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Our recent study suggested that moisture from the subtropical Western Pacific (WP)
contributed the most to an atmospheric river (AR) event and the related heavy rainfall
during the heavy rain of 2020 in Japan based on a Lagrangian approach. However, the
actual role of moisture from the subtropical WP region in the AR and heavy rain
formations remains unclear. To evaluate that, we conducted a set of numerical
sensitivity experiments by adjusting the surface moisture supply over the subtropical
WP region with factors of 0%, 50%, and 200%. The sensitivity experiments suggest that
the reduced surface evaporation over the subtropical WP suppressed the local
convective activity and decreased moisture content in the whole troposphere,
leading to shallow and weak positive geopotential height anomalies. Although the
slightly strengthened WP subtropical High (WPSH) and related anomalous
anticyclonic circulation enhanced the southwesterly wind, convective activities
along the Meiyu-Baiu front were still weakened due to the largely reduced
moisture supply, resulting in another anomalous anticyclonic circulation over
Japan but had much stronger and deeper structures. These two anomalous
circulations and the reduced moisture modulated the AR over Japan, which
eventually caused the weakened rainfalls and the northward migration of the
rainband. By contrast, larger surface evaporation enhanced the local convective
activities and weakened the dominant WPSH, resulting in the weakening and the
southward migration of the AR. Overall, this study confirmed the large contributions
of moisture supply from the subtropical WP region to the AR and related precipitation
over Japan during the record-breaking Meiyu-Baiu season in 2020 via both dynamic
and thermodynamic influences. In addition, it reveals that, although larger evaporation
over the WP region would increase the total rainfalls but would not have led to more
several rainfalls over certain regions, such as the relatively small Kyushu Island.
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Introduction

In 2020, a large amount of rain fell over East Asia during the
Meiyu-Baiu season from June to July, inducing many record-
breaking heavy rainfalls and great damage due to the floods and
landslides (e.g., IMA 2020; Araki et al., 2021; Qiao et al., 2021).
Previous studies indicated that the cause of this long-persisting
Meiyu-Baiu season in 2020 combined the influences of multiple
sources from the tropics, mid-and high latitudes, such as the
Indian Ocean basin warming that can further be related to the
2019 super Indian Ocean Dipole (e.g., Takaya et al., 2020; Cai
et al.,, 2022), teleconnections that related to the North Atlantic
Oscillation and the Madden-Julian Oscillation (e.g., Liu et al,,
2020; Horinouchi et al,, 2021; Zhang et al., 2021), and the Arctic
and global warming (e.g., Chen M et al,, 2021; Nakamura and
Sato 2022; Tang et al., 2022).

Particularly, it has been demonstrated that most extreme
events during the Meiyu-Baiu season could be related to the
strong moisture transport with narrow, filamentary shapes,
ie, the atmospheric rivers (AR, e.g, Kamae et al, 2017;
Takemura et al,, 2019; Imada et al., 2020). For example, Liang
and Yong (2021) argued the contributions of ARs to total
precipitation in East Asia and suggested ARs could be
associated with 68% of the summer extreme precipitation in
East Asia. Similarly, Park et al. (2021) also showed that ARs may
contribute to 60%-80% of heavy rainfalls in East Asia from June
to July. Specifically, some recent studies confirmed that ARs
played important roles in severe rainfall events in eastern China
and western Japan in 2020 (e.g., Takaya et al., 2020; Araki et al.,
2021), while Wang et al. (2013) further estimated the
contribution of ARs could reach 50%-80% of the total Meiyu-
Baiu precipitation in that year.

As the key feature of AR, the highly accumulated moisture
always attracts attention. In general, previous studies suggest that
moisture is transported from the tropical regions during the
Meiyu-Baiu season (e.g., Zhou et al., 2010; Baker et al., 2015; Guo
et al,, 2019), while the western Pacific subtropical High (WPSH)
provides the fundamental wind force, whose role was further
highlighted during the two severe Meiyu-Baiu seasons in
2018 and 2020 (e.g., Huang et al, 2018; Takemura et al,
2019; Yuan et al, 2019; Zhao et al, 2022). Therefore, many
studies focused on the roles of tropical sea surface temperature
(SST), which influenced the evaporation and convection in the
tropics (and hence moisture from there), and more importantly,
the intensity and location of the WPSH (e.g., Xie et al.,, 2016;
Liang et al., 2021; Ueda et al., 2021).

