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Abstract 

The Kuroshio, which flows to the south of Japan, typically takes two paths on decadal timescales; the straight path 
and the large meander path, or the so-called Kuroshio large meander. This phenomenon is characterized by the pres-
ence of the cyclonic cold-core eddy located south of Japan, which leads to both negative and positive sea surface 
temperature (SST) anomalies along the southeastern coast of Japan. To clarify the atmospheric response to these SST 
anomalies in winter, we conducted a control experiment employing a regional atmospheric model with observed 
SSTs and two sensitivity experiments in which the SST boundary conditions were substituted with those correspond-
ing to the periods of for the Kuroshio large meander and the straight path. The differences in these two sensitiv-
ity experiments showed that the surface wind response to the SST anomalies associated with the Kuroshio large 
meander was not only characterized by wind divergence over the cyclonic cold-core eddy, as reported previously 
but also wind convergence along the southeastern coast of Japan. Interestingly, this wind anomaly blew into the pos-
itive SST anomaly along the east coast of Japan at around 36°N. Similar wind anomalies along the east coast of Japan 
were observed in a reanalysis product. The results of the model simulation and the reanalysis product showed 
that during the Kuroshio large meander period, the number of rainy days increased significantly over the warm 
SST anomaly, while the precipitation and the number of rainy days decreased over the cyclonic cold-core eddy. 
Moisture budget analysis revealed that the observed decrease in precipitation was attributed to the disparity 
between the reduced evaporation and the anomalous horizontal moisture convergence in a region where the surface 
winds were divergent. This moisture convergence was mainly induced by a decrease in specific humidity, implying 
this change in specific humidity effectively mitigated the variation in precipitation.
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1 Introduction
The Kuroshio, which is the western boundary current 
of the subtropical gyre in the North Pacific, exhibits 
two characteristic paths around the south of the Japa-
nese mainland on decadal timescales (e.g., Kawabe 1980, 
1995; Kida et  al. 2015). One path is referred to as the 
straight path, or non-large meander path (Fig.  1a), and 
the other is the large-meander path (Fig.  1b). The most 
recent Kuroshio large meander event started in August 
2017 (e.g., Qiu et al. 2023). These Kuroshio large mean-
der events exert a significant influence on oceanic states, 
such as oceanic temperature (e.g., Sugimoto et al. 2020) 
and coastal sea level (e.g., Kawabe 1985; Usui and Ogawa 
2022). In addition, changes in the parameters such as sea 

surface temperatures (SSTs) associated with the Kuroshio 
large meander also impact the overlying atmosphere, as 
will be mentioned in the next paragraph.

Along with the Gulf Stream region in the midlatitude 
oceans, the Kuroshio region exerts a significant influ-
ence on the atmosphere (e.g., Nonaka and Xie 2003; 
Sasaki et al. 2012; Parfitt and Seo 2018; Seo et al. 2023). 
In particular, the warm SST associated with the Kuro-
shio and its variability markedly affects surface winds, 
sea level pressure (SLP), and precipitation (e.g., Xie et al. 
2002; Xu et al. 2011; Iizuka et al. 2013; Kuwano-Yoshida 
and Minobe 2017; Sasaki and Yamada 2018; Hirata et al. 
2021). Furthermore, the variability in the path of the 
Kuroshio south of Japan on decadal timescales induces 
marked SST fluctuations; the large meander causes 
a positive SST anomaly along the southeastern coast 
of Japan and a large negative SST anomaly associated 
with a cold-core eddy (Fig.  2). Recently, Sugimoto et  al. 
(2020) reported that the development of the positive SST 
anomaly is caused by the westward current associated 
with the Kuroshio. In the present study, the positive SST 
anomaly along the southern coast of Japan is referred to 
as the warm SST tongue, and the negative SST anomaly 
further south is referred to as the cool SST pool. Numer-
ous studies have examined the atmospheric responses to 
changes in the SST associated with the Kuroshio large 
meander. For example, the path and intensity of the 
extratropical cyclones in winter were observed to change 
over the Kuroshio large meander (e.g., Nakamura et  al. 
2012; Hayasaki et al. 2013; Tochimoto and Iizuka 2022). 
However, relatively few studies have focused on the win-
tertime mean atmospheric response to the Kuroshio 
large meander. Xu et  al. (2010) investigated the atmos-
pheric responses to the Kuroshio large meander event 
from the summer of 2004 to the summer of 2005, espe-
cially in the winter of 2005. They observed that precipi-
tation decreased over the cool SST pool and showed the 
existence of a positive SLP anomaly over the cool SST 
pool using regional atmospheric model experiments. 
Murazaki et  al. (2015) also used a regional atmospheric 
model to examine the atmospheric response to the Kuro-
shio large meander in winter, but the SST conditions used 
in the model were estimated from the long-term integra-
tion of the regional ocean model. Based on their atmos-
pheric model results, they reported that the frequency 
of intense precipitation decreased over and around the 
negative SST anomaly. Sugimoto et  al (2021) reported 
that the southeastern coastal region of Japan becomes 
hot and humid in response to the effect of the warm 
SST tongue on the atmosphere in summer. However, the 
atmospheric response of the mean winter state to the 
warm SST tongue has not yet been reported. In addition, 
as mentioned above, decreases in both precipitation and 

