsushima Strait on 26 July 2020. Based on 
the comparisons between the CNTL and CLIM, meteorological impacts of 
the SST anomaly are discussed in the following subsections. 

3.1. Distributions of surface heat fluxes 

Fig. 4 shows the horizontal distributions of accumulated surface 
turbulent and latent heat fluxes over 26 July 2020 in CNTL (contours), 
together with the difference in these fluxes between CNTL and CLIM 
(color shading). The surface turbulent heat flux (the surface flux of 
latent heat plus sensible heat) is ~2 MJ m− 2 in the Yellow Sea and the 
Sea of Japan and > 8 MJ m− 2 over the Philippine and southern East 
China Seas. Because the surface sensible heat flux is very small in the 
seas around Japan, the distribution of latent heat flux is almost the same 
as that of turbulent heat flux. Compared with CLIM, the surface latent 
heat fluxes in CNTL are weaker in the cooler Yellow and northern East 
China Seas (>30◦N, blue in Fig. 4d) and enhanced in the warmer Phil
ippine and southern East China Seas (<30◦N, orange in Fig. 4d). The 
supply of water vapor from the Tsushima Strait in CNTL is smaller than 
that in CLIM: the difference in the surface latent heat flux is negative 
(blue in Fig. 4e and f) over the negative SST anomaly area (blue in 
Fig. 3b and c). 

3.2. Distributions of water vapor and cloud water 

A tongue-shaped area of high vertically integrated water vapor (>55 
mm contours in Fig. 5a) extends from southern China and the East China 
Sea to western Japan. Such a moist tongue was also observed in the 
AMSR2 measurement (Fig. S3) and corresponds to the humid air flow at 
700 hPa over Japan in the JMA MSM objective analysis data (Fig. S2). 
The difference in water vapor north of the tongue-shaped moist area is 
negative (blue in Fig. 5a) over the negative SST anomaly area, whereas 
the difference in the southern moist area is positive (<30◦N; yellow in 
Fig. 5a) over the positive SST anomaly area. The positive and negative 

Fig. 7. Time–pressure cross-sections of (a) water–vapor mixing ratio (g kg− 1), 
(b) cloud–water mixing ratio (g kg− 1), and (c) rain–water mixing ratio (g kg− 1) 
at the location of the daily precipitation maximum in run +00 of CNTL (color 
shading), along with the vertical flow (m s− 1, contours) in panel b. 
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differences in the water vapor are associated with the differences in the 
upward surface moisture supply (surface latent heat flux) from the 
adjacent seas. At the northern edge of the tongue-shaped region over the 
Kyushu (atmospheric front, a gray transparent line of Fig. 5b), localized 
patches of positive moisture difference also appear (red in ~34◦N, 
~130◦E in Fig. 5b and c), although the difference in the surface moisture 
supply is negative. 

High values of vertically integrated cloud water are located along the 
front (the northern edge of the moist tongue) in the Tsushima Strait for 
CNTL (Fig. 5d and e). In the cloud-free or hazy-cloud region outside the 
front, the difference in water vapor does not greatly influence the 
amount of cloud water because a large amount of the vapor does not 
condense. Thus the difference in cloud water is apparent in the vicinity 
of the linear cloud band along the front. Compared with CLIM, the cloud 
water increases in the frontal cloud region in CNTL (red in Fig. 5d–f), 
whereas it decreases (blue and purple in Fig. 5d–f) in the southern area 
of the cloud band where the vertically integrated cloud water is >0.3 
mm in Fig. 5e and f. The enhanced water vapor (CNTL − CLIM >0) 
increases the cloud water in the vicinity of the front. 

The tongue-shaped moist area and linear cloud band are simulated 
north of Kyushu Island in the ensemble experiment (contours in Figs. S4 
and S5), although there are some differences between the ensemble 
members. In the Eastern Channel of the Tsushima Strait, the large dif
ferences in water vapor and cloud water between CNTL and CLIM are 
also simulated in all the ensemble members (gray circles in Figs. S4 and 
S5). Thus, the characteristics of water vapor and clouds in Figs. 4 and 5 
(the tongue-shaped moist area, linear cloud band, and moisture 

responses to the SST anomaly in late July 2020) are robust. 