It is no doubt that the tropics dramatically influence AR
activities during the Meiyu-Baiu season by modulating moisture
and circulations (e.g, Kamae et al, 2021; Takahashi and
Fujinami 2021); however, some recent studies on moisture
sources also shed a light on the potentially underestimated
roles of subtropical regions. For example, Hu and Dominguez
(2019) showed that tropical moisture only contributed less than
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50% to the inland precipitation in mid-latitudes. In addition to
that, by considering the gain/loss processes (e.g., evaporation and
precipitation) during moisture transport, Shi et al. (2020) also
suggested that the contributions of moisture from the Indian
Ocean to actual precipitation were less than 10% during the
summertime of East Asia due to moisture loss during the
transport.

In the same manner, our recent study (Zhao et al, 2021;
hereafter Z21) revealed that the subtropical western Pacific (WP;
122°-140°E, 15°-28°N) region contributed the most to moisture
accumulation of the ARs during the Meiyu-Baiu season of 2020.
However, two issues remained in the Z21. At first, in Z21 and other
similar studies (e.g., Sodemann et al., 2008), the gain/loss processes
are defined by moisture changes of the “pseudo air parcel,” and,
more importantly, the “evaporation” was generally defined as the
changes within the planetary boundary layer, which may only reflect
the vertical mixing rather than the actual evaporation. Although
such assumptions helped us in revealing the contributions of
different regions, they also led to some uncertainties about
whether surface evaporation did contribute much as we found
before. Secondly, the role of moisture from subtropics in the AR
and heavy rain formations could hardly be investigated by the
trajectory-based analyses used in Z21, which require numerical
sensitivity experiments. Therefore, the current study was
motivated to evaluate the actual contributions and potential roles
of moisture supply from the oceans during the heavy rain and to
reveal the mechanisms of the related modulations. In this study, we
focused on the moisture from the subtropical WP region, which
contributed the most to the case in 2020 as revealed in Z21.

This paper is organized as follows. Section 2 includes
descriptions of the data sources and settings of the numerical
model and sensitivity experiments. Section 3 documents the
overview of the AR and precipitation during the study period
and the responses of the local atmosphere over the subtropical
WP region and ARs over Japan in the sensitivity experiments.
Section 4 discusses the contributions of moisture and wind
anomalies in modulating the AR and the responses of the
WPSH and ARs. Finally, a summary of our major findings is
presented in Section 5.

Materials and methods
Data and model settings

In this study, the numerical experiments were conducted based
on the Weather Research and Forecasting model (WRF V4.2.2;
Skamarock et al., 2008). Following Z21, the study domain covers the
East Asian region (94°-166E, 2.5°-45.5°N; Figure 1D) with 9-km
mesh grids and 60 sigma layers from the surface to 50-hPa. In
addition, to represent the convective moistening over the subtropical
WP region well (e.g, Takemi 2015; Z21), we applied a two-way
nested inner domain with 3-km resolution that was slightly larger
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FIGURE 1

(A,B) Mean moisture transport (IVT by color and contours with every 200 kg/m/s, and moisture fluxes by vectors) together with the 1490-gpm

and 5880-gpm geopotential height (red contours) and (C,D) mean precipitation during the period from 26 June to 13 July [gray shading in (E,F)]. (E,F)
Time series of the area averaged IWV, IVT, and precipitation over Japanl(black box in (C)] based on the ERA5/GSMaP and the CTL run. The dashed line
in (C) shows the cross-section 130°E in the following analyses. Gray dashed box in (C) show the larger area for averaging the total rainfall (see
Table 2 and Section 3.3 for details). Two boxes in (D) show the subtropical Western Pacific (WP) region and the WRF inner domain.

than the WP region (121°-141°E, 13.5°-29.5°N) to avoid unexpected
disturbances near the inner domain boundaries due to the regionally
applied adjusting factors in the sensitivity experiments. Note that we
did not include the Japanese archipelago within the inner domain
for saving the computational and analyzing cost, and Z21 has
confirmed that the 9-km mesh grids could represent the heavy
rainfall well enough.

