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A B S T R A C T   

In the Oyashio region, remarkable climatic signals are observed in biogeochemical parameters such as phosphate 
(PO4) concentration and debate continues regarding possible causes. Using a regional ice–ocean coupled model 
with a simple biogeochemical cycle, this study investigated the mechanisms controlling interannual–decadal 
variations in surface PO4 in the Oyashio region and their relationships to climate change. Hindcast experiments 
forced with atmospheric reanalysis data for 1980–2010 and 18.6-year tidal mixing strength in the Kuril Straits 
qualitatively simulated interannual–decadal variations of surface PO4, including a realistic seasonal cycle. 
Interannual fluctuations of simulated PO4 in the Oyashio region are prominent in winter and characterized by 
year-to-year variability. Budget analysis of PO4 in the mixed layer showed that the wintertime increase in PO4 is 
caused by lateral advection as well as by local vertical convection. The geostrophic current variability respon-
sible for lateral advection of PO4 is related primarily to the barotropic response of arrested topographic waves in 
the Sea of Okhotsk as well as the wind-driven gyre in the North Pacific, both of which are regulated by the 
strength of the wintertime monsoon atmospheric pattern. On a decadal timescale (>7 years), temporal variations 
of surface PO4 in the Oyashio region are characterized by decadal-scale fluctuation with positive (negative) peaks 
around 1985, 1995, and 2005 (1990 and 2000). A series of sensitivity experiments demonstrated that the decadal 
variability of PO4 is largely explained by atmospheric wind conditions; however, modulation by 18.6-year tidal 
mixing is not negligible. Diagnostic analysis of wind-forced-experiment data revealed that the decadal PO4 signal 
is advected from the Sea of Okhotsk, where 8-year leading wintertime Ekman upwelling supplies PO4-rich water 
in the northern shelf region, and that the responsible atmospheric circulation is related to the West Pacific 
pattern. Our model simulation suggests that the wintertime wind-driven current system in the Sea of Okhotsk is 
important to the system feeding surface nutrients into the Oyashio region on an interannual–decadal timescale.   

1. Introduction 

The Oyashio is the western boundary current of the subarctic gyre in 
the North Pacific extending from the Kuril Straits to the east coast of the 
island of Hokkaido, Japan. Oyashio water is characterized as cold, low- 
salinity, and nutrient-rich water that is distinguishable from the rela-
tively warm and more saline water of the East Kamchatka Current up-
stream. The Oyashio current intrudes southward along the offshore 
region of Hokkaido (hereafter, called the Oyashio region), where 

massive diatom blooms occur every spring (Kasai et al., 1997; Chiba 
et al., 2004; Tadokoro et al., 2005; Tsuda et al., 2005; Okamoto et al., 
2010; Suzuki et al., 2011). Considerable primary production in the 
Oyashio region leads to substantial biological drawdown of pCO2 
(Takahashi et al., 2002; Nosaka et al., 2017) and supports the abundant 
fishery resources (Taniguchi, 1999; Sakurai, 2007). Therefore, 
comprehension of the mechanism of nutrient fluctuation in the Oyashio 
region is important for future projections of the climate and marine 
ecosystems. 
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The Oyashio region is also characterized by high-nutrient low-chlo-
rophyll (HNLC) regions where dissolved Fe (dFe) limits phytoplankton 
growth (Tsuda et al., 2003; Harrison et al., 2004). The main sources of 
dFe in the Oyashio region are considered to be atmospheric dust derived 
from the Eurasian continent (Duce and Tindale, 1991; Mahowald et al., 
2005; Measures et al., 2005) and oceanic flux from the continental shelf 
of the Sea of Okhotsk (Nishioka et al., 2007, 2013). Multiyear hydro-
graphic observations along the A-line off the southeastern coast of 
Hokkaido have revealed a remarkable seasonal cycle in surface dFe that 
has a maximum value in winter, which is accompanied by deepening of 
the mixed-layer depth (MLD) (Nishioka et al., 2011). Observations have 
also shown that surface water in the Oyashio region in winter has a dFe/ 
NO3 ratio (0.036) that is substantially higher than in other HNLC re-
gions. This is related to the influence of advection of Fe-rich water in the 
intermediate layer from the Sea of Okhotsk and to strong winter mixing, 
which reaches to the top of the intermediate water. The higher dFe/NO3 
ratio is caused by external Fe input from the shelf of the Sea of Okhotsk, 
and it is decoupled from the internal nutrient cycle. These results suggest 
that treatment of the dFe cycle is necessary when considering material 
cycles in the Oyashio region. 