3.3. Horizontal transport of water vapor 

As mentioned above, the vapor is locally enhanced along the 
northern edge of the moist region (corresponding to the stationary at
mospheric front of the vapor) over the Eastern Channel of the Tsushima 
Strait (~34.0◦N, ~130.5◦E in Fig. 5c), north of Kyushu Island. Air 
parcels located in the area of large water-vapor difference (>1 mm) are 
advected from the southern East China Sea (Fig. 6), where the SST and 
surface vapor (latent heat) flux in CNTL are greater than those in CLIM 
(CNTL − CLIM >0). This indicates that moisture transport from the 
remote southern seas locally increases the water vapor in the vicinity of 
the atmospheric front. 

At the location of the daily precipitation maximum in run +00 of 
CNTL, the mixing ratio of water vapor is higher than ~10 g kg− 1 in the 
lower-level atmosphere below the 700-hPa altitude after 12 h and 
16–18 g kg− 1 at 1000 hPa in Fig. 7a. The rain–water mixing ratio is 
enhanced around 1200 and 2100 UTC (Fig. 7c) at the location of the 
daily mean precipitation maximum, associated with strong vertical 
flows and convective clouds (Fig. 7b). Abundant moisture leading to 
heavy rainfall is transported from the southern East China Sea area 
(Fig. 6) and converges into the frontal area where the vertically inte
grated vapor in CNTL is higher than that in CLIM (red in Fig. 5c). 

For the backward trajectories from the rainfall event at 2100 UTC, 
the parcels below 700-hPa rose in the 1–3 h before the rainfall event 
(Fig. 8a), and the water vapor transformed into cloud or rain (the vapor 

Fig. 8. (a, b) Time–pressure cross-sections of back
ward trajectories of air parcels initially located at 
1000 (red), 900 (blue), 800 (green), and 700 hPa 
(gray) in the area of large difference between CNTL 
and CLIM of vertically integrated vapor (CNTL −
CLIM >1 mm), together with (c, d) the water vapor 
mixing ratio (kg − 1), in (a, b) CNTL and (c, d) CLIM. 
Units of time and pressure are h and hPa, respec
tively. The backward trajectory started from 2100 
UTC on 26 July 2020 (0 h) and ended at 0000 UTC 26 
July 2020 (− 21h). (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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mixing ratio rapidly decreased in Fig. 8c). Most of the near-surface 
parcels (red and blue lines in Fig. 8a) were advected below the 950- 
hPa altitude. The vapor mixing ratios of the near-surface parcels 
increased with time before 10–18 h from the rainfall event in Fig. 8c, 
when the parcels traveled over the East China Sea. Thus the air parcels 
modified by the sea surface reached the area of abundant water vapor in 
CNTL. In contrast, water vapor in the air parcels at the lower levels in 
CLIM (red in Fig. 8d) decreased considerably before the parcels reached 
the rainfall area in CNTL (before ~5 h): the water vapor in CLIM was 
removed by condensation over the warmer sea than in CNTL before the 
moist parcels reached the center of the Tsushima Strait. This implies that 
the moist air parcels in CNTL reached farther north without losing a 
large amount of water vapor over the cooler sea than in CLIM. Thus the 
cool SST anomaly shifted the condensation area northward. 

Fig. 9a shows that the lower-level flows advected the water vapor 
farther northeastward in western Japan below the 700-hPa altitude. The 
northeastward advection of abundant moisture formed the tongue- 
shaped moist area (Fig. 5a) over the Japanese main islands (i.e., atmo
spheric river). The lower-level moisture flux leading to the abundant 
water vapor and cloud water along the front was advected from the East 
China Sea (Fig. 6) and converged into the Eastern Channel of the 
Tsushima Strait, along the horizontal wind convergence area (closed 
contours of Fig. 9a). Because the horizontal moisture flux and its 
convergence are similar to those of the horizontal wind (Fig. 9a and c), 
the lower-level horizontal flow below the 700-Pa altitude converges 