The lateral boundary and initial conditions were interpolated
from the 0.25-degree ERAS5 reanalysis dataset from the European
Centre for Medium-Range Weather Forecast (ECMWTEF;
Hersbach et al, 2020). The lower boundary was obtained
from the daily Optimum Interpolation Sea Surface
Temperature (OISSTv2.1; Huang et al.,, 2020). Both lateral and
lower boundary conditions were applied every 6 h.

The control (CTL) run was conducted to reproduce the
period from late June to mid-July (26 June to 13 July), which
contained most of the heavy rain events (see Figure 1F; JMA,
2020). Since we only focus on the ARs and heavy rainfalls that
have a sub-weekly time scale (e.g., Lavers et al., 2020; Liu et al.,
2021; also see Figures 1E,F), we reinitiated the model every 8 days
during the study period (i.e., three 8-day cycles in total) to avoid
the unexpected large anomalies that grew from the long-time
integration. In addition, the three different initial times also
helped us to obtain the common responses of ARs under
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different atmospheric conditions. The model output was saved
every 3 h, and the first 2 days in each 8-day cycle were not used in
our analyses, which are considered as the spin-up time and the
time for moisture transported from subtropics to Japan (e.g.,
Zhao et al, 2021). The performance of the CTL run was
compared to the ERA5 and the satellite-observed precipitation
from the hourly Global Rainfall Mapping Precipitation (GSMaP)
dataset (Kubota et al., 2020). Results show that the CTL run well
simulated the atmospheric conditions and precipitation without
any unnatural inconsistencies among the three cycles (Figure 1).

We used the Thompson microphysics scheme (Thompson
et al, 2008), the Yonsei University PBL scheme (Hong et al.,
2006), the Revised MM5 surface layer scheme (Jimenez et al.,
2012), the United Noah Land Surface Model (Tewari et al., 2004),
and the RRTMG Shortwave and Longwave Schemes (lacono
et al., 2008). We used the Tiedtke cumulus scheme for the outer
domain (Zhang et al., 2011), and no cumulus scheme was used

for the inner domain.
Sensitivity experiments

Three sensitivity experiments were carried out to investigate
the influences of the surface moisture supply from the subtropical
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TABLE 1 Descriptions of the sensitivity experiments.

Experiment Adjusting factor
NOLH 0% (No latent heat)
HFLH 50% (Half)

CTL 100% (Control)
DBLH 200% (Doubled)

western Pacific region (122°-140°E, 15°-28°N) by applying extra
factors to the original latent heat flux (hence, the evaporation)
field. For simplicity, two experiments (NOLH and HFLG) were
conducted to evaluate the response of the atmospheric rivers
when the moisture supply was reduced. The NOLH run cut off
the surface latent heat flux over the subtropical WP region by
multiplying a uniformly distributed factor (0%), while the HFLH
cut half (50%) of the flux. In addition, another experiment with
doubled latent heat flux was conducted (DBLH) to evaluate the
responses if extra moisture was supplied from the subtropical
WP region. The three experiments are summarized in Table 1.
Note that the adjusting factors were adopted every time step
during the model iteration, and the exact modulated values will
be changed accordingly under the conditions at each time
step. Thus, the HFLH and DBLH runs do not necessarily
have exactly half or doubled latent heat flux compared to the
CTL run.

Atmospheric river and the WPSH
To illustrate the AR, we used the integrated water vapor

(IWV) and its transport (IVT), which can be obtained as follows
(e.g., Lavers et al., 2012).

1 [300kPa
IWV = —j

&g J 1000 hPa
1 (300hPa 2 1 (3%0hPa 2
IVT = (—j uqdp) + (—J qup) , ()
£ J 1000 hPa £ J 1000 hPa

where g is the gravitational acceleration, g is the specific

q4dp, 1)

humidity, p is the pressure, and u and v are the zonal and
meridional wind, respectively.