In the Oyashio region, remarkable decadal variability of phosphate 
(PO4) has been reported based on long-term hydrographic data (Ono 
et al., 2001, 2002), and a modulating influence by 18.6-year tidal mixing 
in the Kuril Straits has been proposed (Tadokoro et al., 2009). In the 
Kuril Straits, subinertial, strong diurnal tidal currents generate both 
topographically trapped waves (Tanaka et al., 2010) and internal lee 
waves over shallow sills (Nakamura and Awaji, 2004), which lead to 
substantial vertical mixing. These tidal mixing processes have important 
roles in both the formation of low potential vorticity water for the North 
Pacific intermediate water (Talley, 1991) and the material circulations 
from the surface to deeper layers (Wong et al., 1998). Osafune and 
Yasuda (2006) argued that the decadal variation in intermediate-water 
properties in the Sea of Okhotsk is controlled by the formation rate of 
dense shelf water (DSW), which is influenced by the salinity flux 
attributable to tidally induced vertical mixing in the Kuril Straits 
(Nakamura et al., 2006). Therefore, the 18.6-year tidal mixing in the 
Kuril Straits also changes the nutrient flux at the surface, which leads to 
modification of nutrients in the downstream Oyashio region. 

There is a possibility that climate change also has substantial impact 
on material transport in the Oyashio region on interannual–decadal 
timescales. Ito et al. (2004) investigated Oyashio transport in terms of 
the barotropic response to change of the wind-driven gyre circulation 
and found that year-to-year variability could be partly explained by the 
time-varying Sverdrup transport. Moreover, the coastal Oyashio, which 
is a coastally trapped barotropic current formed along the southeastern 
coast of Hokkaido in winter and spring (e.g., Kono et al., 2004), is also a 
possible cause of material transport. Nakanowatari and Ohshima (2014) 
highlighted that interannual variability of sea level near the Pacific coast 
of Hokkaido is controlled by arrested topographic waves (ATWs) 
induced by wind stress in the Sea of Okhotsk (Csanady, 1978). Yasunaka 
et al. (2016) examined the long-term variability of macronutrients in the 
subarctic North Pacific based on a newly developed nutrient dataset 
(1961–2012). They suggested that decadal fluctuation of surface nutri-
ents in the subarctic North Pacific is influenced by deepening of the MLD 
and local advection related to large-scale atmospheric patterns such as 
the Pacific Decadal Oscillation (PDO). Similar to the physical mecha-
nisms controlling macronutrients on interannual–decadal timescales, 
the influences of tidal mixing strength and climate change have been 
investigated based on statistical analyses of historical oceanographic 
observations. However, the effects of these influences on inter-
annual–decadal variability of macronutrients in the Oyashio region have 
not yet been quantified. 

Recently, using a regional ice–ocean model (Uchimoto et al., 2011, 
Nakanowatari et al., 2015) coupled with a biogeochemical model of PO4 
and dFe cycles (Parekh et al., 2005), Nakanowatari et al. (2017) 
reproduced the geographical and vertical distributions of surface PO4 

and dFe in the western subarctic North Pacific (i.e., an HNLC region). In 
this model, seasonal variation of dFe in the Oyashio region is simulated 
qualitatively, and its essential mechanism was found related to the 
southward western boundary current of the subarctic gyre and outflow 
from the Sea of Okhotsk, as well as to vertical entrainment, as reported 
by Nishioka et al. (2011). Their studies focused mainly on seasonal 
variation of dFe concentration in the Oyashio region, and thus the 
interannual variabilities of material cycles and their relation to climate 
change were not addressed. The satisfactory reproducibility of the 
climatological dFe and PO4 distributions, and the implementation of the 
tidal mixing process in the Kuril Straits, motivated us to adopt this model 
for quantitative evaluation of the influence of 18.6-year tidal mixing and 
climate change on interannual–decadal variability of nutrients in the 
Oyashio region. 

