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ABSTRACT

Causes of the multidecadal-scale warming of the intermediate water in the Okhotsk Sea and the western

subarctic North Pacific during 1980–2008 are investigated using an ice–ocean coupled model with interann-

ually varying atmospheric forcing. A hindcast experiment qualitatively reproduces the warming and decadal

fluctuations of the intermediate water that are similar to those of observations: the warming is significant

along the western part of the Okhotsk Sea and subarctic frontal region. The effects of the thermohaline- and

wind-driven ocean circulation on the warming are evaluated from perturbation experiments on thermohaline

(turbulent heat and freshwater fluxes) and wind causes, respectively. The thermohaline causes are shown to

contribute positively to warming in the Okhotsk Sea Intermediate Water (OSIW). The heat budget analysis

for the OSIW indicates that the warming is related to a decrease in cold and dense shelf water (DSW) flux,

which is caused by a decrease in sea ice and surface water freshening. In contrast, the wind cause has a cooling

effect in the OSIW through an increase in DSW. In the subarctic frontal region, the warming is mainly caused

by the wind stress change. The heat budget analysis indicates that the warming is related to an increase in the

northward advection of the subtropical warm water. These results imply that both thermohaline- and wind-

driven ocean circulation changes are essential components of the warming in the intermediate water. The

atmospheric conditions responsible for thewarming are related to a weakenedAleutian low and Siberian high

in early and late winter.

1. Introduction

The Okhotsk Sea is a marginal sea located on the

northwest rim of the PacificOcean, and is known to be the

ventilation source of North Pacific Intermediate Water

(Talley 1991; Yasuda 1997; Watanabe and Wakatsuchi

1998).A large amount of sea ice within the Okhotsk Sea

is produced along the northwestern coastal polynyas by

severe wintertime winds blowing from the Eurasian

continent (Martin et al. 1998; Ohshima et al. 2003;

Nihashi et al. 2009; Kawaguchi et al. 2010), and the

brine rejection associated with sea ice production leads

to vertical convection of up to 27.0su [su is defined as

potential density 2 1000 (kgm23); thus, the density of

seawater 1027.0kgm23 means 27.0su], resulting in the

formation of cold, oxygen-rich, dense shelf water (DSW)

(Kitani 1973; Gladyshev et al. 2000; Shcherbina et al. 2003;
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Nakamura et al. 2006; Matsuda et al. 2009). DSW is

transported southward by the cyclonic ocean circulation

in the Okhotsk Sea (Mizuta et al. 2003; Fukamachi et al.

2004), and it then mixes with the warm, saline water

originating from the North Pacific. The resulting mixed

water is called Okhotsk SeaModeWater (Yasuda 1997)

or Okhotsk Sea Intermediate Water (OSIW; Itoh et al.

2003). OSIW is cold, has a low salinity, and is thick

relative to the intermediate water in the North Pacific at

(26.7–27.0)su.

The dynamical processes related to the strong tidal

currents around the Kuril Straits are also important for

the ventilation of the Okhotsk Sea and the formation of

OSIW. The effective amplification of topographically

trapped waves generated by the subinertial diurnal tides

cause considerable intensification of the tidal flow around

the Kuril Straits, and this strengthened tidal flow gener-

ates internal lee waves with large amplitudes over sills.

The breaking of the waves thus leads to enhanced vertical

mixing (Nakamura and Awaji 2004), and the topo-

graphically trapped waves also induce a strong velocity

shear near the sills, which results in bottom-confined in-

tensemixing (Tanaka et al. 2010). The importance of tidal

mixing on the formation of the OSIW was indicated by

a numerical study (Nakamura et al. 2006) and observa-

tional data (Nakamura et al. 2010).

The OSIW outflows from the Okhotsk Sea to the

North Pacific through the Kuril Straits (mainly through

the Bussol’ Strait; Talley 1991; Kawasaki and Kono

1994; Ohshima et al. 2010) and spreads to the subarctic

and subtropical gyres after being modified by the

Oyashio water and by mixing with the Kuroshio Water

(Yasuda 1997). Recent studies have suggested that the

water exchange between the Okhotsk Sea and the

North Pacific is governed by the strength of the subarctic

gyre in theNorth Pacific (Andreev and Shevchenko 2008;

Ohshima et al. 2010). Based on a combination of out-

puts from the Ocean General Circulation Model for

Earth Simulator (Masumoto et al. 2004), and hydrog-

raphy, Katsumata and Yasuda (2010) have estimated

the exchange transport to be ;10 Sv in winter (1 Sv [
106m3 s21).

Much attention has been focused on the role that

ventilation in the Okhotsk Sea plays in the cycle of

chemical properties in the North Pacific (Warner et al.

1996; Wong et al. 1998; Yamamoto-Kawai et al. 2004;

Uchimoto et al. 2011). Hansell et al. (2002) indicated

that the concentration of dissolved organic carbon

(DOC) is higher in the intermediate layer of the

Okhotsk Sea than in the intermediate layer of the North

Pacific. Mooring observations in the northwestern shelf

region of the Okhotsk Sea have revealed that the over-

turning circulation in relation to sea ice production

transports DOC into the intermediate layer of the

Okhotsk Sea (Nakatsuka et al. 2004). It has also been

shown that the concentration of iron, which is an essential

nutrient for phytoplankton and is associated with a rich

DOC, is also high in the intermediate layer of the

Okhotsk Sea (Nishioka et al. 2007; Uchimoto et al. 2014).

Thus, the ventilation in the Okhotsk Sea is thought to

play a key role in the dynamics of themarine ecosystem in

the subarctic region.

A half-century-scale warming (Hill et al. 2003; Itoh

2007; Nakanowatari et al. 2007) and decadal-scale vari-

ability (Osafune and Yasuda 2006) have recently been

discovered within the intermediate-water temperature

in the Okhotsk Sea. Since the warming signal is signifi-

cant along the pathway of the DSW, and is accompanied

by a decrease in dissolved oxygen, Nakanowatari et al.

(2007) suggested that the warming is caused by a re-

duction in the production of DSW, and further suggested

that this decrease is caused by a reduction in sea ice pro-

duction during winter. Consistent with their suggestion, it

is known that the wintertime upwind air temperature has

significantly increased during the past 50 yr (Serreze et al.

2000). Recently, Uehara et al. (2014) indicated that the

DSWexhibits a significant freshening trend during the past

50 yr from an analysis of a newly complied hydrographic

dataset augmented by Russian observations in the Sea of

Okhotsk. From the sea ice production estimated fromheat

flux calculations using satellite-based ice thickness and

atmospheric reanalysis data, it was also reported that the

sea ice production has decreased by 11% for the past 34 yr

(Kashiwase et al. 2014).

Through changes in the DSW, model simulations

support the significant effect of air temperature vari-

ability over the Okhotsk Sea on the ocean temperature

at intermediate depths. Matsuda et al. (2009) showed

that a surface air temperature warming of 38C over the

Okhotsk Sea leads to a decrease in DSW, which then

results in a warming of the OSIW at 26.8su by 0.68C. In
addition, Fujisaki et al. (2011) focused on DSW forma-

tion processes from 1998 to 2000, and found that the

density of DSW is controlled by ice production: the

larger ice production leads to the higher DSW density.