moisture in the vicinity of the front. In the convergence regions in the 
Tsushima Strait (closed contours of Fig. 9a and c), the differences in the 
moisture and wind convergence are positive (CNTL − CLIM >0, red 
shade in red ovals of Fig. 9b and d): the moisture flux from the southern 
East China Sea locally increases the water vapor north of Kyushu Island 
via the enhanced wind convergence. In contrast, the differences in the 
moisture and wind convergences are negative south of the convergence 
region in CNTL. This implies that the frontal cloud band is shifted to
ward Kyushu Island (Fig. 5f) via the lower-level wind convergence 
(Fig. 9d) for climatological normal SST (CLIM). 

In general, convergences of wind and moisture leading to precipi
tation and clouds in the vicinity of the atmospheric front have often been 
associated with the surface topography and land/sea contrast. Kyushu's 
high mountain splits the horizontal flow at 10 m altitude into two along 
the eastern and western coasts of Kyushu (Fig. 10). The two strong flows 
converge in the coastal area of northern Kyushu. The east (west) coastal 
path of the parcels located at 1000 hPa in the moisture convergence 
region is the dominant flow at 0–12 (12–24) UTC on 26 July 2020 in 
Fig. 6a. The parcels at 900–700 hPa are transported west of Kyushu 
(Fig. 6b-d). Such an effect of Kyushu Island's topography on the wind 
convergence may be an important factor in driving the heavy coastal 
rain of northern Kyushu in the rainy season when the stationary front is 
active. The surface moisture convergence is located west of Kyushu Is
land (purple in red solid oval in Fig. 10a) in CNTL, whereas it is shifted 
slightly southward to the coastal area of the northern Kyushu in CLIM 

Fig. 9. Distributions of differences (color 
shading) in the convergence of vertically 
integrated (a, b) moisture flux and (c, d) 
horizontal wind from 1000 hPa to 700 hPa 
on 26 July 2020 between CNTL and CLIM (×
103, kg m− 2 s− 1, CNTL − CLIM) in (a, c) 
Domain 1 and (b, d) Domain 2. The contours 
indicate the (a) moisture flux convergence 
(1.0 × 10− 3 kg m− 2 s− 1) and (c) wind 
convergence (50.0 × 10− 3 kg m− 2 s− 1) in sea 
area in CNTL, and the vectors indicate the 
vertically integrated (a) moisture flux and 
(c) wind in CNTL (× 10− 3, kg m− 2 m s− 1).   
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(Fig. 10b). Because the near-surface water vapor in CLIM is higher than 
that in CNTL south of the precipitation area, the moist air advected from 
the south is likely to condense before it extends farther northward. Thus 
the moisture convergence is confined in a narrower area in CLIM (red 
dashed oval in Fig. 10b). In contrast, the moisture convergence spreads 
farther to the north in CNTL (red solid oval in Fig. 10a). 

3.4. Distribution of heavy rainfall 

Heavy rainfall (>250 mm) is simulated in the Eastern Channel of the 
Tsushima Strait in CNTL (Fig. 11a) and is similar to the radar precipi
tation intensity (Fig. 2c). The maximum value of the daily precipitation 
(273 mm) is higher than that for CLIM (256 mm) in the strait. Compared 
with CNTL, the precipitation area in CLIM (Fig. 11b) is shifted somewhat 
southward to the coast of northern Kyushu. This is associated with the 
southward shift of the convergence area of the moist flow (Figs. 9 and 

10), as the water vapors of the moist parcels in CLIM condense before 
they reach the rainfall area in CNTL (Fig. 8). Thus, the precipitation in 
CLIM is locally lower than that in CNTL in the frontal heavy rain area of 
CNTL (red in the closed black contour of 100 mm in Fig. 11c). In 
contrast, the rainfall in CLIM is greater than that in CNTL south of the 
heavy rain area of CNTL (blue areas in Fig. 11c). The large difference in 
rainfall (CNTL− CLIM) south of the heavy rain area in CNTL is caused by 
the southward shift of the precipitation and moisture convergence in 
CLIM. These characteristics of the heavy rain and the difference between 
CNTL and CLIM are confirmed in all ensemble members of the experi
ments (Fig. S6). 