In this study, to evaluate the effects of climate change and 18.6-year 
tidal mixing on surface PO4 in the Oyashio region on inter-
annual–decadal timescales, we conducted hindcast and sensitivity ex-
periments using an ice–ocean model coupled with a biogeochemical 
model, developed by Nakanowatari et al. (2017), with realistic atmo-
spheric boundary conditions and 18.6-year tidal mixing fluctuations. On 
the interannual timescale, we focused on interannual variability of PO4 
in winter and evaluated the influence of wind-driven ocean current 
variability (i.e., Oyashio and coastal Oyashio variability). On the 
decadal timescale, we focused on the roles of climate change and 18.6- 
year tidal mixing fluctuations. 

2. Data and methods 

2.1. Model configuration 

The physical–biogeochemical coupled model used in this study is 
based on a regional ocean general circulation model of the western 
subarctic North Pacific, which includes the Sea of Okhotsk (Uchimoto 
et al., 2011, 2014; Nakanowatari et al., 2015), coupled with a biogeo-
chemical model with Fe cycles (Parekh et al., 2005). The physical model 
used in this study is based on the Center for Climate System Research 
Ocean Component Model (COCO ver. 3.4) coupled with a sea ice model 
(Hasumi, 2006). The ocean model solves the primitive-equation system 
under Boussinesq and hydrostatic approximations and uses a σ–z hybrid 
vertical coordinate with a 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 direc-
tion with thickness increasing progressively for the deeper layers (i.e., 
27 layers from the surface to 500 m depth), the horizontal resolution is 
0.5◦ × 0.5◦, and the model domain covers the Sea of Okhotsk and the 
western subarctic gyre (Fig. 1a). In this model, the major components of 
the Kuril Straits such as the Bussol’ Straits and Kruzenshtern Straits are 
represented, as shown in Fig. 1b. 

To represent the effects of tidal mixing along the Kuril Straits, the 
increment of the vertical diffusivity coefficient (Kz) is applied artificially 
to the Kuril Straits (Fig. 1a) in accordance with the manner described by 
Uchimoto et al. (2014), where the maximum value of Kz is at the bottom 
(500 cm2/s) and it decreases gradually in shallower depths. This vertical 
profile of the parameterized Kz reflects that diapycnal mixing processes 
are related to the breaking of internal lee waves (Nakamura and Awaji, 
2004) and the dissipation of topographically trapped waves near sills 
(Tanaka et al., 2010). The lateral boundary conditions for temperature 
and salinity are based on monthly mean climatological values from the 
World Ocean Atlas 2001 (WOA2001) (Boyer et al., 2002; Stephens et al., 
2002), and sea surface height (SSH) at the boundary is also restored to 
the climatological SSH obtained from the North Pacific model with the 
same configurations as our model. The settings of the numerical model 
scheme and parameters are identical to those of Uchimoto et al. (2014). 
This regional ocean general circulation model can successfully simulate 
the variations of wind-driven and thermohaline circulations on 
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seasonal–decadal timescales (Matsuda et al., 2009; Uchimoto et al., 
2011; Nakanowatari et al., 2015). 

The biogeochemical model includes PO4, dissolved organic phos-
phate (DOP), and dFe cycles (Parekh et al., 2005). In the euphotic zone, 
PO4 and DOP are governed by advection and diffusion terms, with 
source/sink terms related to biological uptake and remineralization. 
Biological uptake of PO4 is formulated by Michaelis–Menten kinetics 
with dFe, PO4, and light limitations. The Fe cycle is governed by 
advection and diffusion terms, with source/sink terms related to bio-
logical uptake and external source terms related to the sediment flux of 
the northwestern shelf in the Sea of Okhotsk and atmospheric dust flux. 
In this model, atmospheric dust flux at the sea surface occurs in the sea 
ice region; therefore, dust accumulated on sea ice (i.e., dFe flux) was 
ignored in this study. Using this ocean general circulation model 
coupled with a biogeochemical model that includes the Fe cycle forced 
by two major sources (i.e., atmospheric dust and the sediment in the 
northwestern shelf), Uchimoto et al. (2014) successfully simulated the 
spatial distribution of dFe concentration in the intermediate water in 
and around the Sea of Okhotsk. 