In addition, as shown in previous studies, the strength and
the location of the AR are primarily determined by the intensity
and the northern edge of the WPSH (e.g., Ding and Chan, 2005;
Kamae et al.,, 2017; Shi et al., 2020). Thus, to find out how would
the AR respond to the moisture supply, the responses of the
WPSH should be evaluated first. To do so, two indices were used
in this study. Following Wang et al. (2013), the intensity of the
WPSH was defined as the anomalous geopotential height at 850-
hPa level over the region of 115°-150°E, 15°-25°N. Because of the

Frontiers in Earth Science

04

10.3389/feart.2022.1043093

short time coverage of our experiments, the index was calculated
based on the raw data, instead of the long-term mean as used in
Wang et al. (2013). On the other hand, to obtain the northern
edge of the WPSH (and hence the location of the AR), a simple
index was introduced in this study by using the latitudes of two
critical geopotential height contours (i.e., 1490-gpm at 850-hPa
level and 5880-gpm at 500-hPa level), which generally indicate
the northern edge of the WPSH (e.g., Ren et al., 2013; also see red
contours in Figures 1A,B). Based on that, the average latitude of
these two contours within 125°E and 140°E (i.e., over Japan) was
then defined as the northern edge index.

Results

Overview of the atmospheric river and
precipitation

During the period from late June to mid-July 2020, a large
amount of moisture was transported (>800kg/m/s) and
accumulated (>50 mm) over the regions from the southeast
China and the subtropical WP region to Japan, forming a
zonally oriented narrow pattern (i.e., the AR; Figure 1A). This
mean-state AR generally followed the northern edge of the
WPSH (see red contours in Figure 1) and was formed by the
overlapped strong westerly wind and the highly accumulated
moisture north of 28°N (Figure 2A). In some aspects, this mean-
state AR was highly related to the quasi-stationary Meiyu-Baiu
front, where the troposphere was dominated by enhanced deep
convection (see the high relative humidity, RH, connecting the
lower and upper troposphere; Figure 2C).

As shown in Figure 1F, continuous rains fell over western
Japan and lasted more than 1 month from late June to the end of
July, when the heavy rainfalls occasionally occurred every two or
3 days, especially during our study period (26 June to 13 July;
gray shading in Figure 1). By calculating the lead-lag correlation
avr),
accumulation (IWV), and precipitation (Figure 3A), we found

coefficients among moisture transport moisture
the occasionally occurred heavy rainfalls were closely related to
the individual AR events as indicated by the remarkably
increased IVTs and the related IWVs (Figure 1E). The lead-
lag correlations suggest that the AR (i.e., the IVT) helped
moisture accumulation prior to the heavy rainfall (ie., the
pre-moistening of the troposphere; Tsuji et al, 2021), and
their maximum correlation was found at —6 h. Meanwhile, the
IWV varied almost simultaneously with the precipitation which
is consistent with the previous studies (e.g., Tsuji et al., 2021).

In addition, as shown in Figure 1, the precipitation during the
heavy rain showed clear land-sea dependence, suggesting there
might be different correlations over the land and the sea.
Following that line, we calculated the lead-lag correlations
based on the land-sea mask used in the model (Figure 3B).

Interestingly, while the correlations over the sea remained similar
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(A) The lead-lag correlations among the area-averaged IVT, IWV, and precipitation during the study period (26 June to 13 July) over Japan (black
box in Figure 1C). (B) represents the coefficients calculated over land (green) and sea (blue) areas. Results based on 6-hourly ERA5 and GSMaP are

also plotted in (C) for comparison.

