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ABSTRACT: Summertime temperatures in marginal seas are, in general, colder than on the surrounding continent because of the large contrast in heat capacity between the land and the ocean. The Okhotsk Sea, which is covered by sea ice
until early summer, is much colder than the surrounding continent in summer. The Okhotsk Sea is thus located in an area
with one of the largest temperature contrasts of all the marginal seas in summertime midlatitudes. Cooled air over the
Okhotsk Sea may have an impact on remote summer climates, such as by serving as the source of cold-air advection that
results in a poor crop harvest in Japan. Here, we examine the role of the Okhotsk Sea on the early summer climate of the
western part of the North Pacific through an ideal numerical experiment by artificially changing the model’s default oceanic
condition in the Okhotsk Sea to a condition of land cover. Simulation results reveal that the presence of the Okhotsk Sea
increases precipitation of the baiu/mei-yu front through strengthening of the northward moisture flux at the western edge of
an intensified North Pacific subtropical high. The Okhotsk influence farther extends toward western North America to
which the strengthened jet stream with a storm track extends. This remote influence is achievable through feedback from a
transient eddy anomaly that is activated by the surface temperature gradient between the cold Okhotsk Sea and the warm
Pacific Ocean. The findings imply that the existence of the Okhotsk Sea strengthens the East Asian summer monsoons.
KEYWORDS: Atmosphere; Atmosphere-ocean interaction; Atmospheric circulation; Monsoons; Climatology; General
circulation models

1. Introduction
The Okhotsk Sea, which lies in the coldest region of its latitudinal band in summer, plays an important role in the climate
of the surrounding areas of Japan, the Russian Far East, and
the Pacific Ocean. In fact, the summertime sea surface temperature (SST) is extremely low, as low as 58C in some Okhotsk
Sea cold spots (e.g., Tachibana et al. 2008; Tokinaga and Xie
2009; Nishikawa et al. 2014). These cold SSTs are lower than
any reported summertime SSTs in other Northern Hemisphere
seas at the same latitude (Fig. 1a). One reason for the cold
summer SST is that the Okhotsk Sea is one of the southernmost
ice-covered seas in the Northern Hemisphere in winter.
Moreover, a strong oceanic tidal flow between the Okhotsk Sea
and the North Pacific makes the Okhotsk Sea cool (e.g.,
Nakamura et al. 2000; Nishikawa et al. 2014) because the tidal
flow combined with strong vertical mixing causes cold intermediate water to emerge from the sea surface. In contrast,
summer temperatures over the continent facing the Okhotsk
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Sea are quite high owing to a typical subarctic climate along
with long daylight hours. A stationary anticyclone, referred
to as an Okhotsk high, occasionally appears over the cold
Okhotsk Sea in the summer. Nakamura and Fukamachi (2004)
and Tachibana et al. (2004) showed that the contrast in air
temperature between the Okhotsk Sea and the surrounding
continent plays a role in the formation of the Okhotsk high.
The Okhotsk high is accompanied by cold fog (e.g., Tachibana
et al. 2008), and cold SST with fog strengthens the Okhotsk
high (Tokinaga and Xie 2009; Koseki et al. 2012; Nishikawa
et al. 2014).
The Okhotsk Sea additionally affects remote climates. For
example, winter sea ice variations in the Okhotsk Sea have
influences on the strength of the Aleutian low (Honda et al.
1996, 1999) and the North Atlantic Oscillation (Yamamoto
et al. 2006). The Okhotsk high has a remote impact on summer
climates. For example, the high occasionally brings scant rice
yield in Japan through southwestward cold-air advection from
the area near the Kuril Islands located to the south of the
Okhotsk Sea (e.g., Ogi et al. 2004). Ninomiya and Mizuno
(1985) suggested a crucial role of the Okhotsk Sea in the formation of the baiu/mei-yu front, which is a stationary rainband
that extends zonally from China to Japan and characterizes the
early summer climate in Japan in association with the East
Asian summer monsoon (e.g., Ninomiya and Shibagaki 2007).
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FIG. 1. (a) May–June SST climatology (8C) of 1981–2010 period (contours) and its anomaly from zonal mean
(color shading). Also shown are the ground parameters of the (b) control (CTL) and (c) LAND runs (blue: colddeciduous forest; yellow: grassland; red: cultivation zone).