In this study, we used the biogeochemical model parameters, i.e., 
half-saturation constant for dFe and sediment flux value, adopted by 
Nakanowatari et al. (2017) to reproduce realistic distributions of PO4 
and dFe (i.e., HNLC region) in the western subarctic North Pacific. 
Moreover, we also adopted a modified irradiance condition that indi-
rectly expresses the vertical movement of phytoplankton due to MLD 
deepening in winter (Nakanowatari et al., 2017). A brief description of 

the biogeochemical model including these modifications is given in 
Appendix A. 

Generally, nitrate is used as the limiting macronutrient in the model 
of the subarctic North Pacific ecosystem (e.g., Kawamiya et al., 2000), 
which requires implementation of complex processes of nitrogen fixa-
tion and denitrification. This study focused primarily on the roles of the 
physical processes in the Sea of Okhotsk (i.e., wind-driven coastally 
trapped current, sea ice formation, and tidal mixing). Thus, based on the 
assumption that PO4 behaves in a manner similar to nitrate with a 
constant Redfield ratio, PO4 was used as the limiting macronutrient in 
this model. This approximation appears valid in our model domain (i.e., 
the western subarctic North Pacific) because background levels of PO4 
and nitrate are not depleted before the dFe is exhausted. 

Furthermore, our model constituted a simple nutrient-type biogeo-
chemical model in which the numbers of phytoplankton were not pre-
dicted explicitly; thus, phytoplankton growth and mortality were 
assumed balanced. Consequently, in the bloom season, the rate and 
duration of PO4 uptake in the coastal region appear underestimated and 
overlong, respectively, owing to the simple formulation adopted for the 
uptake rate in this model. Nonetheless, as biological uptake is likely to 
be small in winter, this simple model enabled us to examine the mech-
anism responsible for the timing of the wintertime increase in PO4 in the 
Oyashio region. 

The lateral boundary conditions for PO4 were restored to the 
monthly mean values obtained from the World Ocean Atlas 2009 
(WOA09) (Garcia et al., 2010) in a manner similar to temperature and 
salinity. The lateral boundary conditions of dFe were fixed as constants 
based on observational values (Takata, 2005; Takata et al., 2008; 
Nishioka et al., 2007, 2013) and the results of a biogeochemical model 
simulation (Misumi et al., 2011). 

Surface meteorological parameters were derived from daily mean 
global atmospheric reanalysis products (ERA-Interim), from the Euro-
pean Centre for Medium-Range Weather Forecasts, with 0.75◦ resolu-
tion in both latitude and longitude from 1979 to 2010 (Dee et al., 2011). 
Turbulent and latent heat fluxes were computed using bulk formulas of 
these meteorological components, e.g., 2-m temperature, 2-m dewpoint 
temperature, and absolute 10-m wind speed (Kara et al., 2000). Radia-
tion fluxes were given as the sum of net solar and longwave radiation 
fluxes. Fresh water fluxes were adopted as evaporation minus total 
precipitation derived from ERA-Interim products, but river runoff data 
were fixed to the monthly climatology of observed river discharge (Dai 
and Trenberth, 2002). Wind stress data were derived from surface flux 
outputs of ERA-Interim products. 

Eolian dust flux data were derived from a monthly mean dust 
deposition dataset from 1979 to 2010 (Luo et al., 2003). This dataset was 
produced from the MATCH chemistry transport model coupled with the 
DEAD desert entrainment and deposition model driven by NCEP-NCAR 
reanalysis data. We applied the dFe flux at the sea surface based on the 
assumption that Fe constituted 3.5 wt% of the total dust (wet and dry 
depositions) and that it dissolved instantaneously at the sea surface with 
solubility of 1%. The validity of this assumption has been demonstrated 
by earlier numerical simulations focusing on the distribution of dFe at 
intermediate depth (Uchimoto et al., 2014) and in the surface layer 
(Nakanowatari et al., 2017). 