to those we found above, the story over the land changed much.
Despite the higher coefficients, the biggest difference is that the
correlation between the IVT and precipitation reached its
maximum with 0 leads over the land area, suggesting the ARs
may play important roles not only in the pre-moistening of the
troposphere but also in the initiation of convection via the
orography-related processes (e.g., Schumacher and Johnson,
2005; Miyajima and Fujibe, 2011). Note that the maximum
correlation between the IVT and IWV over land was found
at —3 h with a coefficient of 0.860 but remained high at 0 leads
(0.858), suggesting that the 3-hour output interval may not be
short enough in resolving the detailed changes of moisture and
related short-time processes (Henderson et al., 2021).
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On the other hand, when the Japanese archipelago suffered
heavy precipitation, almost no precipitation was found over the
subtropical WP region (Figures 1C,D). Compared to the tropical
regions, a large amount of moisture was concentrated within the
boundary layer and lower levels (>900-hPa) over the subtropical
WP region (Figures 2A,C), while the surface latent heat flux
(i.e., evaporation; red line in Figure 2D) were even larger than the
tropical Pacific and was comparable with that over the Kuroshio
warm current (i.e., the peak around 30°N). As a result, a warm
and moist boundary layer was formed over the subtropical WP
region with a large instability near the top of the boundary layer
(Figure 2B). However, convection was still inhibited by the
capping inversion due to the dominant WPSH. As a result,
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most convection remained shallow, and only some weak signals
of deep convection could be seen in this region (see the light blue
shading showing the upward extending RHs around 20°N in
Figure 2C), exhibiting a typical trade-wind cumulus regime.

Note that, for our own interest, we also calculated the lead-lag
correlations over the Yangtze River region (110°-120°E,
27°-32.5°N) during the same period (Supplementary Figure
S1). Results show that both the IVT and the IWV had low
correlation coefficients with precipitation, suggesting the rainfalls
over the western (i.e., the Yangtze River region) and eastern
(i.e., the Japanese archipelago) sections of the Meiyu-Baiu front
did not share the same dynamics, which is consistent with
previous studies (e.g., Chen and Chang 1980; Sampe and Xie
2010).

Local responses over the subtropical WP
region

Before checking the responses of ARs and precipitation over
Japan, we first evaluate the subtropical WP region which directly
responded to the modified latent heat flux. Figure 4 shows the
meridional differences in thermal conditions along 130°E. Not
surprisingly, we found large reductions of moisture within the
local boundary layer over the subtropical WP region in the
NOLH and HFLH runs. Moreover, due to the reduced surface
moisture supply, the boundary layer was stabilized (Figure 4D),
especially near the top of the boundary layer (~925 hPa). Such
stabilization further suppressed the weak convection over the WP
region, which made the local troposphere even drier (Figures
4A,B; also see Figure 5), as suggested by the large drying and
cooling signals in the lower-to-mid troposphere where the
shallow convection mainly controlled (Figures 4D,E). On the
other hand, the surface wind in the NOLH and HFLH runs did
not monotonically respond to the surface latent heat flux but was
increased in the south and decreased north of the WP region,
which generally corresponded to an anomalous anti-cyclonic
circulation (e.g., Figure 5).

Similarly, the wind anomaly also induced nonlinear
responses of the surface latent heat in the DBLH run
(Figure 4I). The flux was largely increased in the regions
south of 25°N, while its maximum was about three times
larger than the CTL run around 20°N. On the other hand, the
anomalies gradually decayed to zero from 20°N to the northern
boundary of the subtropical WP region at 28°N. In addition, as
the surface evaporation increased, the entire troposphere became
moister over the subtropical WP region (Figure 4C), suggesting
the upward moisture transport was enhanced. Considering the
warming signals in mid-to-upper levels, such anomalous vertical
moisture transport was likely induced by the enhanced local
convective activities (also see Figure 9F). Moreover, it is found
that the moistening/warming patterns were located higher in the
southern regions but remained relatively shallower in the north,
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exhibiting a vertically southward-titled pattern (Figure 4F),
which may be related to the distributions of the surface latent
heat flux anomalies.

Responses of atmospheric river and
precipitation over Japan

As shown in Figures 4, 5, the modulated moisture content
over the WP region influenced the air masses transported
northward, which further influenced the AR and related
precipitation over Japan. Our results show that in both NOLH
and HFLH runs, moisture transport over Japan decreased in the
south and increased in the north, resulting in a northwestward-
shifted pattern. Meanwhile, clear reductions in moisture content
were found near the frontal regions around 30°N with titled
structures from lower to upper levels, suggesting the convective
activity was weakened near the Meiyu-Baiu front (e.g., Figures
4D,E; Matsumoto et al., 1971; Hu et al,, 2021). As a result,
precipitation was largely reduced over the Japanese archipelago
and was increased in the north over the seas. The total amount of
rainfalls decreased from 266.84 mm to 201.04 mm and
250.55mm in the NOLH and HFLH runs, respectively
(Table 2), which are consistent with the contribution ratios
found in Z21. Moreover, these reductions remain large even
though we included the ocean areas nearby where the
precipitation increased due to the northward shift.