baiu/mei-yu rainband activity is one of the most important
climatic phenomena for the Japanese socioeconomy because
moderate rainfall from the rainband supports agricultural
crops like rice and mass consumption activities in Japan (e.g.,
Kanno 2013). Rainfall from the baiu rainband in association
with the Okhotsk high occasionally causes catastrophic damage, such as occurred in 2018 in Japan in which an unprecedented baiu rainfall officially named ‘‘the heavy rain event of
July 2018’’ resulted in 237 fatalities by floods. The floods
completely destroyed 221 facilities and 6296 buildings (Moteki
2019; Shimpo et al. 2019; Cabinet Office, Japan 2019). Excessive
baiu rainfalls thus damage the Japanese socioeconomy.
The formation of a stationary precipitation zone in association with the baiu/mei-yu front is known to be influenced by
the existence of the warm Tibetan Plateau (e.g., Kitoh 2004;
Sampe and Xie 2010). Conducting ideal atmospheric general
circulation model (AGCM) experiments with and without
Tibetan Plateau showed that the high altitudes of the Plateau
play an essential role in the formation of the baiu/mei-yu

front (Kitoh 2004). It is also widely understood that the
Okhotsk Sea is deeply involved in the development of baiuassociated precipitation through strengthening of atmospheric disturbances interfused between the cold Okhotsk
Sea and the warm Pacific Ocean (Ninomiya and Muraki 1986;
Wang 1992).
These studies suggest the potential importance of the
Okhotsk Sea for local and remote climates. Because the actual
climate in an area is the result of complex interactions with
many climatic subsystems, the contributions of the Okhotsk
Sea and other subsystems are undistinguishable. To examine
the role of the Okhotsk Sea, we consider how atmospheric
circulation patterns would be changed locally and remotely
if the Okhotsk Sea were replaced by a landmass. An ideal
AGCM experiment is an excellent tool to answer this question.
In the numerical model, the Okhotsk Sea can be changed to
land as a lower boundary condition. This strategy is in the same
manner as used by Kitoh (2004) in which simulation with/
without the Tibetan Plateau was conducted. Comparison of the
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AGCM conducted with and without the Okhotsk Sea can be
used to isolate the importance of the Okhotsk Sea on local and
remote climates. The purpose of the present study is to understand the role of the Okhotsk Sea by executing the two
abovementioned AGCM runs targeting the early summer climate. It should be noted that the AGCM without the Okhotsk
Sea does not aim to simulate actual climate conditions but is only
utilized to more deeply understand the role of the Okhotsk Sea
in the present climate. It should also be noted that identifying the
cause of interannual variations in the atmospheric fields around
the Okhotsk Sea is not an aim of this study.

2. Data and methods
a. AGCM runs with and without the Okhotsk Sea
We used the AGCM for Earth Simulator (AFES) (version
4.1; Ohfuchi et al. 2004, 2007; Enomoto et al. 2008; KuwanoYoshida et al. 2010) with the horizontal wavenumber being set
to 79 (T79; approximately 1.58 horizontal resolution) and the
vertical levels set to 56 (model top is about 60 km). We used the
merged Hadley–National Oceanic and Atmospheric Administration
(NOAA)/Optimum Interpolation Sea Surface Temperature (OISST)
and sea ice concentration (SIC) (Hurrell et al. 2008) datasets as the
boundary conditions to force the AGCM. The other conditions were
the same as in the study of Nakamura et al. (2015). As the initial
condition, we used the January 1979 monthly mean from the Japanese
25-year Reanalysis Project (JRA-25)/Japan Meteorological Agency
(JMA) Climate Data Assimilation System (JCDAS) reanalysis data
(Onogi et al. 2007).
A control (CTL) run was performed under the boundary
condition of an annual cycle of the monthly mean SST and sea
ice averaged over the period of 1979–83. Because recent drastic
sea ice reduction in the Arctic sea ice might change the summer
climate (e.g., Nakamura et al. 2019), we chose this former period as the baseline climate. A perturbed run (designated,
LAND) was performed using the same boundary conditions as
the CTL run except for boundary conditions over the Okhotsk
Sea being changed from ocean to land as if the Okhotsk Sea was
totally landfilled (Figs. 1b,c). The height of the ground in the
Okhotsk area was set to the same height as sea surface level (i.e.,
0 m), and the ground conditions were changed to a cold-deciduous
forest to match the conditions surrounding Siberia and Japan
based on default land use types of this AGCM. We performed 30yr integrations after a 2-yr spinup, and the differences between the
30-yr averages of CTL and LAND runs (CTL minus LAND)
were examined. We focused on the baiu/mei-yu front during its
active period and thus data were averaged over the months of
May and June. The baiu/mei-yu are active in July at least in
midlatitude East Asia. The description of July is in the last section.