Fig. 1 The wintertime (December–February) mean sea surface 
height a in 2012 (straight path) and b in 2018 (large meander 
path). The contour interval is 0.1 m. The data are downloaded 
from the Copernicus Marine Service
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the frequency of intense precipitation in winter over the 
south of Japan have been reported, but the causes of these 
decreases have not been discussed from the viewpoint of 
the moisture budget. Given that these previous studies 
focused mainly on the atmospheric response around the 
cyclonic eddy, the horizontal and vertical extents of these 
atmospheric responses to the cool SST pool and the 
warm SST tongue remain unclear. Therefore, the purpose 
of this study was to clarify the wintertime atmospheric 
response to the cool SST pool and the warm SST tongue.

The present study is organized as follows. In Sect.  2, 
we describe the regional atmospheric model and the set-
tings used to investigate the atmospheric response to the 
Kuroshio large meander. The model results of the atmos-
pheric responses are described in Sect.  3. We focused 
on surface wind changes and changes in precipitation in 
Sects. 3.1 and 3.2, respectively. A summary and discus-
sion are presented in Sect. 4.

2  Data and model
We employed the Weather Research and Forecasting 
(WRF: Skamarock et  al. 2019) model, which solves the 
equations over terrain-following hydrostatic-pressure 
coordinates. The model domain covers East Asia to the 
western North Pacific, and a geographical scope that is 
considerably larger than the spatial scale of the Kuro-
shio large meander (Fig.  3). The model grid consists of 

240 meridional × 420 zonal grid points with a horizontal 
resolution of 20 km and comprises 37 σ-levels. For con-
vective parameterization and boundary layers processes, 
we used a modified version of the Kain–Fritsch scheme 
(Kain and Fritsch 1990), the Yonsei University planetary 
boundary layer scheme (Hong et al. 2006). The schemes 
employed for longwave and shortwave radiations are the 
Rapid Radiative Transfer Model (Mlawer et al. 1997) and 
the Goddard shortwave scheme (Chou and Suarez 1994), 
respectively. Initial and lateral boundary conditions were 
the 6-hourly product of the National Centers for Environ-
mental Prediction Climate Forecast System Reanalysis 
(NCEP-CFSR) product (Saha et  al. 2010). The SST con-
dition is the daily product of version 2 of the optimum 
interpolation SST (OISST; Reynolds et al. 2007) provided 
by the National Oceanic and Atmospheric Administra-
tion (NOAA), which has a 0.25° × 0.25° horizontal reso-
lution and incorporates both in situ and Advanced Very 
High-Resolution Radiometer SST data. The simulation 
period using these forcing data is from November 30 to 
March 1 from 2001 to 2010. This run is referred to as the 
CTL run. The model output is at 3-hourly intervals, and 
the analysis focuses on its wintertime mean (December 
to February).