By contrast, when the surface latent heat flux was doubled, an
anomalous cyclonic moisture transport was generated over the
subtropical WP region (Figure 5G), which largely weakened the
original moisture channel along the edge of the WPSH (e.g., Zhao
et al., 2021). Meanwhile, the anomalous circulation induced
stronger northward moisture transport toward eastern Japan.
Compared to that, the IWV showed a slightly different pattern,
which has positive anomalies over most regions of Japan, except
Kyushu Island. Consequently, precipitation was weakened on the
western side of the Japanese archipelago but was enhanced in the
east (Figure 5I), while the total rainfalls over Japan remained
almost unchanged (Table 2). Note that the weakened WPSH was
somehow similar to the conditions during phases 7-8 of the
Boreal summer Intraseasonal Oscillation when convection was
enhanced over the subtropical regions (see Figure 9 in Guo et al.,
2021).

Our results show that the responses in precipitation
depended on the scales and regions we focused on. Figure 6
shows the meridional distributions of the AR and precipitation
over Kyushu Island where the heaviest rainfalls occurred (e.g.,
Figure 1). It is found that the stray-off of the main axis of the AR
mainly caused the changes in rainfalls over Kyushu in the NOLH
and DBLH runs, although they had opposite settings in moisture
supply. Meanwhile, in the HFLH run, even though the
evaporation was reduced, precipitation over Kyushu became
heavier because of the slightly northward migrated AR
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(Figure 6B). Therefore, precipitation over the relatively small
Kyushu Island would not show a monotonic response to the
moisture supply from the subtropical WP region, although it
linearly responded to the changes in the IVT. In contrast, the
total amount of rainfall over the whole region that was influenced
by the AR showed more linear responses to the adjusted
evaporation.

Overall, the above results well document the critical role of
moisture supply from the subtropical WP region to the AR and
related precipitation, and the reduced/enhanced moisture from
the oceans would induce linearly responded total rainfalls. But
they also indicated that larger sea surface evaporation would not
have led to more precipitation over certain regions, such as the
relatively small Kyushu Island, because of the closely combined
thermal and dynamical responses that determined the moisture
transport.

Discussion

Contributions of moisture and wind to the
atmospheric river

As we mentioned in Section 3, our results show that the

migrations of the rainband generally followed the AR; however,
due to the nonlinear combination of moisture and wind and the

Frontiers in Earth Science

07

related thermodynamical processes, it is difficult to evaluate their
contributions. Therefore, we considered the following linear
decomposition of the anomalous moisture fluxes:

(uq)' =u'q+uq' +u'q (©)

where u and q are the wind and moisture in the CTL run, u' and
q' are the anomalous wind and moisture, respectively. The three
terms on the right-hand side show the contributions of
anomalous wind, anomalous moisture, and the eddy term,
respectively. Following that manner, the anomalous moisture
transport (IVT) could also be decomposed as follows.

AIVT = AIVT, + AIVTy + AIVT 1y (4)

Because the IVT only measures the magnitude, the right-
hand-side terms of Eq. 4 were calculated separately by using the
corresponding three components of Eq. 3. For instance, IVT
was computed by substituting the “pseudo” anomalous moisture
fluxes (uq + u'q and vq + v'q) into Eq. 2. Then, AIVT,; could be
obtained by taking the IVT differences from the CTL run.

Figure 7 shows the contributions of anomalous moisture and
wind to the total moisture transport (IVT). As we expected, the
wind anomaly induced the largest IVT anomalies in most
regions, which generally determined the spatial pattern of
their sums. On the other hand, our results also show that
moisture anomaly could provide a comparable contribution to
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TABLE 2 Total precipitation averaged over Japan (125-142°E,
28-37°N) and a larger area covering both the Japanese
Archipelago and the seas nearby (125-155°E, 28—45°N) during the
period from 26 June to 13 July.