b. Reanalysis data
We used the Japan Meteorological Agency 55-year Reanalysis
(JRA-55) data (Harada et al. 2016) and Hadley Centre Sea Ice
and Sea Surface Temperature (HadISST) (Rayner et al. 2003)
datasets to examine whether the simulation results based on unrealistic and drastic changes to the Okhotsk Sea were supported
by observation data. We used these reanalysis data for the period

of 1958–2012. Both datasets were averaged over the months of
May and June. May–June SST climatology and its anomaly from
its zonal mean shown in Fig. 1a are also from HadISST.

c. Methods
To examine changes in the atmospheric conditions that affect synoptic disturbances, we calculated the absolute value of
the horizontal temperature gradient defined as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2  2ﬃ
›T
›T
j=Tj 5
,
(1)
1
›x
›y
where T is temperature and x/y is the distance along longitude/
latitude.
We also used the maximum Eady growth rate (Eady 1949),
which expresses the development of the baroclinic unstable
wave, defined as
f
dU ,
smax 5 0:31
NH

(2)

where f is Coriolis parameter, N is Brunt–Väisälä frequency,
H is height difference from 850 to 300 hPa, and dU is zonal
wind shear between 850 and 300 hPa.
The storm-track intensity is defined as the variance of the
high-frequency meridional wind variation at the 300-hPa level,
as expressed by Eq. (3) as
Storm track 5 y0 y 0 ,

(3)

where the overbar indicates monthly mean, y denotes daily
mean meridional wind speed, and the prime indicates departure from 7-day moving average.
We used the E-vector (Hoskins et al. 1983), which is a useful
tool for diagnosing the effect of eddy momentum transport
to accelerate/decelerate mean flow. The divergence of the
E-vector corresponds to the acceleration of mean flow. The
E-vector is defined as
E 5 (y 0 y0 2 u0 u0 , 2u0 y0 ),

(4)

where y is meridional wind, u is zonal wind, and the prime
indicates departure from 7-day moving average.
We further use a quasigeostrophic potential vorticity (QGPV)
method to examine the feedback of transient eddy activity on the
mean flow (e.g., Fang and Yang 2016). QGPV framework is a
useful method to diagnose the geopotential tendency due to the
diabatic and the transient eddy forcing. We applied the QGPV
diagnosis to the simulated anomalies of CNTL minus LAND
runs. Using the geopotential tendency equation,


1 2 f ›2
= 1
f
s ›p2






›DF
› a DQdiab
5 2f
›t
›p s T
!
› a DQeddy
2f
›p s T
1 DFeddy 1 Res ,

(5)

where F is the geopotential, p is the pressure, a is the specific
volume, s is the static stability parameter, and Res is a residual
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FIG. 2. (a) Mean annual cycle of the sensible (dashed line), latent (dotted line), and their total (solid line) heat flux
(W m22) averaged over the Okhotsk Sea. Orange and red colors indicate the fluxes of the CTL and LAND runs,
respectively. Positive value denotes heat transport from the surface to the atmosphere. (b) As in (a), but for
precipitation (dashed line), precipitation minus evaporation (i.e., P 2 E; solid line), and latent heat flux(dotted
line). Also shown are the difference in May–June (c) mean total heat flux (W m22) and (d) mean temperature at 2 m
(8C) between the CTL and LAND runs (CTL minus LAND). Hatching indicates significance level above 95%
based on a t test.

term, all based on monthly mean 3D fields. The D indicates
anomaly of CNTL minus LAND runs; Qdiab is the diabatic
heating, which the model directly calculated. In Eq. (5), Qeddy
and Feddy are eddy heat flux convergence and eddy vorticity
flux convergence, respectively, defined as
Qeddy 5 2=  V0g T 0 2

›v0 T 0
R 0 0
1
vT
cp p
›p

Feddy 5 2=  V0g z0 ,

3. Results
a. Model results

and

(6)
(7)

where Vg is the geostrophic wind vector, v is the pressure velocity, z is the relative vorticity, and R and cp are gas constant
and specific heat at constant pressure, respectively. The overbar indicates 7-day moving average, and the prime indicates
departure from 7-day moving average.
Vertically integrated moisture flux is used to determine
whether the baiu rainband is intensified by circulation anomalies. Moisture flux convergence is defined as
moisture flux convergence 52

where g is acceleration of gravity, u is zonal wind, y is meridional wind, P is pressure, and q is moisture mixing ratio (i.e.,
specific humidity).