However, two other causes for the decrease in DSW

have been suggested: surface freshwater flux, and

wind-driven circulation. For example, upper ocean

freshening due to surface freshwater flux would

strengthen the stratification, and thus weaken the

ventilation or production of DSW. It is noted that a

50-yr scale decrease in sea surface salinity (SSS) has been

observed in the northern North Pacific, and this has

been attributed to an enhancement of the global hy-

drological cycle (Hosoda et al. 2009; Durack and

Wijffels 2010). Such a freshening has also been
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observed in the upper layer of the Okhotsk Sea (Hill

et al. 2003; Ohshima et al. 2014). On the other hand,

the stronger wind-driven circulation leads to enhance-

ment of DSW transport through both an increase in

DSW density (caused by the northward transport of the

saline water from the Pacific) and an increase in DSW

transport from the shelf to the interior (Matsuda et al.

2009; Sasajima et al. 2010).

As described above, sea ice production, freshening of

the upper ocean, and thewind-driven ocean circulation are

thought to affect the properties of DSW and the OSIW.

However, the contributions of these different causes on

the multidecadal-scale warming of the OSIW remain un-

clear. In this study, we conduct a model-based hindcast

experiment of the ocean circulation in the western sub-

arctic region including theOkhotsk Sea with interannually

varying atmospheric forcing, and evaluate the contribution

of the thermohaline and the wind-driven ocean circulation

to the warming processes occurring in the intermediate

water.

This paper is organized as follows. The model and

experimental setting are described in section 2. In

section 3, the climatological representation of the

model simulation is evaluated in comparison with ob-

servational data. In section 4, we compare the simu-

lated and observed OSIW with an emphasis on the

multidecadal-scale warming of potential temperature,

and conduct perturbation experiments to clarify the

major causes of the warming. We also explore the phys-

ical process of thewarming, and examine the atmospheric

forcing pattern related to the multidecadal-scale change.

Section 5 presents a summary and discussion.

2. Description of model, experimental setting, and
observational data

a. Model

The ice–ocean coupled model used in this study is the

Center for Climate System Research Ocean Component

Model coupled with a sea ice model (COCO v3.4)

(Hasumi 2006). The settings used for the model simula-

tion are identical to those of Uchimoto et al. (2011, 2014),

but with different atmospheric forcing and tidal mixing

parameterization. The ocean model solves the primitive

equation system under Boussinesq and hydrostatic

approximations, and uses a su–z hybrid vertical co-

ordinate with the free surface. The sea ice model is based

on a two-category thickness representation, zero-layer

thermodynamics (Semtner 1976), and dynamics with

elastic-viscous-plastic rheology (Hunke and Dukowicz

1997). There are 51 levels in the vertical direction with

thickness increasing to the deep layers (27 layers from the

surface to 500-m depth), the horizontal resolution is

0.58 3 0.58, and the model domain covers the Okhotsk

Sea and the western subarctic gyre region (Fig. 1a).

The model adopts a third-order advective scheme for

tracer equations. The algorithms for horizontal and ver-

tical advection are UTOPIA (Leonard et al. 1995) and

QUICKEST (Leonard 1979), respectively. The subgrid-

scale mixing due to baroclinic eddies are parameterized

by isopycnal diffusion (Cox 1987) and thickness diffusion

(Gent and McWilliams 1990), with coefficients of 0.1 3
107 cm2 s21 and 0.3 3 107 cm2 s21, respectively. A shear-

dependent viscosity coefficient is used for horizontal

viscosity (Smagorinsky 1963), and for vertical viscosity

and diffusivity a level-2.5 turbulent closure scheme (Noh

andKim 1999) is applied to all layers. Vertical convection

due to unstable stratification is parameterized by the

enhancement of vertical diffusivity.

Sponge layers are applied as boundary conditions

where temperature and salinity are strongly restored to

values of the World Ocean Atlas 2001 (WOA2001)

(Stephens et al. 2002; Boyer et al. 2002) with a 1-day

restoring time at the edge of the model boundary. Sea

FIG. 1. (a) Model topography. Contour interval is 500m for

depths .1000m. (b) Model topography around the Kuril Straits

[rectangular region in (a)]. Shading indicates region where the tidal

mixing parameterization is applied.
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surface height at the boundary is restored to the clima-

tological sea surface height, which is derived from data

of theNorth Pacific governed by the same configurations

as our model, with a 45-min restoring time.

To evaluate the effect of the ventilation induced

through the brine rejection of sea ice formation, the SSS

is not restored to the climatological value in the simu-

lation. It should be noted that the drift of SSS in the

model domain is one order less than the multidecadal-

scale change focused in this study. In regions deeper

than about 2000m, temperature and salinity are restored

to values of the WOA2001 with a 10-day restoring time,

to reduce the spinup time of the abyssal circulation.

To represent the effects of tidal mixing along theKuril

Straits, we increase vertical diffusivity coefficients (Kz).

Since tide-induced diapycnal mixing is essentially im-

portant over the sills of the Kuril Straits (which lie at

depths of several hundred meters; Nakamura and Awaji

2004, Tanaka et al. 2010), we adopt a constant Kz of

20 cm2 s21 in the Kuril Straits from the surface to a depth

of 500m (Fig. 1b). This value is comparable to the dia-

pycnal diffusivity estimate averaged over thewhole area of

theKuril Straits based on a barotropic tidemodel (Tanaka

et al. 2010). To check the sensitivity of Kz adopted in this

study on the model simulation, we conducted simulations

usingKz of 6.7 and 60 cm2 s21 in the Kuril Straits (1/3 and 3

times the standard case, respectively) (Table 1).

b. Experimental setting

The model was first integrated for 50 years from the

initial condition based on the climatological tempera-

ture and salinity of WOA2001, under surface forcing

of the climatological monthly-mean NCEP–NCAR re-

analysis data from 1979 to 2008 (Kalnay et al. 1996). In

the present model, turbulent sensible and latent heat

fluxes were computed using bulk formulas with the

transfer coefficients of Kara et al. (2000), and radiation

fluxes were given as the sum of net solar and longwave

radiation fluxes. Freshwater fluxes were estimated from

the evaporation minus precipitation of the NCEP–

NCAR reanalysis data and the monthly climatology of

river runoff data (Dai and Trenberth 2002).

According to Nakanowatari et al. (2010), NCEP–

NCAR reanalysis reveal a significant warm bias in the

wintertime surface air temperature over the Okhotsk

Sea by;58C before 1979. An examination of the sea ice

extent indicates that there is a significantly larger frac-

tion of open water before 1979 than after this date.

However, this is likely to be related to the deficiency of

sea ice data in the Okhotsk Sea before 1979, as satellite-

derived sea ice concentration data were not available for

this period. The model is therefore interannually forced

from 1979 to 2008 after the initial 50-yr spinup, and the

experiment is hereafter defined as a hindcast experiment.

To evaluate the contribution of each forcing, pertur-

bation experiments were performed in which the inter-

annual variations in atmospheric forcing were restricted

to turbulent heat flux (HEAT), freshwater (precipita-

tion minus evaporation) flux (WFLX), and wind stress

(WSTR) (Table 2). In each experiment, the other at-

mospheric forcings were applied by the monthly mean

climatological value from 1979 to 2008. In the HEAT

experiment, the interannually varied atmospheric vari-

ables were surface air temperature, specific humidity,

and scalar wind used in the bulk formula. In this case, the

wind stress is constant to the climatological monthly

mean. For the WSTR, the scalar wind used for the bulk

formula is constant to the climatological monthly mean.