To account for the influence of the 18.6-year lunar nodal cycle on 
tidal mixing along the Kuril Straits, we artificially applied time- 
dependent vertical diffusivity coefficients (Kz’(t)) of temperature, 
salinity, and biogeochemical tracers to the Kuril Straits, as follows: 

K ′

Z(t) = KZ +KZ × αcos(2π(t − 1969)/18.6 ), (1)  

where α is the nodal modulation factor for all lunar constituents. In this 
study, we set this factor at 0.2, which leads to 20% fluctuation in the 
strength of tracer mixing across the 18.6-year period. The fraction of the 
18.6-year period is determined by the fact that the nodal modulation 
factor of the principal diurnal constituent K1 is ±19% (Pugh, 1987). The 

Fig. 1. (a) Model topography and climatological annual mean of dynamic 
height at the surface (m2/s2) in the model simulation during 1980–2010. Cross 
marks indicate where vertical diffusivity coefficients are enhanced. (b) Model 
topography around the Kuril Straits (rectangular region in panel a) and loca-
tions of individual straits. 
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data sources for the boundary conditions used in this study are sum-
marized in Table 1. 

2.2. Hindcast experiment 

The design of the hindcast experiment was as follows. Initially, the 
ice–ocean coupled model was integrated for 50 years from initial con-
ditions based on the climatological temperature and salinity of 
WOA2001, under surface atmospheric forcing based on daily mean 
climatological ERA Interim data. Based on the physical conditions of the 
final year of spin-up and the climatological PO4 of WOA2009, the 
coupled physical–biogeochemical model was integrated for 27 years 
under the same atmospheric forcing that included eolian dust flux data. 
After completion of the spin-up experiment using the coupled phys-
ical–biogeochemical model, the hindcast experiment was performed 
using historical atmospheric forcing, eolian dust flux, and 18.6-year 
tidal mixing modulation from 1979 to 2010. Analysis of the hindcast 
experiment is based on the results from 1980 to 2010 owing to the 
problem of initial shock in 1979. 

To evaluate the contributions of atmospheric boundary forcing and 
tidal mixing strength to the decadal fluctuation of PO4 in the Oyashio 
region, we additionally performed three perturbation experiments 
(Table 2). In addition to these factors, we also examined the influence of 
eolian dust flux on the decadal variability of PO4 in the Oyashio region 
because there is a possibility that the interannual variability of surface 
dFe flux indirectly affects surface PO4. In the perturbation experiments, 
interannual fluctuations were restricted to atmospheric boundary forc-
ing (ATM), tidal mixing strength (TIDE), and eolian dust flux (DUST); 
the other factors were fixed at monthly mean climatological values from 
1979 to 2010, and the tidal mixing strength was fixed to a constant value 
in both the ATM and the DUST experiments. 

2.3. Observational data 

This study evaluated the climatological features and interannual 
variability of the simulated PO4 including physical variables (tempera-
ture and salinity) in the Oyashio region. To achieve this, we prepared a 
new gridded dataset based on in situ oceanographic observations 
(1965–2008) archived by the World Ocean Database 2013 (WOD13) 
(Boyer et al., 2013), and repeated A-line cross sections for long-term 
monitoring of physical and biochemical parameters in the Oyashio re-
gion and the Kuroshio–Oyashio confluence (1990–2010) obtained by 
the Hokkaido and Tohoku National Fisheries Research Institutes of the 
Japan Fisheries Research and Education Agency (Fig. 2). The A-line 
observations were obtained approximately 5 times per year, including 
January and March. It should be noted that the nutrient samples during 
2009–2010 were derived only from A-line monitoring data. 

The monthly mean climatologies of PO4 and the physical variables 
were calculated at standard depth levels for each 0.5◦ × 0.5◦ grid box 
using a simple distance-weighted method (Levitus and Boyer, 1994). For 
the distance-weighted function, we used weighted averaging with a 
Gaussian window with a half-width of 150 km and an e-folding scale of 
75 km. If fewer than five observations were within the window, the box 
was regarded as having no data. For examination of the interannual 

variability of PO4 and the physical variables, the monthly mean anom-
alies were calculated as the raw value minus the corresponding monthly 
mean climatology, and the calculated anomalies were gridded using 
simple averaging in a monthly 0.5◦ × 0.5◦ grid box. 