Fig. 10. Distributions of divergence of daily-mean surface moisture fluxes on 
26 July 2020 (× 106 g kg− 1 s− 1, color shading) in moisture areas where the 
water vapor mixing at 2 m is higher than 18 g kg− 1 in Domain 3 for (a) CNTL 
and (b) CLIM. The gray contours indicate the water vapor mixing at 2 m (g 
kg− 1), the gray shade represents the area of >18 g kg− 1, and the vectors show 
horizontal wind velocity at 10 m (m s− 1). The red ovals indicate the conver
gence regions of the surface moisture. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 11. Distributions of daily precipitation (mm) on 26 July 2020 in (a) CNTL 
and (b) CLIM, along with (c) the difference in the precipitation between CNTL 
and CLIM (CNTL − CLIM, color shading). The dashed contours in panel (c) 
indicate daily precipitation of 100 mm in CNTL. 
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To remove the remote SST effect over the southern East China and 
Philippine Seas, the positive SST anomaly over these seas is set to zero in 
additional experiments using the negative anomaly in the marginal seas 
(CNTL_N, Fig. 12a); i.e., CNTL_N uses the climatological normal SST in 
the remote seas and uses the SST for July 2020 (which is lower than the 
climatological normal) in the marginal seas. In this case, the heavy rain 
of >100 mm and its difference with CLIM (Fig. 12b) are similar to those 
in Fig. 11c. Thus the remote SST effect is insignificant, though the moist 
air is transported from the remote sea areas. 

In the rainfall region 31.5◦N-35.5◦N, 127.8◦E-133◦E, the area-mean 
SST and surface latent heat flux in CNTL are lower than those in CLIM 
(Table 1), averaged for the ensemble experiments (Table S1). Thus, the 
area-mean daily precipitation in CNTL (22.00 mm) is lower than in CLIM 
(24.04 mm, Table 2), averaged for the ensemble experiments (Table S2). 
The precipitation difference (2.04 mm) between the two experiments is 
statistically significant because it is greater than the sum of the standard 
errors in CNTL and CLIM (0.59 mm). The cool anomaly in the Tsushima 
Strait and the adjacent seas reduces the regionally averaged 
precipitation. 

Unlike the area-mean precipitation, the ensemble-mean maximum 
daily precipitation in CNTL is higher than in CLIM in the Eastern 
Channel of the Tsushima Strait (Table 3), although some ensemble 
members show the reverse (Table S3). Thus, we must carefully evaluate 
the difference in the maximum rainfall intensity between the two SST 
experiments, as there are large differences among the ensemble mem
bers. Because the moist air in CNTL reaches the strait from the southern 
East China Sea without losing a large amount of moisture to rain, the 
maxima in the strait in CNTL are much higher than in CLIM for Run − 24, 
− 6, and + 12. For the other runs, the difference in the maximum be
tween CLIM and CNTL is small (<25 mm). In the land around the strait, 
the ensemble-mean maximum precipitation in CLIM is higher than in 
CNTL (Table 4), except for Run +06 (Table S4). The (relatively warm) 
climatological normal SST is likely to enhance heavy rainfall in northern 
Kyushu (on land), associated with the southward shift of the precipita
tion area in CLIM, because rainfall occurs before the moist air at lower 
levels (1000 and 900 hPa) reaches the strait in CLIM (Fig. 8b and d). 

4. Conclusions 

The present work simulated the heavy precipitation on 26 July 2020 
in the Tsushima Strait and investigated short-period (24-h) moisture 
responses to SST. The CNTL (July 2020) experiment showed that, in the 
Eastern Channel of the Tsushima Strait, daily heavy rainfall of >250 mm 
occurred along the stationary atmospheric front, northern edge of the 
tongue-shaped moist area that was extended northeastward by moist 
flows (i.e., northern edge of the atmospheric river). The moisture lead
ing to the frontal precipitation was transported west of Kyushu from the 
southern East China Sea (that supplied a large amount of water vapor) 
and converged by the horizontal lower-level flow in the Eastern Channel 
of the Tsushima Strait. 