Although the duration of the hindcast experiment

(1979–2008) is shorter than the period analyzed by

Nakanowatari et al. (2007) (1955–2004), the warming

signal in the Okhotsk Sea has only been remarkable since

the 1970s, and we therefore consider that the period

employed within the study covers the essential time

period. In addition, the duration used for the simulation

covers a somewhat longer period than that of the bidecadal

fluctuation observed in the Okhotsk Sea (Osafune and

Yasuda 2006). It should benoted that the data in 1979were

not used to avoid initial shock of the simulation.

The Amur River has a watershed area comparable to

that of the Okhotsk Sea, and it was thus expected that

river runoff would have a substantial contribution to the

change in freshwater flux. However, a significant change

was not found in the time series of Amur River runoff

from 1980 to 2001 (Tachibana et al. 2008), and thus the

TABLE 1. List of sensitivity experiments.

Experiment

Kz-W One-third of Kz (;6.7 cm s22)

Kz-S Three times Kz (60 cm s22)

WFLX-O Evaporation (OAFlux) and precipitation (CMAP)

TABLE 2. List of perturbation experiments.

Experiment Variables with interannual variations

HEAT Turbulent heat flux

HEAT-T Surface air temperature (in the calculation of

turbulent heat flux)

HEAT-Q Specific humidity (in the calculation of turbulent

heat flux)

HEAT-W Scalar wind (in the calculation of turbulent

heat flux)

WFLX Freshwater flux (precipitation 2 evaporation)

WFLX-P Precipitation

WFLX-E Evaporation

WSTR Wind stress
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effect of interannual variability of river runoff was not

accounted for in our simulation.

Since the freshwater flux are not directly assimilated

in the reanalysis data, the reanalysis precipitation and

evaporation data may contain larger bias compared with

the wind speed and surface air temperature (Kalnay

et al. 1996), although values are qualitatively consistent

(Minobe and Nakanowatari 2002; Serreze et al. 2005).

To assess our simulation based on the reanalysis evap-

oration minus precipitation (E2 P) data, we conducted

the hindcast experiment using the observed E 2 P

products from the OAFlux (Yu and Weller 2007) and

CMAP data in which the reanalysis precipitations were

not incorporated (Xie and Arkin 1997) (Table 1).

c. Observational data

To evaluate the climatological features andmultidecadal-

scale change in the model results, we used the isopycnal

grid dataset produced by Nakanowatari et al. (2007).

This dataset is based on oceanographic observations

archived in the World Ocean Database 2001 (WOD01;

Conkright et al. 2002) and the Japan Oceanographic

Data Center (2003). It is also based on results from the

Japan–Russia–United States international joint study of

theOkhotsk Sea from 1998 to 2004 (Ohshima et al. 2004;

Itoh 2007; Ohshima et al. 2010), and profiling float data

obtained by the international Argo program from 2000

to 2004 (Argo Science Team 2001) (herein referred to as

WOD011).

The quality control and gridded method adopted in

this study is similar to those of earlier studies (Itoh et al.

2003). Hydrographic data at discrete depths, mostly

from bottle samples, were linearly interpolated to 1-m

interval, and then the values of the potential tempera-

ture, salinity, isopycnal layer thickness, and isopycnal

depth were selected at 0.1su intervals from (26.6–27.1)su.

The isopycnal layer thickness is defined here by the dis-

tance between the isopycnal surfaces with densities

0.05su higher and lower than the specified density (i.e.,

h(su)5 z(su 1 0:05)2 z(su 2 0:05), where z is depth.

Before we applied a quality control, we divided all of

the data into two parts, one set for the Okhotsk Sea and

the other for the Pacific Ocean, because the water mass

properties differ considerably between the two oceans.

To perform the quality control check, the data were first

divided into 60-km geographical squares. Within each

geographical bin, the mean and the standard deviation

of the potential temperature, salinity, isopycnal layer

thickness, and depth were calculated. Then, data that

fell outside the 2.5 interval were eliminated. The above

quality check procedure was further performed for

larger geographical bins, specifically by using 200-km

and 400-km geographical squares.

Annual mean climatology was calculated using a

0.258 3 0.258 latitude/longitude grid, with a method sim-

ilar to that of Levitus and Boyer (1994). To calculate a

grid value of the annual mean climatology from the

station data, we used the Gaussian distribution as a

weight function with an e-folding scale of 75 km and an

influence radius of 150 km to resolve regional features in

theOkhotsk Sea and the boundary current. An e-folding

scale of 75 km can be fit to the autocorrelation functions

on each isopycnal bin in and around the Okhotsk Sea

(Itoh et al. 2003). If the number of observations within

the influence radius was less than 5, that grid box was

regarded as having no data. Annual mean anomalies

were gridded using simple averaging of anomalies as the

differences of the observed values from the climatol-

ogies, over a yearly 2.58 3 2.58 grid box from 1970 to

2004. Neither spatial interpolation nor spatial smooth-

ing was applied to the anomaly field.

To validate the simulated temperature variability in

the OSIW, we also used the historical time series of

annual potential temperature on isopycnal surfaces av-

eraged over the Kuril basin, which is defined by the re-

gion deeper than 2000m in the Okhotsk Sea (Fig. 1b),

produced by Uehara et al. (2012, 2014). This time series

are based on hydrographic observations archived in the

Far Eastern Regional Hydrometeorological Research

Institute (FERHRI) database and are available from

1951 to 2006. Since the monthly mean climatological

values were removed before the annual anomalies were

calculated, the effect of seasonal variation is subtracted

in the time series. To evaluate the multidecadal-scale

change of the potential temperature in the OSIW, we

used the time series from 1970 to 2006.

To validate the simulated sea ice production, we used

ice production estimated by a heat budget analysis using

ice concentration, thickness, and drift speed from satellite

observation, and Interim ECMWF Re-Analysis (ERA-

Interim) data (Nihashi et al. 2012) (available from 2003 to

2009 with a spatial resolution of 12.5km). In their study,

ice production rate per unit area (Vi) in the Okhotsk

coastal polynyas is calculated by Vi 5Q/riLf , where Q is

daily heat loss from the sea surface to the atmosphere, ri
(5920kgm23) is the density of ice, andLf (50.334MJkg21)

is the latent heat of fusion for ice. In this calculation,

oceanic heat flux due to the circulation and eddy mixing

is assumed to be negligible, because this method is only

applied to the coastal polynya regions. Sea ice concen-

tration data were derived from theHadleyCentre Sea Ice

and Sea Surface Temperature dataset version 1 (HadISST;

Rayner et al. 2003), and climatological monthly means

were calculated using the period 1979–2008.

The altimeter data derived from the merged products

of monthly mean sea surface height anomaly (SSHA)
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from TOPEX/Poseidon, Jason-1, and European Re-

search Satellite altimeter observations were used for the

representation of the simulated ocean circulation

change. The sea level anomalies are produced by the

French Archiving, Validation, and Interpolation of

Satellite Oceanographic Data (AVISO) project using

the mapping method of Ducet et al. (2000).

3. Climatological features of the model

In this section, we compare climatological fields from

the hindcast data with previous estimates from obser-

vational data, to assess simulated sea ice production, the

water property of the intermediate layer, and ocean

circulation.

a. Sea ice production

Figures 2a and 2b compare spatial patterns of annu-

ally accumulated freshwater flux related to sea ice pro-

duction and/or melting within the observational and

simulated data. For the observational data, the fresh-

water flux related to sea ice melting is calculated with

some assumptions (e.g., constant ice thickness of 0.34m

is made for all melting ice; for details, see Nihashi et al.