In addition to the CTL run, two sensitivity runs were 
performed to clarify the atmospheric responses to 
the SST variability associated with the Kuroshio large 
meander. In these sensitivity runs, the SST boundary 
conditions within the area indicated by the gray box in 
Fig.  2 were substituted with the daily SST composites 
corresponding to the large meander (LM run) and non-
large meander (NLM run) periods of the OISST data-
set. To select these periods, we employed the time series 
of the southernmost latitude of the Kuroshio south of 
Japan provided by the Japan Meteorological Agency 
(JMA) based on the ship observations from 1982 to 
2019. However, as this time series contains several miss-
ing values, we also used the time series of the coastal sea 
level difference between Kushimoto and Uragami, also 
provided by JMA. First, we calculated the wintertime 
mean of these two time series. After normalization by 
standard deviation and subtraction of the mean value, 
we estimated the mean values of these two time series. 
Based on this time series, the smallest 10 events (1982, 
1983, 1984, 1987, 1988, 1990, 1991, 2005, 2018, and 
2019) and the largest 10 events (1992, 1993, 1994, 1995, 
2002, 2003, 2006, 2007, 2008, and 2012) were identi-
fied as the Kuroshio large meander and the non-large 
meander periods, respectively. Using these classifica-
tions, we estimated the daily composite of SST and used 
these as the boundary forcing for the WRF simulation 
in the area indicated by the gray box in Fig. 2. Figure 2 

Fig. 2 Difference in SST between the LM periods and the NLM 
periods in winter from the OISST dataset. The contours indicate 
the regions where the difference is statistically significant at the 95% 
confidence level. The gray inset indicates the regions where the SST 
of the WRF simulation was replaced. The LM and NLM periods 
are defined in Sect. 2. The regions indicated by the blue box 
(33.5°N–34.5°N, 136.5°E–138.5°E) and indicated by the red box 
(32.5°N–33.5°N, 136°E–138°E) are used to define the Kuroshio large 
meander index (see Sect. 2)
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shows the SST differences between the LM periods and 
the NLM periods. The statistical significance of these 
SST differences was estimated using Student’s t test, 
assuming that each winter season is independent. Three 
large SST anomalies are aligned in a north–south direc-
tion to the south of Japan. As mentioned in the Intro-
duction, a warm SST tongue to the south of Japan was 
reported by Sugimoto et  al. (2020). The amplitude of 
the negative SST anomaly associated with the cool SST 
pool is several times larger than that of the positive SST 
anomaly of the warm SST tongue. Except for these SST 
anomalies, several statistically significant SST signals 
were observed, such as the negative SST anomaly in the 
Kuroshio Extension region, but these anomalies were 
not included in our simulation.

To compare the simulated atmospheric responses 
to observations, we used the ECMWF Reanalysis v5 
(ERA5) product for winter from 1982 to 2019 (Hers-
bach et al. 2020). To obtain atmospheric responses to the 
Kuroshio large meander using this dataset, we define the 
Kuroshio large meander index as the difference in the 
SST of the OISST dataset averaged over the region indi-
cated by the blue box (33.5°N–34.5°N, 136.5°E–138.5°E) 
minus the red box (32.5°N–33.5°N, 136°E–138°E) in 
Figs.  2 and 7, where both time series were normalized 
before the subtraction. The former region and the latter 
region correspond to the warm SST tongue and the cool 
SST pool, respectively. We performed correlation and 
regression analyses using this index and the ERA5 data-
set. An advantage of using this index is that the role of 
the SST in the warm SST tongue and the cool SST pool 
regions could be investigated, separately. The correla-
tion coefficients between this index and the time series 
of the southernmost latitude of the Kuroshio, the coastal 
sea level difference between Kushimoto and Uragami 
provided by JMA, and the aforementioned mean values 
of the two time series were −  0.73, −  0.55, and −  0.59, 
respectively.

3  Results
Before presenting the results of the sensitivity experi-
ments, we compared the climatology of the atmospheric 
state around Japan in winter between the CTL run and 
the ERA5 dataset (Fig.  4). The WRF simulation well 
reproduced the mean northwesterly winds and SLP pat-
tern in winter, that is, high and low SLPs in the west and 
east of Japan, respectively. In addition, the model effi-
ciently simulated the mean precipitation distribution, 
such as the large precipitation along the western coast 
of Japan and over the Kuroshio Extension, although it 
slightly underestimated them. Both ERA5 and WRF 
showed that the large precipitation over the Kuroshio 
Extension extended to the Kuroshio south of Japan. 
Thus, these results show that the WRF simulation effec-
tively reproduced the wintertime mean atmospheric state 
around Japan.