To diagnostically examine the dynamical response of the simulated 
current field and its relation to the large-scale atmospheric pattern, we 
used North Pacific ERA-Interim monthly mean sea level pressure (SLP) 
and wind stress data (Dee et al., 2011) to examine the large-scale at-
mospheric pattern related to the variability of the simulated PO4. These 
atmospheric data were also used for calculation of the alongshore vol-
ume transport of the ATW and the Sverdrup transport in the Oyashio 
region (see Section 4). 

To evaluate the interannual variability of the simulated coastal 
Oyashio and first branch of Oyashio current in winter, we used monthly 
mean tide-gauge sea level data at Kushiro station (42◦58′N, 144◦22′E, 
see Fig. 2) derived as part of the Permanent Service for Mean Sea Level 
(Woodworth, 1991). The tide-gauge sea level data reflect the dynamical 
displacement of sea level related to the geostrophic current on the 
continental shelf in winter (Itoh and Ohshima, 2000, Isoda et al., 2003, 
Nakanowatari and Ohshima, 2014), and also the interannual variability 
of the western boundary current of the subarctic gyre, i.e., the first 
branch of the Oyashio (Isoguchi and Kawamura, 2006). As the tide- 
gauge data at Kushiro station show a remarkable trend of increase, we 
removed this linear trend from the time series. 

2.4. Statistical analysis 

In this study, we conducted correlation and regression analyses of the 
simulated data and the representative PO4 time series in the Oyashio 
region to diagnostically examine the physical mechanisms controlling 
PO4 variability. On the decadal timescale, we applied a low-pass filter to 

Table 1 
Physical and biogeochemical conditions applied to the hindcast experiment.  

Interannual variational 
forcing 

Sources Period 

Atmospheric flux ERA-Interim (Dee et al., 2011) Jan 1979 to 
Dec 2010 

Dust deposition flux Wet and dry dust flux estimated from 
NCEP–NCAR reanalysis (Luo et al., 
2003) 

– 

18.6-year cycle in tidal 
mixing strength 

20% of Kz in the Kuril Straits –  

Table 2 
List of perturbation experiments.  

Experiment Wind stress and 
turbulent heat fluxes 

18.6-year tidal 
mixing strength 

Atmospheric 
dust flux 

ATM Interannual change Constant Seasonal cycle 
TIDE Seasonal cycle Interannual change Seasonal cycle 
DUST Seasonal cycle Constant Interannual 

change  

Fig. 2. Spatial distribution of the PO4 profiles from WOD13 (black dots) and A- 
line (blue dots) from 1965 to 2010. The total number of observations at the 
surface are represented by colored shading. The purple triangle indicates the 
location of the tide gauge at Kushiro station. 
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the simulated and observed data to extract the decadal signal, and we 
adopted a nonparametric method based on a Monte Carlo simulation, 
using a phase-randomization technique that generated 1000 surrogate 
time series (Kaplan and Glass, 1995), to estimate the significance of the 
correlation. 

3. Simulated surface water properties and PO4 in the Oyashio 
region 

To evaluate the representation of the Oyashio water mass in a mean 
state, we examined the ocean temperature at 100-m depth, where the 
Oyashio water is defined by temperature of <5 ◦C (Yoshida, 1992; Kono 
and Kawasaki, 1997). The wintertime (DJF) climatology of observed 
ocean temperature at 100-m depth in the area offshore of Hokkaido is 
shown in Fig. 3. Two branches of cold-water mass (<5◦C) are evident 
along the steep slope of the Kuril–Kamchatka trench (approximately 
6000-m depth) and the offshore area. These two minima are consistent 
with the first and second branches of the Oyashio current (Kuroda et al., 
2019). The climatological distribution of PO4 at the surface in winter, 
when surface nutrient concentration is maximum, is shown in Fig. 3b. In 
association with the cold-water masses of the first and second branches 
of the Oyashio current, two areas of reasonably high PO4 values (>2 μM) 
can be seen in the region offshore of Etorofu Island (Fig. 3b). 