2012). The simulated freshwater fluxes related to ice

production (or melting) are calculated from the input of

freshwater from ocean to sea ice (or from sea ice to

ocean). Prominent positive values along the northern and

northwestern shelf are a common feature in both data

sets, indicating that a large amount of sea ice production

in the coastal polynya is qualitatively represented in

the model. The rate of simulated sea ice production over

the northwestern shelf region (the rectangular region

shown in Fig. 2b) is 4.3 3 1011m3 yr21, which is some-

what smaller than the observed estimate of sea ice pro-

duction rate of 6.5 3 1011m3 yr21 (Nihashi et al. 2012).

The model results also show negative values due to sea

ice melting in the southern part of the Okhotsk Sea, al-

though the simulated negative region is located near the

Kuril Strait compared with the observational estimate.

Since the sea ice melts along the sea ice edge region, this

might be related to the difference in the location of sea

ice edge.

Since the sea surface salinity in the northwestern shelf

is also important for the DSW formation, we evaluated

the representation of the simulated SSS. Figures 2e and

2f show the annual means of SSS from the observational

and simulated data. The simulated SSS in the north-

western shelf region is 32–32.5 psu, which is comparable

to the observed SSS. Relatively low SSS along the Sa-

khalin Island and high SSS along the Kamchatka Pen-

insula are qualitatively simulated in the model, although

the SSS is about 0.5 psu lower than the observed one.

On the other hand, the relatively high SSS extending

from the subtropical gyre is not simulated. Since it is

known that the northeastward quasi-steady jet (Isoguchi

et al. 2006) and anticyclonic warm-core rings (Itoh and

Yasuda 2010) have a role in the northward transport of

saline water, such a mesoscale phenomenon may not be

well simulated in this model.

b. Water mass properties

Figures 2c and 2d show spatial patterns of the annually

averaged potential temperature at 26.8su for the ob-

servation and model, respectively. The observed po-

tential temperature shows that the DSW, which is

defined here as a water mass with potential temperature

of less than 08C, is distributed over the northwestern

shelf in the Okhotsk Sea (Fig. 2c). This relatively cold

water extends southward along the western boundary of

the Okhotsk Sea and flows out to the North Pacific

through the Bussol’ Strait. These features are repro-

duced in the simulated potential temperature (Fig. 2d).

On the other hand, the simulated potential temperature

in the eastern part of the Okhotsk Sea is about 18C
warmer than the observational data (Fig. 2d). The fact

that the warm and saline water from the North Pacific

comes through the northern part of the Kuril Straits

from the East Kamchatka Current (EKC;Ohshima et al.

2010) suggests that this warm bias is related to the

overestimate of the EKC inflow transport.

In the western North Pacific, the observed subarctic

front represented by the contour of 38C extends north-

eastward, but the simulated subarctic front extends

eastward (Fig. 2d). In this way, in spite of these geo-

graphical differences between the observed and simu-

lated climatologies of the potential temperature at

isopycnal surface, the cold and freshwater originated

from the DSW and its outflow to the North Pacific are

qualitatively simulated.

c. Isopycnal layer thickness

Since the OSIW is characterized by low potential

vorticity (i.e., volumetric mode water) at the in-

termediate depths, simulated layer thickness at this

isopycnal surfaces is compared with the observed one.

The isopycnal layer thickness is defined here as the two

isopycnal surfaces with a specified density 60.05su.

Figure 3a shows the vertical–meridional section of ob-

served layer thickness along 1488E, where su is used as

the vertical axis. A relatively thick layer corresponding

to the OSIW is found in the intermediate layer [(26.7–

27.0)su], and the maximum layer thickness is found near

the Kuril Straits (458N), implying that vertical mixing by

tidal current locally modifies the water mass structure.

The distribution of simulated layer thickness is similar to
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that of the observed (Fig. 3b), although the core density

of the OSIW is 0.1su heavier than that of observations.

The difference of the isopycnal layer thickness in the

observed and simulated data is confined near the Kuril

Straits (468–488N) and on the isopycnal surfaces lighter

than 26.8su. Therefore, the cause of the density differ-

ence in this region may be related to the insufficient tidal

mixing processes (Nakamura et al. 2000a,b), because we

FIG. 2. (a) Observed and (b) simulated (hindcast) climatologies of the annual freshwater flux (myr21) associated with

sea ice production (positive) and melting (negative). Climatological sea ice concentrations in February are super-

imposed. Contour interval is 10%, 30%, 50%, 70% and 90%. (c)Observed and (d) simulated (hindcast) climatologies of

annually averaged potential temperature (8C) at 26.8s. (e),(f) As in (c),(d), but for sea surface salinity (psu).
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adopt this effect in a simple way [the enhanced temper-

ature–salinity (T–S) vertical diffusive coefficients along

the Kuril Straits]. Since we focus on the potential tem-

perature change in the density range of (26.9–27.1)su [the

densities heavier than the core density of (26.7–26.8)su],

such a difference is not important for our study.

4. Results

a. Simulated warming of potential temperature

We begin by examining the spatial pattern of

multidecadal-scale warming at 27.0su, where the maxi-

mum rate of warming is observed in the Okhotsk Sea

(Itoh 2007). For the evaluation of warming signal, we

calculated the linear trend of potential temperature on

isopycnal surfaces. Since the warming is remarkable since

1970s, we used the WOD011 data from 1970 to 2004 to

show the statistically significant warming signal in the

potential temperature in and around the Okhotsk Sea.

Observed warming trends in this period are statisti-

cally significant along the western part of the Okhotsk

Sea and the western subarctic front as shown by

Nakanowatari et al. (2007) (Fig. 4a). The hindcast ex-

periment shows the significant warming trends along the

Sakhalin Island and thewestern subarctic front, which are

similar to the observed trend patterns (Fig. 4b). On the

other hand, the simulated potential temperature shows

the cooling in the eastern part of the Okhotsk Sea. Since

the climatological potential temperature in this region

is not well simulated (Fig. 2d), this might be related to

the model bias. In addition, the observed warming in the

western subarctic front is slanted to northeast, whereas

the simulated warming is essentially eastward. Despite

these geographical differences between the warming

trends in the simulation and observations, the significant

warming in the OSIW and the western subarctic front are

qualitatively simulated.

Figure 5a compares the observed and simulated ver-

tical profiles of the linear trend in the potential tem-

perature averaged in the westernOkhotsk Sea (regionA

shown in Figs. 4a and 4b) in which the warming trends

are significant in the observation and simulation. The

warming trends calculated from WOD011 data are

0.28–0.38C (30 yr)21 in the density range of (26.8–

27.2)su, and statistically significant at 90% confidence

level. The similar results are also obtained from the

FERHRI dataset. The simulated trends also show the

significant warming in the corresponding density range,

but the absolute values are relatively large at (26.9–

27.0)su, compared with those observed.