Fig. 3 The domain and its topography of the WRF model

Fig. 4 Winter mean precipitation (color), sea level pressure (contour) 
and 10-m wind (vector) averaged from the years 2001 to 2010. a ERA5 
reanalysis data, and b the CTL run of the WRF model
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3.1  Wind response
In this subsection, we focused on the surface wind 
response to the Kuroshio large meander. To this end, we 
showed the differences between the LM runs minus NLM 
runs. The simulated changes of the surface wind and its 
divergence showed the surface wind divergence over the 
cool SST pool (Fig.  5). This wind divergence was collo-
cated with the positive SLP anomaly (not shown). These 
wind divergence and positive SLP anomaly responses 
over the cool SST pool have been reported previously 
(Xu et al. 2010; Murazaki et al. 2015). They also showed 
that the relation between the negative SST anomaly and 
the positive SLP anomaly was consistent with the pres-
sure adjustment mechanism (e.g., Lindzen and Nigam 
1987) with thermal advection by the prevailing north-
easterly (Small et al. 2003; Xu et al. 2010). On the other 
hand, the surface wind convergences were located over 
the two positive SST anomalies associated with the 
Kuroshio large meander (Figs.  2, 5b). In particular, the 
amplitude of the wind convergence over the warm SST 
tongue was comparable to the wind divergence over the 
cool SST pool. These two surface wind convergences are 
likely associated with the positive SST anomalies through 
the pressure adjustment mechanism. These wind conver-
gences were not explicitly described in previous studies, 
although Murazaki et  al. (2015) showed similar conver-
gence to the south of Japan.

A closer look at the statistically significant wind 
changes showed that the air outflow over the cool SST 
pool was prominent (Fig. 5a). That is, the southerly and 
northeasterly wind anomalies were located to the north 
and south of the cool SST pool, respectively. Interest-
ingly, the northeasterly surface wind anomaly converg-
ing to the warm SST tongue extended far to the east of 
the Japanese coast at around 36°N. This spatial extent of 
the surface wind response cannot be simply explained 
by the pressure adjustment mechanism, because the 
SST anomaly does not extend there. This northeasterly 
anomaly extended vertically from the surface to 950 hPa 
(not shown). Note that this northeasterly wind anomaly 
is collocated with the reduction in meridional wind vari-
ance (not shown). This result might imply some relation 
between this northeasterly wind anomaly and weather 
disturbances, such as extratropical cyclones.

How far does the vertical structure of the surface wind 
convergence and divergence over the SST anomalies 
extend? Figure  6b shows the simulated vertical veloc-
ity change along 138°E. A statistically significant down-
welling wind anomaly was located over the cool SST pool 
and extended to 700 hPa. This downwelling wind anom-
aly was consistent with the surface wind divergence in 
this region (Fig. 5). In contrast, the upward wind anomaly 

was observed over the warm SST tongue, although its 
vertical extension was shallower than the downwelling. 
These vertical extents in the upward/downward winds 
were shallower than those over the Gulf Stream in win-
ter, which have been reported to reach the upper tropo-
sphere (Minobe et al. 2010).

Fig. 5 Difference of a 10-m wind and b the corresponding 
divergence over the ocean between the LM runs minus NLM runs. In 
a, the black (gray) vectors indicate the regions where the difference 
of zonal or (and) meridional wind is (not) statistically significant 
at the 95% confidence level. Red and blue contours indicate the SST 
difference of + 0.5 °C and–0.5 °C, respectively, between the LM runs 
minus NLM runs (see Fig. 2). In b, the contour indicates the regions 
where the difference is statistically significant at the 95% confidence 
level
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To confirm whether a similar atmospheric response 
could be observed, we performed correlation and regres-
sion analyses using the Kuroshio large meander index 
(see Sect.  2) and the ERA5 product from 1982 to 2019. 
To emphasize atmospheric signals with spatial scales 
similar to the Kuroshio large meander, the area average 
over 25°–45°N, 120°–150°E was subtracted from zonal 
and meridional wind data before these calculations. The 
surface wind change in the ERA5 product confirmed 
the divergence over the cool SST pool and convergence 
over the warm SST tongue (Fig. 7). Associated with these 

wind convergence and divergence dynamics, the vertical 
velocity anomaly extended to 700  hPa (Fig.  6a), which 
was consistent with the simulation result. In addition, the 
northeasterly wind anomaly east of the Japanese coast 
was also observed. In contrast, the wind convergence 
over the positive SST anomaly to the south of the cool 
SST pool was not prominent in the ERA5 dataset, likely 
because the positive SST anomaly of the ERA5 product 
in this region is weaker than that of the OISST dataset 
(not shown).