 ð 925
ð
1
›uq
1 925 ›yq
dP 1
dP ,
g 500 ›x
g 500 ›y
(8)

First, we describe the characteristics of heat and moisture
exchanges between the surface and the overlying atmosphere
in the Okhotsk region. Figures 2a and 2b show the annual cycle
of the area-averaged upward net heat fluxes on the surface of
the Okhotsk Sea (the area average is based on grids of the
altered surface conditions as shown in Figs. 1b and 1c). The
effect of atmospheric heating through sensible and latent heat
transport from the sea surface in the CTL run is low in the
summer season but reaches a maximum in the winter season. In
contrast, the seasonal evolution of atmospheric heating in the
LAND run shows a near reversal of that in the CTL run. Large
latent heat transport associated with large precipitation mainly
contributes to large atmospheric heating in the LAND run.
Sensible heat flux is also larger in the LAND run than in the CTL
run, but it is secondary. These results signify that the Okhotsk
Sea inhibits heat transport from the surface in summer. The
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FIG. 3. Zonal cross sections of (a) 1408–1608E and (b) 1608E–1308W average differences between the CTL and
LAND runs (CTL minus LAND). Color shading indicates May–June mean temperature (8C) (only significance
levels above 95% are shaded), and red/blue contours indicate temperature gradient [8C (100 km)21]. A positive sign
of the gradient here denotes that the poleward temperature decline is larger in CTL than in LAND. Black contours
indicate geopotential height (m) difference of CTL minus LAND.

comparison of CTL with LAND results, thus, represents the
atmospheric response to an anomalous cooling effect due to
the presence of the Okhotsk Sea. Figure 2c shows the MayJune (MJ) mean net heat flux difference between the CTL and
LAND runs (CTL minus LAND). Strong negative anomalies
over the Okhotsk Sea are caused by the presence of the cold
sea; that is, the Okhotsk Sea functions as a cold source. Figure 2d

shows the 2 m temperature anomalies of the CTL run from the
LAND run. Negative anomalies centered on the Okhotsk Sea
are observed and correspond to anomalous cooling forcing over
it. The CTL run shows surface temperature fields are about 68C
lower than that in the LAND run.
Next, we examined the impact of the cold surface temperature over the Okhotsk Sea on the middle troposphere over the

FIG. 4. Difference (color shading) in May–June mean (a) Eady-growth rate at 850–300 hPa (day21) and
(b) storm-track intensity at 300 hPa (m2 s22) between the CTL and LAND runs (CTL minus LAND). Contours in
(a) and (b) indicate climatological mean of Eady growth rate and the storm-track intensity, respectively, in the CTL
run. Hatching indicates significance level above 95% based on a t test. (c) Difference in divergence of E-vector at
300 hPa (1024 m s22) between the CTL and LAND runs. Arrows and contours indicate difference in E-vector at
300 hPa (m2 s22) and zonal wind at 300 hPa (m s21), respectively.
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FIG. 5. Color shading shows the difference in May–June mean (a) geopotential height at 300 hPa (m) and (b) sea
level pressure (hPa) between the CTL and LAND runs (CTL minus LAND). Hatching indicates significance levels
above 95% based on a t test. Contours in (a) and (b) indicate climatological means of the zonal wind at 300 hPa
(m s21) and sea level pressure (hPa), respectively, defined as the 30-yr average of the CTL run. (c) Difference in
vertically integrated moisture flux (arrows) and its divergence (color shading) at 950–500 hPa (mm day21) between
the CTL and LAND runs. Hatching indicates significance level above 95% based on a t test. Arrow length corresponding to 50 kg m21 s21 (550 mm m s21) is indicated to the left of the panel.

North Pacific Ocean. Figure 3 shows the meridional cross
section of temperature differences between the CTL and
LAND runs based on the 1408–1608E and 1608–1308W averages, which range from the western North Pacific to the eastern
North Pacific. The cold surface over the Okhotsk Sea in the
CTL strengthens atmospheric vertical stratification over the
Okhotsk Sea (Fig. 3a, color shading). Cold anomalies centered
over the latitudes of the Okhotsk Sea vertically extend to the
upper level atmosphere with northward tilting. Geopotential
height also tilts northward (Fig. 3a, black contours). The vertical structure is thus baroclinic. A strong poleward temperature decline centered in the southern edge of the Okhotsk
Sea is seen (Fig. 3a, contours). The cold anomalies extend to
the downstream side of the westerlies (Fig. 3b) along with
the extension of the strong poleward temperature decline.
Consequently, a band of stronger poleward temperature decline is found from 408 to 508N over the North Pacific Ocean.
The contours of geopotential height signify equivalent barotropic structure and strong westerly winds in the latitudes of
the strong temperature decline owing to thermal wind balance.
In addition, strengthened temperature decline is an indication
of a state being baroclinically less stable. Thus, the Eady
growth rate, which is an indication of the development of
baroclinic instability, is largely altered by the effect of the cold
Okhotsk Sea. An anomalously high development area of baroclinic unstable waves is located at the latitudinal band of 408–
558N and extends zonally from the Okhotsk Sea to western