Figure 6a shows the time series of the annually aver-

aged potential temperature anomalies averaged over the

western part of the Okhotsk Sea (region A) at 27.0su for

the observed (WOD011 and FERHRI) and hindcast

FIG. 3. The latitudinal cross section of the climatological layer thickness (m) along 1488E derived from the

(a) observation and (b) model. The vertical axis is potential density. The shading indicates the regions where the

thickness is .100m.
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data, where an anomaly is defined as a deviation from the

climatological mean. The observed potential tempera-

ture anomalies in both datasets show the gradual warm-

ing trend since 1970s with decadal fluctuations with

negative anomalies in 1970s and 1990s and positive

anomalies in 1980s and 2000s. The observed anomalies

in the two datasets are highly correlated with each other

(r5 0.84), indicating that these interannual variations are

reliable. The time series of the hindcast data also exhibit

a warming trend and similar decadal fluctuations, but the

warming trend is overestimated and the correlation be-

tween the simulated and observed potential temperature

is not so high (r 5 0.46). This might be partly related to

the unrealistic negative anomaly of the simulated time

series in late 1980s. Osafune and Yasuda (2006) pointed

out that the potential temperature anomaly in this period

is positive from the observational data and suggested the

influence of the 18.6-yr period nodal cycle. Thus, the

absence of the positive anomalymay be related to the fact

that the strength of the tidal mixing is constant in the

hindcast experiment.

In the western subarctic front region (region B in

Figs. 4a,b), the vertical distribution of the observed

linear trend indicates that the potential temperature

has significantly warmed in the entire density range

from 27.2su to 26.7su (Fig. 4b). The warming trend

strengthens with decreasing depth. The simulated warm-

ing trends are within the range of the 90% confidence

interval of the observed warming trends. The time series

of both the observed and simulated potential tempera-

ture averaged over region B shows the gradual warming

since 1970s and the decadal fluctuations with positive

anomalies from 1975 to 1985 and from 1995 to 2000,

and negative anomalies from 1985 to 1995 (Fig. 6b). The

correlation between the simulated and observed poten-

tial temperature anomalies is 0.70 at 27.0su, with no time

lag. On the other hand, the abrupt occurrence of positive

anomalies in 2000 (approximately) is not present in the

hindcast data. This could be related to the inadequate

spatial resolution, which is not fine enough to resolve the

quasi-stationary jet that transports warm waters across

the transition zone from the subtropics to the subarctic

(the strength of the jet is connected to the northward

shift of Kuroshio Extension for 1999–2002) (Isoguchi

et al. 2006). Thus, in spite of some discrepancy between

the observed and simulated variations in the potential

temperature, the warming trends in theOkhotsk Sea and

western subarctic front are qualitatively represented in

this simulation.

We also validate the simulated warming trends in

the Okhotsk Sea and western subarctic front from the

comparison with the sensitivity experiments on the

freshwater fluxes (WFLX-O) and the vertical diffusivity

coefficients (Kz-W and Kz-S; Table 1). Figure 7 shows

the trend map of the potential temperature at 27.0su

from the sensitivity experiments. The significant warm-

ing trends along the Sakhalin Island and the western

subarctic front are represented in these sensitivity ex-

periments, although their magnitudes are somewhat

modified. The vertical distributions of the linear trend

also shows the warming trends in the Okhotsk Sea and

subarctic frontal region, which are significant at 90%

confidence level in the intermediate layer [(26.9–

27.1)su] in these sensitivity experiments (Fig. 8). How-

ever, the warming of the OSIW in the WFLX-O is

;0.28C (30 yr)21 at (26.9–27.0)su, which is about 3 times

less than the original hindcast experiment. This result

suggests that the freshwater flux change in the OSIW

may be overestimated in the hindcast experiment. The

FIG. 4. Linear trendmaps [8C (30 yr)21] in the annually averaged

potential temperature at 27.0su in (a) observed data from 1970 to

2004 and (b) the hindcast experiment from 1980 to 2008. Thewhite-

colored regions in (b) represent water that is lighter than the cor-

responding density. The contour indicates the regions where the

linear trend is significant at 90% confidence level. The significance

of the linear trend estimate is based on a Student’s t distribution.
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warming trends of the OSIW in Kz-S and Kz-W are also

significant at 90% confidence level, indicating that the

sensitivity of the Kz value is not so large on the warming

trend of the OSIW. It is noted that the warming trends of

the subarctic frontal region at (26.9–27.0)su in Kz-S is

smaller than those inKz-W.This result is explained by the

fact that the tidal mixing affects the outflow rate from the

Okhotsk Sea as well as the strengthened ventilation over

the northwestern shelf (Matsuda et al. 2009).

The present model does not include wind stress vari-

ations east of 1808E, and this could be a reason for the

underestimation of the warming trend in the western

subarctic front. However, it should be noted that the

baroclinic Rossby waves excited over the eastern basin

are expected to be damped before reaching the area

considered here, because the dumping time scale for the

first mode baroclinic Rossby waves (;6 yr) is shorter

than the time required for the waves to travel across the

subarctic North Pacific (;15 yr) (Qiu 2002). In addition,

barotropic Rossby waves are blocked by the Emperor

Sea Mounts (Kono and Kawasaki 1997; Ito et al. 2004;

Nonaka et al. 2008).

To check the validity of the above assumption, we

evaluated the representation of the ocean circulation

variability in the simulated data by comparing it with the

altimeter data. For the strength of the East Kamchatka

Current in the western subarctic gyre, we used the EKC

index, which is defined by the difference in SSHA be-

tween the east Kamchatka coast (538N, 1608E) and its

offshore area (508–558N, 1658–1708E), according to

Ohshima et al. (2010). Figure 9 shows the time series of

the annual mean EKC index calculated from the simu-

lation and observations. The simulated data well cap-

tures the interannual variability in the EKC with

remarkable positive anomalies in 2004–05 and negative

anomalies in 1998 and 2006–08. The correlation between

the observed and simulated EKC indexes is 0.78 from

1994 to 2008 and is significant at 99% confidence level

based on the Monte Carlo simulation with a phase

randomization technique generating 1000 surrogate

time series (Kaplan and Glass 1995). This comparison

supports that the interannual variation of the subarctic

gyre is well represented in the model simulation. Thus,

although the effect of the wind stress in the east is not

accounted in our experiment, it is considered meaning-

ful to examine the simulated warming trend in the

western subarctic front, where the simulated potential

temperature is highly correlated with the observed one.

b. Causes of the warming trend

To clarify the causes of the simulated warming trends

in the Okhotsk Sea and the western subarctic front, we

FIG. 5. Linear trends of the annually averaged potential temperature on isopycnal surfaces from the WOD011
(black), FERHRI (gray), and hindcast data (red), averaged over (a) the western part of the Okhotsk Sea (region A)

and (b) the western subarctic North Pacific (region B). The error bars indicate the 90% confidence interval for the

linear trend estimate.
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examined perturbation experiments using turbulent

heat flux (HEAT), freshwater flux (WFLX), and wind

stress (WSTR). Figure 10 shows the linear trend maps of

potential temperature at 27.0su in the perturbation ex-

periments, and it is evident from these that the turbulent

heat and freshwater fluxes cause the warming in the

potential temperature in the Okhotsk Sea (Figs. 10a,b).

The warming trends are seen to be relatively large along

the pathway of the DSW, and a part of the warming

signal extends to the North Pacific via the Bussol’ Strait.

In contrast, however, the wind stress variation causes

a cooling trend in the OSIW (Fig. 10c).