Experiment Japan area (mm) Larger area (mm)
CTL 266.84 148.90
NOLH 201.04 128.97
HFLH 250.55 139.93
DBLH 266.05 163.86

the transport around the core part of the AR around 30°N, where
the Meiyu-Baiu front is located. A detailed comparison of the
relative contributions over Kyushu Island is shown in Figure 8. It
is found that, in the NOLH and HFLH runs, moisture anomaly
contributed about 60% of the total reduction over the AR’s core
region (i.e., IVT >400 kg/m/s), where most rainfalls occurred
(e.g., Figures 1, 6). By contrast, the wind anomaly dominated the
responses in the DBLH run and contributed to over 90% of the
anomalous IVTs (Figure 8C). Compared with the previous two
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terms, the eddy term played a minor role and can be neglected in
most regions.

It should be noticed that the linear decomposition presented
above only provides “pseudo” contributions of moisture and
wind because moisture is neither an independent nor a conserved
variable in its nature, which could modulate/be modulated by the
wind via diabatic and adiabatic processes. In addition, we also
confirmed that anomalous moisture from other regions was
the WP region (see
Supplementary Figure S2), except in the DBLH run where the

nearly neglectable compared to
anomalous wind slightly enhanced the latent heat flux over the
South China Sea.

Response of the WPSH

In the previous section, we discussed the relative
contributions of the anomalous moisture and wind fields to
the AR; however, it remains unclear what processes induced

such anomalous wind patterns (hence, the WPSH).
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FIGURE 6
Meridional distributions of the mean moisture transport (IVT, red line) and precipitation (black line) along 130°E (averaged within 129-132°E) in
each experiment, where the values in the CTL run are plotted in dashed lines.
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As shown in Table 3, the WPSH became stronger in the
NOLH and HFLH runs, although the modulations were relatively
small. The WPSH was strengthened by about 2.42 gpm in the
HFLH run, which only increased to 2.68 gpm even though the
surface evaporation was entirely removed. Moreover, both
modulations were one order smaller than the WPSH’s own
variations during the study period, suggesting that the
intensity of the WPSH was not so sensitive to the reduction
of the underneath moisture supply, which is consistent with
previous findings (e.g., Xie et al., 2016; Guan et al., 2019; Chen
et al, 2021). On the other hand, compared to the intensity, the
responses of the northern edge to the reduced evaporation were
larger and linear, which also correlated well with the northward
migration of the AR.

Figure 9 further represents how did the WPSH respond to the
modulated evaporation, which shows the vertical and horizontal
structures of the anomalous geopotential height and diabatic
heating. It is found that positive geopotential height anomalies
appeared over the subtropical WP region and the Meiyu-Baiu
front around 30°N in the NOLH and HFLH runs, corresponding
well with the weakened convective activities in both regions (see
the negative diabatic heating anomalies). However, the anomalies
south of Japan were generally weak and were limited within the
mid-to-lower levels by the dominant WPSH, while the structure
was strong and deep near the front. Because of that, the
height
anomalous anticyclonic circulations including the shallow and

geopotential anomalies induced two types of
weak one in the south and the deep and strong one over Japan.

Overall, the above results could be summarized as follows.
The reduced evaporation weakened the local convection over the

WP region, inducing a weak anticyclonic circulation and the
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TABLE 3 Indices of the intensity and the northern edge of the WPSH
and their anomalies in the sensitivity experiments.

Experiment Intensity (gpm) Northern edge (°)
Mean Variance Mean Variance
CTL 1516.35 77.04 30.09 2.74
NOLH-CTL +2.68 2.66 +1.25 1.00
HFLH-CTL +2.42 233 +0.78 0.72
DBLH-CTL -20.13 9.93 -3.16 1.87

enhanced southwesterly wind toward Japan (e.g., Figure 5).
However, because of the reduced moisture supply, convective
activities along the Meiyu-Baiu front were weakened (e.g.,
Figure 9), leading to another strong and deep anticyclonic
circulation over Japan and an extended northern edge of the
WPSH (e.g., Table 3). As a result, the AR and the related
rainband were moved northward corresponding to the
modulated wind and moisture fields (e.g., Figure 7). Note that
the slight inconsistency between the distribution of the positive
geopotential height anomalies and the weakened diabatic heating
was likely induced by the strong northeastward advection along
the front.