North America (Fig. 4a), and this area approximately corresponds to the area of strengthening poleward temperature
decline due to the presence of the cold Okhotsk Sea (Fig. 3). A
band showing weakened baroclinicity around 608–708N corresponds to weakening of the temperature gradient and its associated weak westerlies between the midlatitudes and
the Arctic.
Formation of a zone of strengthened baroclinic unstable
waves results in a traveling path of synoptic disturbances.
Figure 4b shows the storm-track anomalies of CTL from the
LAND runs. Positive anomalies are located at 408–508N, which
correspond to the development area of the baroclinic unstable
waves, whereas negative anomalies can be observed from 558N
to more northern latitudes. The positive anomaly zone is in
agreement with that of a climatological storm track (Fig. 4b,
contours). These results imply that presence of the cold
Okhotsk Sea strengthens the activity of climatological synoptic
disturbances, and this effect extends downstream toward
western North America along the latitude band of 408–508N.
Climatological influence of the Okhotsk Sea is thus beyond the
Pacific Ocean.
It is a common knowledge that this latitude band is an area
with a climatologically strong jet stream. The jet stream has a
dynamically deep relationship to synoptic-scale eddies, as the
interaction between the eddy and mean flow has been investigated in many studies. For example, storm-track activity has
an upscale impact on the mean steady fields, and this upscale
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FIG. 6. Climatology of May–June mean precipitation (mm day21) in the (a) CTL and (b) LAND runs.
(c) Difference in precipitation (mm day21) between the CTL and LAND runs (CTL minus LAND). Hatching
indicates significance level above 95% based on a t test.

impact is important for maintaining the jet stream (Lau and
Nath, 1991). Based on this, we examined the relationship between the jet stream and the anomalous development of the
synoptic disturbances caused by the effect of the cold Okhotsk
Sea. Figure 4c shows CTL-minus-LAND differences in the
E-vector, its divergence, and zonal wind at the 300 hPa level.
Positive anomalies of divergence of the E-vector are observed
in a latitudinal band from 408 to 508N, which corresponds well
with the spreading directions of the anomalous E-vectors.
Additionally, westerly wind anomalies also appear at the
same locations, suggesting that strengthened disturbance
caused by the cold Okhotsk Sea forces an acceleration of the
mean westerly flow, which in turn is accompanied by positive
and negative vorticity anomalies to the north and south, respectively. We next examined changes in pressure fields in the
midlatitude troposphere produced by the presence of the cold
Okhotsk Sea.
Figure 5a shows anomalies of the geopotential height at
300 hPa between the CTL and LAND runs. Cyclonic/
anticyclonic anomalies are located north/south of the
accelerated jet stream that is centered around 458N. The
maximal zone of climatological mean zonal wind (Fig. 5a,
contours) agrees closely with that of an acceleration of the
mean westerly flow (Fig. 4c). An eddy-induced anomalous
vorticity field at the upper level induces circulation anomalies
at the surface level. Figure 5b shows anomalies in sea level
pressure. Positive anomalies located over the Pacific are similar to the upper positive height anomalies and correspond to
intensification of the subtropical anticyclone, i.e., the North
Pacific subtropical high. Thus, the anomalies over the Pacific

region show the barotropic structure. In contrast, the anomalies over the Okhotsk Sea show the baroclinic structure, in
which positive anomalies are found in the sea level pressure,
whereas negative height anomalies are found at the upper
level. This strong baroclinic structure is consistent with formation of the surface Okhotsk high, which has a shallow high
pressure system induced by cold surface conditions over the
Okhotsk Sea (Tachibana et al. 2004).
Here, we focus on the strengthened North Pacific subtropical high because moisture transport along the western edge of
the Pacific high is an important factor in early summer precipitation over Japan. Using this, we next calculate convergence of moisture flux brought by the presence of the cold
Okhotsk Sea. Figure 5c shows anomalies of vertically integrated moisture flux and its convergence. While convergence
anomalies are seen over Japan, divergence anomalies are seen
in the central Pacific, indicating the increase of moisture
transport into Japan from the warm and moist area on the
western edge of the strengthened North Pacific subtropical
high. We can easily suppose that this moisture flux convergence
induces an increase in precipitation over Japan. Figures 6a and
6b show climatological precipitation patterns in the CTL and
LAND runs, respectively. The stationary precipitation band
corresponding to the baiu front is present over the southern
part of Japan in both runs. Thus, we cannot say that the presence of the cold Okhotsk Sea is a necessary condition for the
formation of climatological baiu-precipitation. However, precipitation differences between the CTL and LAND runs show
positive anomalies over Japan and intensification of the climatological precipitation pattern (Fig. 6c), suggesting the possible
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FIG. 7. May–June average diabatic heating-induced PV forcing anomaly (1026 s21 day21) (CTL minus LAND)
(a) at 300 hPa and (b) its meridional cross section averaged over 1408–1608E. Red and blue colors correspond to
positive (cyclonic) and negative (anticyclonic) PV forcing anomalies, respectively. Hatching indicates significance
level above 95% based on a t test. Similar panels are drawn for PV forcing anomaly due to (c),(d) eddy heat flux
convergence and (e),(f) eddy vorticity flux convergence. Contours in (b) and (d) indicate diabatic heating and eddy
heat flux convergence anomalies (K day21), respectively.