It is important to clarify the roles of the warm SST 
tongue and the cool SST pool in inducing the northeast-
erly wind anomaly. To this end, we separately estimated 
the regression coefficients of the surface wind using the 
SST averaged over the warm SST tongue and the cool 
SST pool regions. The results showed that the northeast-
erly wind was correlated significantly with the SST aver-
aged over the warm SST tongue region, but not with the 
SST averaged over the cool SST pool region (Fig. 8). The 
warm SST tongue was thus mainly related to northeast-
erly and easterly wind anomalies (Fig. 8a) that blows over 
the warm SST tongue. These wind anomalies can be seen 
in the wind anomalies associated with the Kuroshio large 
meander index (Fig. 7). On the other hand, the SST vari-
ability in the cold SST pool region was related to the local 

Fig. 6 a Regression coefficients of upward pressure velocity 
along 138°E based on the ERA5 dataset onto the Kuroshio 
large meander index from 1982 to 2019. The contour interval 
is 0.005 Pa  s−1. b Difference of the vertical velocity of the model 
along 138°E between the LM runs minus the NLM runs. The 
contour interval is 0.2 cm  s−1. In a, b, gray shading indicates regions 
where the corresponding correlation coefficients and the difference 
are statistically significant at the 95% confidence level, respectively

Fig. 7 Regression coefficients of the 10-m wind as derived 
from the ERA5 dataset onto the Kuroshio large meander index 
from 1982 to 2019. This index is defined by the difference 
in the observed SST averaged over the region indicated by the blue 
box (33.5°N–34.5°N, 136.5°E–138.5°E) minus the region indicated 
by the red box (32.5°N–33.5°N, 136°E–138°E). The black (gray) vectors 
indicate the regions where the corresponding correlation coefficients 
for either of zonal or (and) meridional wind are (not) statistically 
significant at the 95% confidence level



Page 7 of 13Sasaki and Ito  Progress in Earth and Planetary Science           (2024) 11:15  

divergence wind. These results suggest that the warm 
SST tongue plays an important role in the anomalous 
northeasterly wind along the east of the Japanese coast 
around 36°N.

3.2  Precipitation response
In this subsection, we examined the precipitation 
response to the SST anomalies associated with the Kuro-
shio large meander. In addition, we clarified the moisture 
budget of the precipitation change. The basic equation of 

the moisture budget is as follows (e.g., Seager et al. 2010; 
Kuwano-Yoshida et al. 2010):

where q is specific humidity, u is the horizontal wind 
vector, p is pressure, ps is surface pressure, E is evapo-
ration, P is precipitation, g is gravitational acceleration, 
and ρw is water density. Here, we set pT as 500 hPa and 
ignore the moisture above this pressure level. Due to 
the small magnitude of the left hand side of Eq. (1) (not 
shown), we restricted our analysis to the three terms on 
the right hand side, that is, horizontal moisture conver-
gence, evaporation, and precipitation, using the 3-hourly 
model outputs. For each term, we present the difference 
between the LM and NLM runs (Fig. 9). For example, the 
difference in the horizontal moisture convergence term 
can be written as follows:

where the subscripts LM and NLM denote the valuables 
in the LM run and the NLM run, respectively.

Since the only difference between the LM and NLM 
runs was the SST boundary conditions, the evapora-
tion change was considered as the forcing. Thus, we first 
examined the difference in evaporation between the LM 
run minus the NLM run (Fig.  9b). The finding showed 
that evaporation decreased over the cool SST pool, but 
increased over the warm SST tongue and to the south 
of the cool SST pool during the LM periods, which was 
consistent with the SST anomalies. Like the SST anoma-
lies, the evaporation anomaly over the cool SST pool was 
several times larger than that over the warm SST tongue.