In the simulated data, the southwestward intrusion of the cold-water 
mass (<5◦C) along the steep slope (i.e., the first branch of the Oyashio 
current) is represented qualitatively, whereas the offshore component (i. 
e., the second branch of the Oyashio current) is obscure (Fig. 3c). The 
simulated PO4 values are also reasonably high along the Kur-
il–Kamchatka trench, but the two local maxima of observed PO4 are not 
simulated well (Fig. 3d). The deficiency regarding the two branches of 
the Oyashio current in our model might be related to inadequate spatial 

resolution. The resolution of our model of approximately 50 km is too 
coarse to resolve the mesoscale current system. Therefore, we focused on 
the PO4 variability in the first branch of the Oyashio current (OY1), 
which is defined by the rectangular region (42◦–43◦N, 145◦–148◦E). 

The seasonal cycle of simulated PO4 in the Oyashio region is evalu-
ated using area-averaged data. A time series of observed monthly mean 
PO4 in the mixed layer, averaged over the OY1 region, is shown in Fig. 4. 
In this area, the seasonal cycle of PO4 is characterized by a peak 
(approximately 1.6 μM) in February–March and a trough (0.4 μM) in 
June–October, which is consistent with earlier studies (Harrison et al., 
1999; Saito et al., 2002). This seasonal cycle of observed PO4 is 

Fig. 3. Spatial distribution of (a, c) ocean temperature (◦C) at 100-m depth and (b, d) PO4 (μM) at the surface in January − March (JFM) in observed and simulated 
data. In the left-hand panels, the boundary of 5 ◦C is shown by the white contour and seafloor depth > 1000 m is shown by the black contours. The bathymetry data 
for the observations were derived from ETOPO5. The location of region OY1 (42◦–43◦N, 145◦–148◦E) is shown by the magenta rectangle in panel a. 

Fig. 4. Time series of climatological monthly mean PO4 (μM) in the mixed 
layer averaged over the OY1 region for observed (black) and simulated (red) 
data. Error bars indicate standard deviations of monthly mean PO4 in the mixed 
layer from 1979 to 2010. 

T. Nakanowatari et al.                                                                                                                                                                                                                         



Progress in Oceanography 197 (2021) 102615

6

simulated qualitatively by our model, although the simulated PO4 is 
somewhat overestimated (by 0.2 μM) throughout the entire year. The 
standard deviation of monthly mean PO4 in the observed data shows 
seasonal dependency with a maximum value in winter and a minimum 
value in summer. The model data also show similar seasonal de-
pendency of interannual variability, although the simulated fluctuation 
is underestimated by approximately 50% throughout the entire year. 
Thus, the model data qualitatively represent the seasonal cycle of PO4 
variability and the seasonal dependency of the interannual variability in 
the Oyashio region. 

To evaluate the representation of interannual variability of the first 
branch of Oyashio water, we examined the annual mean sea surface 
salinity in the Oyashio region. Time series of annual observed and 
simulated sea surface salinity (SSS), averaged over the OY1 region, are 
shown in Fig. 5a. Although the year-to-year variability of simulated SSS 
is relatively weak, the multiyear variability including decadal-scale 
variability is simulated qualitatively. The correlation between them is 
0.43, which is significant at the 95% confidence level. Although our 
model resolution is not that fine, the interannual variability of the first 
branch of the Oyashio current is simulated qualitatively. For examina-
tion of the interannual variability of the coastal Oyashio and the first 
branch of the Oyashio current in winter, we compared the sea level at 
Kushiro station in winter (January–March) with the corresponding sea 
level on the continental shelf of Hokkaido (43◦N, 145.5◦E) in the model. 
The correlation between the time series of monthly simulated and 
observed sea level in winter (January–March) is 0.48 (significant at the 
95% confidence level). Time series of tide-gauge sea level at Kushiro 
station and simulated SSH, shown in Fig. 5b, are comparable on the 
interannual timescale, although the amplitude of the simulated sea level 
is relatively underestimated. This result suggests that the interannual 
variability of the coastal Oyashio and/or the Oyashio current, at least 
the wintertime barotropic component, is simulated qualitatively by the 
model. 