influence of the Okhotsk Sea on the strengthening of the baiuprecipitation band. The increase rate of precipitation in the
southern part of Japan is about 10%.
Interestingly, significant negative anomalies in precipitation
were found over the Okhotsk Sea. The underlying cold ocean
produces a static stable atmosphere with large stratification
that possibly weakens atmospheric convective clouds and
rainfall. Large atmospheric stratification in the atmospheric
boundary layer also suppresses surface evaporation. The
strengthened Okhotsk high due to the cold sea may also suppress
overlying convections. In fact, direct radiosonde measurement
showed that surface temperature was 108C colder than that at the
height of 500 m over the Okhotsk Sea (See Fig. 8 in Nishikawa
et al. 2014). To the contrary, high surface temperature in the
LAND run activates convective clouds and rainfall more than in
the CTL run. This is in agreement with surface heat flux (See

Fig. 2). Large latent heat transport associated with large precipitation mainly contributes to large atmospheric heating in the
LAND run.

b. Quasigeostrophic potential vorticity (QGPV) diagnosis
The role of feedback from transient eddies is usually discussed with comparison against the role of the diabatic heating
(e.g., Fang and Yang 2016; Wang et al. 2017; Tao et al. 2020).
Here we evaluate both of the eddy feedback process and the
diabatic process due to the strong surface cooling anomaly in
the Okhotsk Sea by using the QGPV diagnosis shown in Eqs.
(5)–(7). Positive potential vorticity (PV) (i.e., cyclonic) forcing
anomaly due to the diabatic heating is obvious over the
Okhotsk Sea (Fig. 7a). This PV forcing is seen in upper tropospheric levels over the Okhotsk Sea (Fig. 7b). A negative PV
forcing anomaly is also found over Japan corresponding to the
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FIG. 8. Diabatic heating-induced geopotential height tendency anomaly (m day21) at (a) 300 and (b) 1000 hPa.
Similar panels are drawn for tendency anomaly due to (c),(d) eddy heat flux convergence and (e),(f) eddy vorticity
flux convergence.

condensational heating released by the increased precipitation
of baiu/mei-yu front (see Figs. 6 and 7a). Strong positive PV
forcing due to eddy heat flux elongated zonally over the latitude band of the Okhotsk Sea (Fig. 7c). This forcing is mainly
in upper tropospheric levels (Fig. 7d). PV forcing anomaly due
to eddy vorticity flux behaves somewhat like that of eddy heat
flux, but it is not so dominant (Figs. 7e,f).
Geopotential tendencies due to those forcing terms give
clear aspects. The diabatic cooling induces intensification of
the surface level Okhotsk high more dominantly than the upper level (Figs. 8a,b). On the other hands, the eddy forcing
dominantly induces zonally elongated cyclonic anomaly in the
upper level. The leading forcing is the eddy heat flux convergence (Figs. 8c,d), and the eddy vorticity flux convergence is
the secondary (Figs. 8e,f). The eddy vorticity mainly induces the
zonal elongation of an anticyclonic circulation, corresponding to
the North Pacific subtropical high (Fig. 8e). Both eddy fluxes
thus induce a north-south dipole pattern over western North
Pacific in the upper level (Figs. 8c,e). In summary, the diabatic

process plays a role in the west-side baroclinic structure over the
Okhotsk region. The east-side geopotential anomalies are
mainly from transient eddy forcing, which plays a role in the
barotropic structure. These geopotential tendency anomalies