Compared with the CLIM experiments using the climatological 
normal SST, the SST in CNTL is considerably cooler (>1 K) in the 
Tsushima Strait and slightly warmer (<1 K) in the southern East China 
Sea. The surface latent heat flux in CNTL was weakened (enhanced) in 
the cool Tsushima Strait (the warm East China Sea). The water vapor in 
CNTL decreased north of the atmospheric river and increased in the 
southern moist area south of 30◦N. In the Tsushima Strait area where the 

Fig. 12. (a) Negative SST anomaly (K, color shading) used in an additional 
experiment, CNTL_N. (b) Differences in daily precipitation (mm) between 
CNTL_N and CLIM (CNTL_N − CLIM, color shading), along with the daily 
precipitation of 100 mm in CNTL_N (dashed contours). 

Table 1 
Statistics of area-mean accumulated surface latent heat flux over the area of 
Fig. 11 (127.8◦E-133.0◦E, 31.5◦N-35.5◦N).   

CNTL CLIM Remarks 

Ensemble average (MJ m− 2) 1.71 4.04 CNTL− CLIM = − 2.33 
Standard deviation (MJ m− 2) 0.06 0.09  
Standard error (MJ m− 2) 0.02 0.03 CNTL+CLIM = 0.05 
SST (K) 298.2 299.5 CNTL− CLIM = − 1.32  

Table 2 
Statistics of daily precipitation averaged over the area of Fig. 11 (127.8◦E- 
133.0◦E, 31.5◦N-35.5◦N).   

CNTL CLIM Remarks 

Ensemble mean (mm) 22.00 24.04 CNTL− CLIM = − 2.04 
Standard deviation (mm) 1.03 0.64  
Standard error (mm) 0.36 0.23 CNTL+CLIM = 0.59 
SST (K) 298.2 299.5 CNTL− CLIM = − 1.32  

Table 3 
Statistics of maximum daily precipitation in the Eastern Channel of the Tsushima 
Strait (sea area in 129.0◦E-131.0◦E, 33.5◦N-34.5◦N).   

CNTL CLIM Remarks 

Ensemble average (mm) 289 248 CNTL− CLIM = 41 
Standard deviation (mm) 63 16  
Standard error (mm) 22 6 CNTL+CLIM = 28  

Table 4 
Statistics of maximum daily precipitation over land in the precipitation area 
(land area in 128.0◦E-131.0◦E, 32.0◦N-35.0◦N).   

CNTL CLIM Remarks 

Ensemble mean (mm) 351 398 CNTL− CLIM = − 47 
Standard deviation (mm) 56 47  
Standard error (mm) 21 17 CNTL+CLIM = 38  
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SST and latent heat flux in CNTL are lower than those in CLIM, the area- 
mean daily precipitation in CNTL is also lower than in CLIM. In contrast 
to the area means, along the atmospheric front in the Eastern Channel of 
the Tsushima Strait (~34.0◦N, ~130.5◦E, north of Kyushu Island), the 
water-vapor mixing ratio, linear cloud band, and frontal precipitation in 
CNTL were locally intensified via the remote moisture transport from 
the southern East China Sea. If this local intensification occurs with 
climatological SST, the area of heavy precipitation may be shifted from 
the strait to the heavily populated coastal area with ~million peoples in 
northern Kyushu. Thus, the intensity and area of heavy rainfalls 
potentially leading to major natural disasters are sensitive to the SST 
anomaly from the climatological normal in the marginal seas, where the 
sea surface conditions vary greatly seasonally. 

In this case, the strong surface baroclinicity over the SST front over 
the Western Channel of the Tsushima Strait and the remote sea-surface 
conditions over the southern East China Sea do not influence the heavy 
rainfall over the eastern channel of the strait where the precipitation is 
located. The large SST anomaly in the vicinity of the Tsushima Strait is a 
key factor affecting the location of heavy precipitation during the late 
rainy season in northern Kyushu Island (where heavy rainfall caused by 
the stationary atmospheric front over the Tsushima Strait often occurs in 
this season). 
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