Figure 11a shows the time series of the annual mean of

potential temperature anomalies averaged over the

western part of the Okhotsk Sea at 27.0su for pertur-

bation experiments. The potential temperature anoma-

lies in the HEAT experiment are characterized by the

gradual increase trend with the decadal fluctuations with

negative anomalies in 1980s and 2000s and the positive

anomalies in 1990s. The warming trend in the WFLX is

related to the multidecadal variability with the negative

anomalies from 1980s to 1990s and the positive anom-

alies in 2000s. On the other hand, the cooling trend in the

WSTR experiment is marked by a significant negative

anomaly in late 2000s. Thus, the positive anomaly of the

FIG. 6. Time series of the annual mean of potential temperature

anomalies averaged over (a) the southern part of the Okhotsk Sea

(region A) and (b) the western subarctic North Pacific (region B),

at 27.0su for the WOD011 (black circles), FERHRI (gray line),

and hindcast data (red line). Linear regressions of the annual time

series are indicated by dashed lines.

FIG. 7. As in Fig. 4b, but for the sensitivity experiments of

(a) WFLX-O, (b) Kz-W, and (c) Kz-S.
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simulated potential temperature in OSIW since 2000

(Fig. 6a) cannot be explained only by the heat and wind

stress change.

In the subarctic frontal region, all of the turbulent heat

flux, freshwater flux, and wind stress forcings positively

contribute to the warming trend at 27.0su (Fig. 10). In

particular, the warming trend in the WSTR is largest in

these experiments and extends eastward from the Kuril

Strait. The time series of the potential temperature

anomalies averaged over the subarctic frontal region

indicate that the warming trend in the WSTR is evident

for the simulation period (Fig. 11b). For the HEAT and

WFLX experiments, the potential temperature varia-

tions in the subarctic region are similar to those in the

Okhotsk Sea, although the former lags the latter by 2 or

3 yr (Fig. 11b). These results imply that the potential

temperature anomaly in the OSIW is advected to the

subarctic region along the isopycnal surface.

The linear trend of the potential temperature at

27.0su for the residual components, which is the differ-

ence between the hindcast data minus the sum of the

HEAT, WSTR, and WFLX experiments, partly con-

tributes to the warming trend within the Okhotsk Sea

with 0.18–0.28C (30 yr)21, although the signal is rela-

tively smaller than the HEAT, WSTR, and WFLX ex-

periments (Fig. 10d). This may be related to the

nonlinear effects of isopycnal mixing processes between

the perturbed forcings. In fact, the relatively large signal

is found in the regions where the lateral gradient of the

climatological potential temperature is relatively large

(Fig. 2d). Thus, the warming trends seen in the hindcast

experiment can be essentially explained by the turbulent

heat and freshwater fluxes, and the wind stress; the

nonlinear effects between these fluxes (and other fluxes)

are not essential for the warming trend in the interme-

diate water temperature.

FIG. 8. As in Fig. 6, but for the annually averaged potential temperature on isopycnal surfaces from the hindcast data

(black), the WFLX-O (red), Kz-W (blue), and Kz-S (green).

FIG. 9. Time series of the annual mean of EKC index, which is

the difference in SSHA between the east Kamchatka coast (538N,

1608E) and the offshore area (508–558N, 1658–1708E) from the al-

timeter data (gray) and simulated data (black). The positive

anomaly means that the EKC is enhanced relative to the climato-

logical value.
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c. Processes responsible for trends: Heat budget
analysis

The perturbation experiments show the contributions

of turbulent heat and freshwater fluxes, and of wind

stress to the warming trends in the Okhotsk Sea and the

western subarctic front. In this section, we examine the

potential temperature tendency and the related advec-

tion and diffusion terms on the isopycnal surface of

27.0su to clarify the physical mechanism of the in-

terannual variation forced by each forcing. The poten-

tial temperature tendency at the isopycnal surface is

given by

›ujs
›t

5ADV1MIX, (1)

where ujs is potential temperature on the isopycnal

surface, ADV represents heat flux convergence owing to

large-scale flow, and MIX represents heat flux conver-

gence owing to mixing processes that include effects of

subgrid-scale eddies, and isopycnal and diapycnal mix-

ing. We calculated each term on the right-hand side

of Eq. (1), and then interpolate it onto the isopycnal

surface. Each term in Eq. (1) is regressed onto the time

series of annually averaged potential temperature av-

eraged over regions A and B. We examined the heat

budget in the HEAT, WFLX, and WSTR experiments

for the Okhotsk Sea (region A). On the other hand, for

the subarctic frontal region (region B), we investigate

the heat budget only in the WSTR experiment, because

it is apparent that the warming signal is advected from

the Okhotsk Sea in the HEAT and WFLX experiments

(Figs. 6a,b).

1) HEAT EXPERIMENT

Figure 12a shows the lagged regressions of annually

averaged temperature tendency and the related heat

flux convergences onto the potential temperature aver-

aged over the western part of the Okhotsk Sea (region

A). Figure 12a indicates that the lag regressions of the

temperature tendency reach a maximum at lag 21 to

22 yr. Since the temperature tendency is in phase with

the ADV term, the ADV term is highly related to the

development of temperature tendency. On the other

hand, the regressions of the MIX term are small com-

pared with those of the ADV term in the Okhotsk Sea

FIG. 10. Linear trends [8C (30 yr)21, colors] in annually averaged potential temperature at 27.0su, calculated from

the (a) HEAT, (b) WSTR, (c) WFLX experiments, and (d) the residual component (the hindcast minus the sum of

the HEAT, WSTR, and WFLX experiments). The white regions represent areas where water is lighter than 27.0su.
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(region A). The regression map of the ADV term at

21-yr lag (Fig. 13a) shows that the positive regression

of the ADV term is closely confined to the western part

of the Okhotsk Sea. Furthermore, these positive re-

gressions of the ADV term are related to the northward

heat flux anomalies. These results suggest that the

warming trend in the western part of the Okhotsk Sea in

the HEAT experiment is caused by an increase in the

advective heat flux convergence related to the weaken-

ing of cold DSW transport from the northwestern shelf.

To investigate the cause of the decrease in the DSW

transport, we estimated the trend of sea ice production,

because only the turbulent heat flux was varied inter-

annually in the HEAT experiment. The sea ice pro-

duction in this experiment showed a significant negative

trend of 20.63 3 1011m3 (30 yr)21 (Fig. 14a), with

a relatively large rate of decrease in March. To evaluate

the contribution of each thermodynamic parameter

used in the turbulent heat flux calculation to the de-

crease in sea ice production, we conducted perturbation

experiments in which only surface air temperature

(HEAT-T), specific humidity (HEAT-Q), and wind

speed (HEAT-W) were varied interannually (Table 1).

The linear trends of sea ice production over the north-

western shelf in HEAT-T, HEAT-Q, and HEAT-W are

20.66, 20.14, and 0.16 3 1011m3 (30 yr)21, respectively

(Fig. 14a). Accordingly, a warming of atmospheric

temperature accounts for most of the decrease in sea ice

production.

2) WFLX EXPERIMENT

The potential temperature change in the Okhotsk Sea

forced by the freshwater flux can be explained by the

lateral advection in a similar manner to the HEAT ex-

periment. The lagged regressions of the temperature

tendency are positive at lag of 21 to 25 yr, and are

FIG. 11. Time series of the annual mean of potential temperature

anomalies at 27.0su over (a) the western part of the Okhotsk Sea

(region A) and (b) the subarctic frontal region (region B), derived

from perturbation experiments (HEAT, WFLX, and WSTR) and

the residual component (the hindcast experiment minus the sum of

the perturbation experiments).
FIG. 12. Lagged regression of annually averaged tendency for the

potential temperature (circles) and the convergence of the heat

fluxes by large-scale flow (ADV, triangles) and mixing processes

(MIX, squares) onto the time series of the potential temperature at

27.0su averaged over the western part of the Okhotsk Sea (region

A) in the (a) HEAT, (b) WFLX, and (c) WSTR experiments. The

negative values of lag time mean that the tendency leads the po-

tential temperature.