FIG. 9. Time series of interannual variation of May–June SST
(8C) averaged over the Okhotsk Sea. Linear trend component from
1958 to 2012 was removed. Filled red and blue circles indicate hot
and cold years, respectively.
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FIG. 10. Difference in May–June mean (a) temperature at 2-m height (K), (b) storm-track intensity at 300 hPa
(m2 s22), (c) geopotential height at 300 hPa (m), and (d) moisture flux divergence (mm day21) between cold years
and hot years (cold years minus hot years). Contours in (b) indicate climatological mean of the storm-track intensity. Hatching indicates significance level above 90% based on a t test. Arrows in (d) indicate differences in
moisture flux, with an arrow length corresponding to 100 kg m21 s21 shown to the right of the panel.

diagnosed by QGPV well correspond to the geopotential high–
low dipole pattern of the AGCM in the upper (Fig. 5a) and nearsurface (Fig. 5b) levels as well as the contrast between the west
and east sides (Figs. 3a,b).
The diabatic heating by the increased precipitation of
baiu/mei-yu front has an additional influence on westward
extension of the subtropical high (see Figs. 8a,b). This implies that baiu/mei-yu front that is strengthened by the
westward extension of the subtropical high further promotes its westward elongation and baiu precipitation, i.e.,
positive feedback.

cold years minus hot years based on 61s (std dev) of the SST
time series. Note that a SST correlation map with the Okhotsk
SST time series did not have any large-scale significant areas
except for the Okhotsk area itself and its surrounds (figures
not shown). We can thus confirm that observational composite
analyses can derive signatures of Okhotsk SST influence, not
by remote SST influences such as ENSO.
Figure 10a shows differences in temperature at 2 m between
cold and hot years. Strong negative anomalies were seen
around the Okhotsk Sea. Such cold anomalies cause intensification of baroclinicity in a manner similar to the AGCM results

c. Supportive observational evidence
In the previous section we demonstrated the ways in which
the presence of the cold Okhotsk Sea affeccts climatological
atmospheric factors through an ideal numerical experiment. In
this section, we explore the supportive evidence from JRA-55
reanalysis data through examination of the interannual variation of SST in the Okhotsk Sea and its relevance to the atmospheric circulation changes shown in the numerical
experiment. The warm/cold SST corresponds to the LAND/
CTL runs, respectively. Because even in the warm SST condition, the lower boundary is still ocean, not soil, it should be
noted that the atmospheric fields in the warm SST do not
completely represent the LAND run.
First, to make a time series dataset, we took the May-June
averaged SST in the Okhotsk Sea with linear trend components removed for 1958 to 2012 (Fig. 9). For comparison with
the ideal AGCM results, we performed composite analysis of

FIG. 11. Difference in May–June mean precipitation (mm day21)
between cold years and hot years (cold years minus hot years).
Hatching indicates significance level above 90% based on a t test.
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and, thus, more active synoptic disturbances appear from south
of the Okhotsk Sea to downstream of the Okhotsk (Fig. 10b).
This anomalous storm-track activity is roughly similar to the
AGCM results, although its statistical significance is not as
high. As was the case for the simulation results, the anomalous
eddy activity and its feedback to the mean flow, a meridional
dipole pattern of geopotential height anomalies is seen as regions of negative anomalies over the Okhotsk Sea and positive
anomalies over the northwestern Pacific (Fig. 10c). As these
steady state circulation anomalies in association with cold SST
anomalies in the Okhotsk Sea are roughly in accordance with
the AGCM results, the signature of the effects of the existence
of the Okhotsk Sea can be seen in the real world on an interannual time scale. Along the edge of anticyclonic anomalies,
moisture transport from the Pacific to Japan increases as well
(Fig. 10d), resulting in an increase in baiu-precipitation over
Japan (Fig. 11).
These observation-based results serve as supportive evidence for the ideal AGCM results that the baiu-precipitation
increased with the strengthened North Pacific subtropical high
due to the presence of the Okhotsk Sea. Note that statistically
significant differences were not as high in the observations,
whereas amplitudes were larger in the observations than in the
AGCM. This suggests that in the real world the atmospheric
variations are largely affected by various forcing factors from
the other subsystems along with the Okhotsk–Pacific linkage.