Compared to the evaporation changes, the precipita-
tion response has different characteristic spatial pat-
terns (Fig.  9a). The negative precipitation anomaly was 
seen over the cool SST pool, consistent with the previ-
ous studies (Xu et  al. 2010; Murazaki et  al. 2015). This 
is also consistent with the expectation that the cool SST 
pool would reduce the evaporation in that region and 
is accompanied by the presence of surface wind diver-
gence aloft (Fig. 5b). However, the amplitude of the nega-
tive precipitation anomaly over the cool SST pool was 
smaller than the corresponding changes in evaporation. 
In addition, the geographical locations at which the peak 
changes occurred also differed between precipitation and 
evaporation. Conversely, a positive precipitation anomaly 
was observed to the south of the cool SST pool, but not 

(1)

pT∫

ps

∂q

∂t
dp/ρwg = −

pT∫

ps

∇ · (qu)dp/ρwg + E − P,

−

pT

ps

∇ · (qLMuLM)dpLM +

pT

ps

∇ · (qNLMuNLM)dpNLM

Fig. 8 As for Fig. 7, but for the regression coefficients of the 10-m 
wind as derived from the ERA5 dataset onto the SST of the OISST 
dataset averaged a over the region indicated by the blue box in Fig. 7 
and b over the region indicated by the red box in Fig. 7. The sign 
of the vectors of b is reversed for ease of comparison
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over the warm SST tongue, even though evaporation is 
enhanced in that region. These results indicate that the 
response of precipitation to changes in evaporation is not 
straightforward.

The imbalances between the changes in precipita-
tion and evaporation resulted from changes in the 
horizontal moisture convergence (Fig.  9c). Interest-
ingly, the positive moisture convergence anomaly was 
located over the cool SST pool, which contrasted with 
the surface wind divergence observed in the region 
(Fig.  5). The amplitude of this moisture convergence 
was comparable to that of the precipitation change, but 
the sign is opposite. Since the change in evaporation is 
considered as the forcing mechanism, the decrease in 
evaporation was offset by the sum of the decrease in 
precipitation and the horizontal moisture convergence. 
Similarly, horizontal moisture divergence was located 
over the warm SST tongue, which is also inconsist-
ent with the surface wind convergence in that region 
(Fig. 5b). As a result of this horizontal moisture diver-
gence, the increase in precipitation is limited (Fig. 9a). 
Conversely, the horizontal moisture convergence was 
almost zero over the positive evaporation anomaly 
located to the south of the cool SST pool. In this region, 
the enhanced evaporation associated with the positive 
SST anomaly was balanced by enhanced rainfall. There-
fore, the dynamics of moisture convergence are consid-
ered to be important for the precipitation response to 
the Kuroshio large meander.

Are there any similarities in the imbalances between 
the precipitation and evaporation changes over the cool 
SST pool and the warm SST tongue as observed in the 
ERA5 dataset? The ERA5 dataset also displayed nega-
tive anomalies in both precipitation and evaporation 
over the cool SST pool (Fig.  10). The amplitude of the 
evaporation anomaly over the cool SST pool was larger 
than that of the precipitation anomaly, which is con-
sistent with the WRF simulation results (Fig.  9). These 
findings imply that horizontal moisture convergence 
over the cool SST pool is likely necessary to balance the 
moisture budget, although we did not examine this term 

Fig. 9 Difference in a precipitation, b evaporation and c horizontal 
moisture convergence over the ocean between the LM minus NLM 
runs. Solid and dashed contours indicate the SST difference 
of + 0.5 °C and–0.5 °C, respectively, between the LM runs minus NLM 
runs (see Fig. 2). In a, the gray contours indicate the regions 
where the corresponding correlation coefficients are statistically 
significant at the 95% confidence level

◂
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in the context of the ERA5 dataset. Furthermore, evap-
oration was also enhanced over the warm SST tongue, 
but precipitation did not increase in the region (Fig. 10). 
These findings are consistent with the results of the 
WRF simulation.

To better clarify the role of horizontal moisture conver-
gence and divergence in the WRF simulation, the mois-
ture convergence term can be separated into two terms, 
as follows:

where ρwg in the denominator is omitted for simplicity 
(see Eq.  1). The first term and the second term on the 
right hand side are referred to as the moisture conver-
gence resulting from horizontal moisture advection and 
the moisture convergence attributed to the wind conver-
gence, respectively. Using this separation, we found that 
the change in the moisture convergence resulting from 
horizontal moisture advection (Fig. 11b) was opposite to 
and larger than the moisture convergence attributed to 
the wind convergence over the cool SST pool (Fig. 11a). 
Thus, the moisture convergence resulting from horizon-
tal moisture advection is considered to play an impor-
tant role in the horizontal moisture convergence in that 
region. The negative anomaly in the moisture conver-
gence attributed to the wind convergence over the cool 
SST pool (Fig.  11a) is consistent with the surface wind 
divergence in that region (Fig.  5b). Conversely, the dif-
ference observed in the moisture convergence resulting 
from horizontal moisture advection is negative over the 
warm SST tongue (Fig.  11b), whereas the difference in 
moisture convergence attributed to wind convergence is 
small (Fig.  11a). Therefore, alternations in the moisture 
convergence resulting from horizontal moisture advec-
tion attenuate changes in precipitation.

To further clarify the role of the moisture convergence 
resulting from horizontal moisture advection, the term 
can be separated as follows:

(2)−

pT∫

ps

∇ · (qu)dp = −

pT∫

ps

u · ∇qdp−

pT∫

ps

q∇ · udp,

(3)

−

pT∫

ps

uLM · ∇qLMdpLM +

pT∫

ps

uNLM · ∇qNLMdpNLM ≈

−

pT∫

ps

(uLM − uNLM) · ∇qLMdpLM −

pT∫

ps

uLM · ∇(qLM − qNLM)dpLM +

pT∫

ps

(uLM − uNLM) · ∇(qLM − qNLM)dpLM

Fig. 10 Regression coefficients of a precipitation and b 
evaporation in the ERA5 dataset onto the Kuroshio large 
meander index from 1982 to 2019. Contours indicate the regions 
where the corresponding correlation coefficients are statistically 
significant at the 95% confidence level
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In this equation, the left hand side is not equal to the 
right hand side, but the residual is small. We checked the 
three terms on the right hand side and found that the 
second term is considerably larger than the first and third 
terms (not shown). Even if the wind field of the second 
term is replaced with the wind of the NLM run, the result 
is robust. This second term is moisture convergence due 
to the horizontal moisture advection caused by changes 
in the specific humidity. As shown in Fig. 12, the change 
in moisture convergence due to the horizontal moisture 
advection caused by changes in the specific humidity is 
similar to the changes associated with the moisture con-
vergence resulting from horizontal moisture advection 
(Fig.  11b), namely, the positive difference over the cool 

SST pool and the negative difference over the warm SST 
tongue. These findings suggest that the Kuroshio large 
meander influences the horizontal moisture convergence 
mainly via changes in the horizontal gradient of the 
specific humidity in the lower troposphere (Fig.  13). A 

Fig. 11 As for Fig. 9, but showing the difference in a the moisture 
convergence attributed to wind convergence and b the moisture 
convergence resulting from horizontal moisture advection

Fig. 12 As for Fig. 9, but showing the difference in moisture 
convergence due to horizontal moisture advection caused 
by the difference in specific humidity between the LM run 
and the NLM runs

Fig. 13 As for Fig. 9, but showing the difference in specific 
humidity (color; g  kg−1) and the mean wind (vector) at 900 hPa. 
Solid and dashed contours indicate the SST difference of + 0.5 °C 
and − 0.5 °C, respectively, between the LM runs minus NLM runs
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decrease (increase) in the evaporation over the cool SST 
pool (warm SST tongue) induces the negative (positive) 
specific humidity anomaly in the lower troposphere.

It is worth noting that the amount of precipitation 
was not increased, but rather, the number of rainy days 
(> 1.0  mm   day−1) was increased significantly over the 
warm SST tongue in both the WRF and ERA5 results 
(Fig.  14). Similarly, the number of rainy days was 