15 JANUARY 2015 NAKANOWATAR I ET AL . 727



almost in phase with those of the ADV term (Fig. 12b),

although the peak is not found due to its low-frequency

characteristics (Fig. 11a). The regression map of the

ADV term at 21-yr lag (Fig. 13b) shows that the posi-

tive regression of the ADV term along the western part

of the Okhotsk Sea is related to the northward heat flux

anomalies, suggesting that the warming trend is caused

by an increase in the advective heat flux convergence

related to the weakened DSW transport from the

northwestern shelf.

In the WFLX experiment, the flux decrease in the

DSW flux is achieved through SSS, by a change in the

surface freshwater flux. The linear trend for the monthly

SSS over the northwestern shelf region (Fig. 14b) indicates

a decrease in SSS throughout the year, although the nega-

tive trend is somewhat large around May and November–

December.Additional perturbation experiments in relation

FIG. 13. Lag21 yr regressionmaps of annually averagedheat fluxes

(vectors, 8Cm23 yr21) and their convergence (color shades with pos-

itive values, 8Cyr21) by large-scale flow (ADV) onto the potential

temperature at 27.0su averaged over the western part of the Okhotsk

Sea (region A), calculated from the (a) HEAT, (b) WFLX, and

(c)WSTR experiments. The vertical component of the heat flux is not

shown. In (c), the signs of the regression coefficients are inverted. The

white regions represent areas with water lighter than 26.9su.

FIG. 14. (a) Linear trends [31011m3 (30 yr)21] in the annual and

monthly sea ice production in the HEAT (gray bars), HEAT-T

(circles), HEAT-Q (triangles), and HEAT-W (squares) experi-

ments. Sea ice production is integrated over the northwestern shelf

region (548–608N, 1378–1508E). (b) Linear trends [psu (30 yr)21] in

monthly sea surface salinity over the northwestern shelf region in

the: WFLX (gray bars); WFLX-P (circles); and WFLX-E (tri-

angles) experiments.
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to precipitation (WFLX-P) and evaporation (WFLX-E)

show that the SSS reduction over the northwestern shelf

region is largely related to an increase in precipitation

(Fig. 14b).

3) WSTR EXPERIMENT

In the Okhotsk Sea, the temperature tendency is also

approximately explained by the ADV term (Fig. 12c).

The regression map of the ADV term at lag 21 yr

(Fig. 13c) shows that the positive regression along the

western part of the Okhotsk Sea is related to the north-

ward heat flux anomalies. Since the potential tempera-

ture has decreased in the WSTR experiment, this result

suggests that the cooling trend is caused mainly by the

decrease in the advective heat flux convergence related

to the strengthened DSW transport from the north-

western shelf.

In the western subarctic front, the heat budget is also

dominated by the ADV term (Fig. 15). The regression

map of the ADV term at lag 21 yr (Fig. 16) shows that

the positive regression zonally extends eastward along

458N, which corresponds to the warming trend in the

subarctic region (Fig. 10c). This positive regression is

related to the northeastward anomalies of advective heat

flux around 438N, 1478–1508E. Since this region corre-

sponds to the wind-driven gyre boundary between the

subarctic and subtropical gyre, it is suggested that the

warming trend along the subarctic frontal region is

caused by the increase in the subtropical water transport.

Since the temperature tendency in the Sea of Okhotsk

and subarctic frontal region are approximately explained

mostly by the ADV term associated with the large-scale

flow (Figs. 12c and 15), the relationship between the

changes in the advective heat flux and large-scale ocean

circulation was briefly examined using barotropic trans-

port streamfunction (C) defined as follows:

C5

ðy
y
N

U dy , (2)

where U is the zonal component of vertically integrated

volume transport, yN is the northern boundary of the

model domain. Thus,C is nondivergent and approximately

the streamfunction of geostrophic transport in the basin.

Figure 17a shows the climatology of annually aver-

aged C in the WSTR. The cyclonic circulations are

dominant in the Okhotsk Sea and in the western sub-

arctic North Pacific. In addition, the simulated water

FIG. 15. As in Fig. 12, but for the subarctic frontal region in the

WSTR experiment.

FIG. 16. As in Fig. 13, but for region B, calculated from the WSTR experiment.
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exchange between the Okhotsk Sea and the North Pa-

cific occurs through inflow from the Pacific via the

Kruzenshtern Strait, and outflow from the Okhotsk Sea

via the Bussol’ Strait; this is in agreement with sugges-

tions from observations (Ohshima et al. 2010).

The trend map of annually averaged C reveals

a strengthening of the cyclonic circulation in the

Okhotsk Sea (Fig. 17b). Since the climatological po-

tential temperature along the Sakhalin Island is rela-

tively cold in the northern part (Fig. 2d), it is considered

that the decrease in the advective heat flux convergence

in the corresponding density is caused by both

a strengthened southward transport anomaly and an

increase in DSW density, which is related to the en-

hanced northward transport of the saline water from the

Pacific (Matsuda et al. 2009). On the other hand, the

trend of C in the western subarctic gyre (Fig. 17b) in-

dicates that the increase in the subtropical water trans-

port is related to the northward trend around 438N,

1478–1508E associated with the positive trend in sub-

arctic gyre. We also looked at the northward shift of the

subarctic front as this could also form a zonal pattern of

FIG. 17. (a) Climatology (Sv), and (b) linear trend [Sv (30 yr)21] of annually averagedC in the

WSTR experiment. The contour interval is 2 Sv and 0.5Sv (30 yr)21 in (a) and (b), respectively.

Negative values indicate cyclonic circulation. The light (dense) shading indicates positive

(negative) values larger (less) than 2 Sv and 0.5 Sv (30 yr)21 in (a) and (b), respectively.
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the increased potential temperature. However, the

simulated front moves southward by about 0.18 latitude,
which is opposite sense to the warming trend. The effect

of the meridional shift on the warming trend is thus

considered to be negligible.

There is a seasonal dependence on the ocean circu-

lation changes responsible for the cooling in the

Okhotsk Sea and the warming in the western subarctic

North Pacific. Figure 18 shows the linear trend in the

monthly mean C in the Okhotsk Sea (538N, 1478E) and
the western subarctic North Pacific (478N, 1558E). The
ocean circulation in the Okhotsk Sea is strengthened

with maximum peaks in early (November) and late

(March) winter (Fig. 18a), and in contrast there is a large

weakening of the ocean circulation in the western sub-

arctic North Pacific in early and late winter (Fig. 18b). It

is thus evident that the winter season is the key season

for the cooling in the Sea of Okhotsk and warming in the

subarctic frontal region simulated inWSTR experiment,

and this is in agreement with the results from the HEAT

and WFLX experiments.

d. Atmospheric forcing pattern related to the trend

Analysis of the perturbation experiments has shown

that 1) turbulent heat flux causes warming through a

decrease in sea ice production, 2) freshwater flux (P2E)

causes warming through a decrease in SSS, and 3) wind

stress causes cooling in the Okhotsk Sea and warming in

the subarctic region through the wind-driven circulation

change. In this section we investigate the changes in

atmospheric conditions responsible for these changes

(i.e., changes in surface air temperature, precipitation,

and wind stress curl), and the related atmospheric cir-

culation patterns. Since the trends revealed by the

HEAT, WFLX, and WSTR experiments are large in

early and late winter, we focus on the trend patterns of

atmospheric conditions in March (the trend patterns in

November are similar to those in March).