4. Conclusions
We performed an ideal numerical experiment using an
AGCM under two conditions: a CTL run, in which climatological mean annual-cycle SST and sea ice were used as the
boundary condition; and a LAND run, in which the model
surface boundary over the Okhotsk Sea was changed from
ocean to continental land. We compared these two runs to
examine the influence of the presence of the Okhotsk Sea on
climatological atmospheric circulations in the baiu/mei-yu
season. The major difference in these conditions is heat capacity. In the summer season, the lower layer of the atmosphere around the Okhotsk Sea is cooler because of its large heat
capacity compared to the continental conditions. Therefore, the
Okhotsk Sea serves as strong cold source in the CTL run (i.e.,
real world). As the atmospheric circulation anomalies respond
to this coldness, strengthening of the North Pacific subtropical
high appears, which results in an increase in baiu-precipitation

FIG. 12. Schematics showing the influence of the existence of
the cold Okhotsk Sea with strengthening baiu rainfall. (a) The
Okhotsk Sea locally forces the formation of cold air above and
strengthens the Okhotsk high. Cold air extends to the middle troposphere and strengthens the temperature gradient between the

midlatitudes and high latitudes. The temperature gradient enhances the baroclinic instability and thus forms a storm track extending eastward from around Japan to western North America.
(b) Transient eddy heat and momentum transports associated with
this storm track forces acceleration of the westerly jet stream,
which strengthens an anomalous anticyclonic circulation to its
south corresponding to the North Pacific subtropical high.
(c) Along the western edge of the strengthened Pacific high,
moisture is transported from the Pacific Ocean to Japan, resulting
in an increase in the stationary baiu precipitation. (d) All of the
processes combined.
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over Japan. Through interpretation of simulation results and its
consistency with other observational results, we here propose a
possible mechanism for the remote impact of the Okhotsk
Sea (Fig. 12).
The presence of the Okhotsk Sea locally forces formation of
significant strong cold temperature anomalies (Fig. 2c), which
strengthens the Okhotsk high (Fig. 5b). These cold temperature anomalies extend to the middle layer in the troposphere,
which strengthens the temperature gradient between the
midlatitudes and high latitudes (Fig. 3). Anomalously strong
meridional temperature gradient enhances the baroclinic instability, and thus forms a storm track extending eastward from
around Japan to western North America (Figs. 4a,b). Transient
eddy heat and momentum transports associated with this
storm-track forcing accelerate the westerly jet stream along to
this latitude band (Fig. 4c). The eddy forcing further induces an
anomalous anticyclonic circulation to its south, corresponding
to the North Pacific subtropical high (Figs. 5a,b). Along the
western edge of the strengthened Pacific high, moisture is
transported from the Pacific Ocean to Japan (Fig. 5c), resulting
in an increase of stationary baiu-precipitation (Fig. 6).
As discussed in section 3, because the baiu-precipitation
band appears in both the CLT and LAND runs, we speculate
that the Okhotsk Sea is not necessarily required for forming
the climatology of the baiu-precipitation. However, these
model results indicate that baiu-precipitation and the associated North Pacific subtropical high would be significantly
weakened without the local coldness of the Okhotsk Sea.
These findings suggest that the present-day cold Okhotsk Sea
plays a role in changing the midlatitude atmospheric circulation and increasing the baiu-precipitation. Climatologically,
the ridge of the subtropical high extends westward (See contours in Fig. 5b). This westward extension can be partially
caused by the cold Okhotsk Sea. These model results are well
supported by reanalysis data based on the difference between
cold and hot years of SST over the Okhotsk Sea. Thus, we consider that our simulation results are likely robust even though the
experimental design includes an unrealistic condition.
Although July is still an active month of baiu, we have not
shown Okhotsk influence in July. The Okhotsk influence in
July is basically similar to that in May and June, but its amplitude is weaker than in May and June. We consider following
reasons. Climatological meridional temperature gradient over
the North Pacific is weaker in July than in early summer.
Westerly jet stream and associated storm-track activity are also
weak in July. The westerlies also shift northward in July. These
climatological seasonal transitions are less favorable to the
Okhotsk-induced linkage shown in this study. The weak
signature in July is therefore consistent to the mechanism that
the present study has shown.
In conclusion, we confirmed the role of the cold Okhotsk Sea
in strengthening the North Pacific subtropical high and increasing baiu-precipitation through activation of the eddy
feedback to mean flow. These findings implied that if the speed
of increasing the Okhotsk SST due to global warming is slower
than for the surrounding western North Pacific Ocean, the
baiu-precipitation band will be strengthened. This perspective
is very likely because the sea ice and oceanic tidal mixing in the
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Okhotsk Sea would cause the warming to slow compared to the
surrounding ocean. The Okhotsk SST was lower than normal
in the summer of 2018 when an unprecedented catastrophic
baiu event, ‘‘the heavy rain event of July 2018,’’ happened in
Japan. That summer had the hottest temperatures in midlatitudes in the Northern Hemisphere in the historical record (e.g.,
Shimpo et al. 2019). The large temperature contrast between
the Okhotsk and the surrounding areas might contribute positively to these rain events to some extent. As this is beyond the
scope of this study, this topic should be examined in the future.
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