decreased over the cool SST pool. Murazaki et al. (2015) 
reported a decrease in the frequency of intense pre-
cipitation (> 1  mm /3  h) over and around the cool SST 
pool based on their model results, and here we found a 
decrease in the weak precipitation over the cool SST 
pool or an increase in the frequency of the rainfall over 
the warm SST tongue. When we employed a thresh-
old of 0.5 mm  day−1 to define a rainy day, a similar spa-
tial pattern was obtained. However, when a threshold 
of 5.0  mm   day−1 was applied, the area of the positive 
anomaly over the warm SST tongue decreased (not 
shown), implying that only the frequency of weak pre-
cipitation increased over the warm SST tongue. These 
findings appear to be consistent with the observation that 
the amount of precipitation in that region is relatively 
unchanged (Fig.  9a). As in the case of the surface wind 
shown in Fig. 8, we calculated the correlation coefficients 
of the number of rainy days from the ERA5 product using 
the SST averaged over the warm SST tongue and the cool 
SST pool, separately. The results show that the SST in the 
warm SST tongue region (in the cool SST pool region) 
is correlated with the positive (negative) anomaly of the 
number of rainy days in that region (not shown). Over 
the warm SST tongue, the enhanced evaporation (Fig. 9b) 
and sensible heat release, which induce the vertically 
unstable condition, and the upwind associated with the 
surface wind convergence are favorable for the enhanced 
precipitation (Fig. 14). However, because the anomalous 
horizontal moisture divergence acts to reduce the mois-
ture, the number of weak rainy days increased over the 
warm SST tongue (Fig. 9a).

4  Summary and discussion
The wintertime atmospheric responses to the Kuroshio 
large meander to the south of Japan, especially the cool 
SST pool and the warm SST tongue (Fig. 2), were inves-
tigated using the ERA5 dataset and a set of WRF simu-
lations. The results of sensitivity experiments conducted 
using the WRF showed that the surface wind responses 
to the SST anomalies associated with the Kuroshio large 
meander were not solely characterized by the wind diver-
gence over the cool SST pool, as has been reported previ-
ously, but also by the wind convergence over the warm 
SST tongue (Fig. 5). These wind divergence and conver-
gence were accompanied by downward and upward wind 
reaching 700 and 800  hPa, respectively (Fig.  6a). Inter-
estingly, during the Kuroshio large meander periods, a 
northeasterly wind anomaly blew into the positive SST 
anomaly was observed along the east coast of Japan at 
around 36°N (Fig.  5). Analyses using the ERA5 product 
corroborated the presence of similar northeasterly wind 
anomalies (Fig. 7) and underscored the importance of the 

Fig. 14 a Regression coefficients for the number of rainy days 
in the ERA5 dataset onto the Kuroshio large meander index 
from 1982 to 2019. b Difference in the number of rainy days 
between the LM runs minus NLM runs. In a, b, contours indicate 
regions where the corresponding correlation coefficients 
and the difference are statistically significant at the 95% confidence 
level, respectively. Rainy days were defined using a 1.0 mm  day−1 
threshold
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warm SST tongue in contributing to these wind anoma-
lies (Fig. 8).

The response of precipitation to the Kuroshio large 
meander was also prominent. During the period of 
the Kuroshio large meander, the number of rainy days 
significantly increased and decreased over the warm 
SST tongue and the cool SST pool (Fig.  14), respec-
tively, which was consistent with both the WRF simula-
tion and the reanalysis product. However, changes in 
the quantity of precipitation were only observed over 
the cool SST pool (Fig. 9a). The moisture budget analy-
sis revealed that the decrease in precipitation over the 
cool SST pool resulted from the interplay between the 
decrease in the evaporation (Fig. 9b) and the anomalous 
horizontal moisture convergence (Fig.  9c). Interestingly, 
the anomalous horizontal moisture convergence (diver-
gence) observed over the cool SST pool (the warm SST 
tongue) was mainly induced by a decrease in the specific 
humidity (Figs. 12, 13), despite concurrent surface wind 
divergence (convergence) (Fig.  9c). These changes acted 
to mitigate changes in precipitation.

In this study, we found that the surface wind response 
to the Kuroshio large meander extends along the east 
of the Japanese coast (Figs.  5, 7). This gives rise to an 
interesting question concerning the oceanic response 
to this anomalous wind. For example, these surface 
wind anomalies have the potential to induce positive 
sea level anomalies along the Japanese coast via Ekman 
advection. These sea level anomalies could then propa-
gate clockwise along the Japanese coast and potentially 
influence the Kuroshio to the south of Japan. To our 
knowledge, no studies have reported on the poten-
tial existence of such a feedback loop in this region. A 
regional atmosphere–ocean coupled model would pro-
vide helpful insights into this topic, particularly since 
coastal sea level variability around Japan is primarily 
driven by other processes, such as westward propagat-
ing Rossby waves (Sasaki et  al. 2014) or alterations to 
the path of the Kuroshio to the south of Japan (Usui and 
Ogawa 2022).
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