Figures 19a and 19b show the trendmaps of surface air

temperature and precipitation in late winter (March).

The positive trend of surface air temperature and pre-

cipitation is seen to be significant over the Okhotsk Sea,

as is consistent with the results of the HEAT-T and

WFLX-P experiments. It is noted that the maximum of

the positive trend in air temperature over the central

part of theOkhotsk Sea is partly related to the reduction

in sea ice; this is evident because the sea ice cover acts as

an insulator obstructing the heat fluxes between the

ocean and atmosphere (Inoue et al. 2003). The wind

stress curl inMarch is also significantly strengthened and

weakened in the Okhotsk Sea and the subarctic North

Pacific, respectively (Fig. 19c). Thus, the strengthened

wind stress curl over the Okhotsk Sea enhances the

cyclonic circulation and results in the increase in the

DSW flux. On the other hand, the weakened wind stress

curl over the North Pacific suppresses the subarctic gyre

and resulted in the enhancement of the northward flux

of the subtropical water.

Figure 19d shows the linear trends of sea level pres-

sure in late winter (March). Significant positive and

negative trends are found over the North Pacific and far

eastern Eurasia, respectively, suggesting that the trend

patterns of atmospheric conditions are related to the

weakened Siberian high (SH) and the Aleutian low

(AL) in late winter. Similar trend patterns of the

weakenedAL are also found in November, although the

weakening trend in SH is obscure (not shown). It is thus

suggested that these trend patterns are related to

a shortened period of the East Asian winter monsoon.

Such atmospheric patterns are also simulated in a cou-

pled atmosphere–ocean general circulation model sim-

ulation under the global warming scenario (Hori and

Ueda 2006). It is therefore considered that the trend

patterns of these atmospheric conditions, and the

FIG. 18. Linear trends [psu (30 yr)21] in monthly C in (a) the

cyclonic circulation in the Okhotsk Sea (538N, 1478E) and (b) the

western subarctic gyre (478N, 1558E) in the WSTR experiment.
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related warming of the intermediate water, are expected

to accelerate in the future.

However, the strength of the Aleutian low in spring

has an interdecadal fluctuation on a 50- to 70-yr time

scale, which is associated with the Pacific decadal oscil-

lation (PDO) (Minobe 2000). Since the period of our

simulation (1980–2008) corresponds to the weak phase

of the Aleutian low (Bond et al. 2003), the PDO may

partly contribute to the atmospheric condition trend

patterns in the subarctic North Pacific, and the warming

trend of the intermediate water in the Okhotsk Sea.

Since it is difficult to evaluate the quantitative effects of

global warming and the PDO on the warming trend by

use of the present reanalysis data, such a study is con-

sidered to be future work.

5. Summary and discussion

Using an ice–ocean coupled model we evaluated the

effects of interannual variability of atmospheric forcing

on the multidecadal-scale warming in and around the

Okhotsk Sea during 1980–2008 and explored the possi-

ble mechanisms. The hindcast experiment qualitatively

simulates the observed warming of the intermediate

water in and around the Okhotsk Sea. The significant

warming trend is seen to be remarkable in the western

part of the Okhotsk Sea and the subarctic frontal region

on the isopycnal surfaces of (26.9–27.1)su. These sig-

nificant warming trends are also simulated by several

sensitivity experiments on the freshwater fluxes and

tidal mixing parameters.

The roles of sea ice production, freshening due to

freshwater flux, and wind-driven ocean circulation on

the warming signal on the isopycnal surface of 27.0su

were examined based on a set of model experiments

with artificial perturbations in surface fluxes, by sepa-

rately imposing interannual variations of turbulent heat

flux (HEAT), freshwater flux (WFLX), and wind stress

(WSTR), respectively. The comparison between the

three perturbation experiments indicates that surface

heat and freshwater fluxes contribute positively to the

warming of intermediate water in the Okhotsk Sea

(OSIW), whereas the wind stress contributes negatively.

The warming of the OSIW can be explained by the su-

perposition of these temperature variations.

A heat budget analysis indicates that the warming of

the OSIW induced by the turbulent heat and surface

freshwater fluxes is mostly explained by a decrease in

DSW flux. Additional perturbation experiments on the

turbulent heat flux suggest that the warming of the sur-

face air temperature is responsible for the decrease in

sea ice production, which results in a decrease in the

production of DSW. This supports the previous hy-

pothesis of Nakanowatari et al. (2007) and is consistent

with the recent study by Kashiwase et al. (2014), who

indicated that the negative trend of sea ice production

estimated from heat flux calculations using satellite-

based ice thickness and atmospheric reanalysis data is

mainly explained by the warming of autumn air tem-

perature in the northwest of the Okhotsk Sea.

The present simulation suggests that surface fresh-

water flux, particularly precipitation, has a substantial

FIG. 19. Linear trends in: (a) surface air temperature [8C
(30 yr)21], (b) precipitation [mm (30 yr)21], (c) wind stress curl

[31027Nm23 (30 yr)21], and (d) sea level pressure [hPa (30 yr)21]

in March, as calculated from NCEP–NCAR reanalysis data during

the period 1980 to 2008. Shading indicates regions where trends are

significant at the 95% confidence level, based on the t test.
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impact on the warming of the OSIW through the

freshening of the surface water, which then leads to

a decrease in the DSW flux. Since the warming on the

isopycnal surface is translated to a salination signal due

to the surrounding T–S curve, this result is inconsistent

with the hypothesis by Wong et al. (1999, 2001), who

suggest that fresher surface water feeds to the ventila-

tion regions such as Okhotsk Sea and their signals are

advected along the formation pathway for NPIW. Thus,

it is suggested that the recent freshening in NPIW is not

directly related to the modified OSIW. Since the fresh-

water flux change in the OSIWmay be overestimated in

the hindcast experiment, further quantitative evalua-

tions of the change in the freshwater flux over the polar

region are needed for the precise contribution on the

change in the intermediate water property.

Our numerical experiments also suggest that wind

stress has a role in cooling the OSIW through an in-

crease in the DSW. Among previous studies, Matsuda

et al. (2009) suggested that the stronger wind-driven

circulation in the Okhotsk Sea leads to an enhancement

of the DSW flux, through both an increase in DSW

density caused by the northward transport of the saline

water from the Pacific and an increase in DSW transport

from the shelf to the interior. Our study suggests that

these processes substantially affect the water properties

in the Okhotsk Sea on multidecadal time scale.

On the other hand, the change in wind-driven ocean

circulation makes a substantial contribution to the

warming of the western subarctic North Pacific, al-

though the effects of advection of the warmed OSIW

caused by the turbulent heat and freshwater fluxes are

not negligible. The analysis of ocean heat content

demonstrates that the warming trend in the western

subarctic North Pacific is caused by the increase in the

northward transport of the subtropical water. However,

it is possible that the supply of warmed OSIW to this

region has been underestimated, because the tempera-

ture and salinity are restored to the climatological value

near the southern boundary in our experiment. A fur-

ther examination using a global model simulation is

needed to clarify the effects of the thermohaline- or

wind-driven processes on the warming trend in the

North Pacific.
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