On the other hand, compared to two reduced-flux runs, the
WPSH was greatly weakened in the DBLH run with the intensity
reduced over 20 gpm, while its northern edge also retreated
southward over 3°. Analyses show that such weakening was
related to the barotropic-like geopotential height anomaly
generated south of Japan (Figures 9C,F,I), which was induced
by the enhanced convective activities over the subtropical WP
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region and finally led to the weakening and the southward retreat
of the AR and related rainband (Figures 5, 7). Moreover,
although such a large weakening of the WPSH would unlikely
occur in the real world, it may help us in projecting the possible
future changes since similar responses were found in an extra
experiment with a more realistic factor of 125%. In that
experiment, the WPSH was weakened by —3.45 gpm, and its
northern edge anomalies retreated about -0.61°, while the
anomalous circulation patterns were weaker but similar to the
DBLH run (see Supplementary Figure S3).

Conclusion

In this study, we investigated the impacts of moisture supply
from the subtropical WP on the atmospheric river (AR) and
related precipitation over Japan during the Meiyu-Baiu season of
2020. A set of numerical sensitivity experiments were conducted
by adjusting the surface latent heat flux (hence, the evaporation).
In general, our model well reproduced the atmospheric
conditions during the study period from late June to mid-July,
including the strong moisture transport (i.e., the AR), large
precipitation along the Meiyu-Baiu front, and the dominant
WPSH over the subtropical WP. Additionally, our analyses
also indicate that the rainfalls over the Japanese archipelago
were highly related to the strong moisture transport, suggesting
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the potential role of the wind in convection initiation over Japan
(e.g., Schumacher and Johnson, 2005; Miyajima and Fujibe,
2011).

Based on the experiments, we evaluated the responses of the
local atmosphere over the WP region and the AR and
precipitation over Japan. We found that the local atmosphere
strongly responded to the surface evaporation, while large and
significant modulations in the AR and precipitation were also
found along the Meiyu-Baiu front. Particularly, the reduced
surface evaporation (e.g, the NOLH and HFLH runs)
suppressed the local convective activity, which further reduced
the moisture content in the whole troposphere. The drier air
masses were then transported northward and induced the
weakening of the AR and the convective activities along the
Meiyu-Baiu front. Meanwhile, the suppressed convection along
the front generated an anomalous high-pressure pattern
associated with the anticyclonic circulation, which eventually
led to the northward migration of the AR and the related
rainband. On the other hand, when the surface evaporation
over the WP region was enhanced, the WPSH was weakened
and retreated southeastward, while the related anomalous
cyclonic circulation induced the weakening of the AR and
precipitation over western Japan.

Overall, this study confirmed the great contributions of
moisture supply from the subtropical WP region to the AR
and heavy rainfalls over Japan during the record-breaking
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Meiyu-Baiu season in 2020. Meanwhile, although larger
evaporation from the oceans south of Japan would increase
the total rainfalls over the whole region that was influenced
by the AR around Japan, it would not have led to more rainfalls
over some specific regions, such as the relatively small Kyushu
Island. Moreover, these results would enhance our
understanding in projecting the future changes of the heavy
rainfalls over Japan (e.g., Kamae et al., 2021), and the migration
processes revealed in this study may also help the understanding
of the self-maintenance of the Meiyu-Baiu front and its
meridional movements on a longer time scale (e.g., Moteki
and Manda, 2013; Qian et al., 2020). On the other hand, since
the current study was performed based on the regional
atmospheric model, the potential influences (especially the
damping effects, e.g, Hirons et al, 2018) of the air-sea
interaction should be carefully examined based on the coupled
models in future studies. Moreover, as we mentioned before, the
limited regional model could not fully represent the responses of
the WPSH due to the pre-determined boundary conditions;
therefore, a hemispherical/global model should be considered
in future works.
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