4. Results 

4.1. Interannual variability in winter 

Cross-correlation analysis of observed and simulated monthly mean 
PO4 shows that the simulated PO4 in January and February is correlated 
significantly with the observed PO4 in March, but that there is no sig-
nificant correlation between simulated and observed PO4 variability in 
March (Table 3). The insignificant correlation in March is partly caused 
by inadequate representation of the baroclinic component of the coastal 
Oyashio in our model attributable to model resolution (Sakamoto et al., 
2010), because intrusion of the coastal Oyashio water mass enhances 
PO4 supply in late winter. Nevertheless, the barotropic response of the 
coastal current and western subarctic gyre driven by wind stress is 
reproduced qualitatively, even by this intermediate-resolution model, as 
discussed in Section 3. Therefore, at least the role of the barotropic 
response of the coastal trapped current system and the subarctic gyre 
circulation could be evaluated in this study. The simulated PO4 in 
January is almost identical to that in February (i.e., the correlation be-
tween them is 0.94); therefore, the model output for January was 
considered representative of winter in the following analysis. 

A time series of observed PO4 anomalies in March is shown in Fig. 6. 
The observed PO4 anomalies show remarkable year-to-year variability 
throughout the analyzed period. The temporal variations of the simu-
lated PO4 anomalies in January also show year-to-year variability 
similar to that of the observed data, although the amplitude of the 
simulated PO4 anomalies is somewhat lower than that of the observed 
PO4 anomalies. It is noteworthy that the simulated PO4 is also correlated 
significantly with dFe in January (r = 0.83). As the correlation between 
the time series of interannual variability of dFe at the surface and local 
atmospheric dust flux is small (r = − 0.54), atmospheric dust flux is 
considered inessential for reproducing the interannual variability of dFe 
in the Oyashio region in the model. 

To clarify the mechanism of interannual variability of surface PO4 in 
January, we performed a budget analysis of PO4 in the mixed layer. In 
this analysis, we evaluated each term in the PO4 tendency equation in-
tegrated over the mixed layer, as follows: 

1
MLD

∂
∂t

(∫

MLD
PO4dz

)

= ADV + MIX + BIO + residuals,

ADV =
1

MLD

∫

MLD

{
− ∇⋅( v→PO4) + KH∇

2
hPO4

}
dz,

MIX =
1

MLD

∫

MLD

∂
∂z

(

KV
∂PO4

∂z

)

dz +
1

MLD
dMLD

dt
PO4(MLD)

(2)  

where ADV indicates the PO4 flux convergence attributable to ocean 
currents and lateral mixing due to subgrid-scale eddies, MIX indicates 
the vertical mixing attributed to both buoyant and mechanical mixing, 
and BIO indicates the source/sink term arising from photosynthesis 
uptake and organism degradation. Note that the first term on the right- 
hand side in the expression for ADV includes both mean and eddy 
components when averaged temporally. The MLD is determined based 
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Fig. 5. (a) Time series of annual mean sea surface salinity anomalies averaged 
over the OY1 region for observed (black) and simulated (red) data. (b) Time 
series of wintertime (JFM) tide-gauge sea level anomalies at Kushiro station and 
simulated sea level anomalies over the Pacific-side continental shelf of Hok-
kaido (43◦N, 145.5◦E). 

Table 3 
Correlations between observed and simulated monthly PO4 time series in the 
OY1 region during 1979–2010.   

Observation 

Dec (N = 3) Jan (N = 18) Feb (N = 15) Mar (N = 17) 

Model Dec – 0.21 0.37 0.36 
Jan – 0.23 0.31 0.56 
Feb – 0.20 0.22 0.58 
Mar – − 0.05 0.01 − 0.03 

Parentheses indicate the degree of freedom for the observed time series. 
Values in bold indicate correlation coefficient significant at the 95% confidence 
level. 
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on the potential density criterion of 0.125 in σθ unit. It is noted that the 
tendency term of PO4 related to MLD change is included as the second 
term in the expression for MIX. The residual term arises from the tem-
poral and vertical finite difference expressions. 

To identify the principal budget term responsible for the interannual 
variability of surface PO4 in January, we first calculated the monthly 
mean budget terms averaged over the OY1 region, which include all 
timescales longer than one month. Then, we imposed the lead–lag 
regression coefficients of these budget terms onto the time series of 
normalized PO4 anomalies in the mixed layer averaged over OY1 in 
January (hereafter, called MLD-PO4), which allowed extraction of the 
main term and month contributing to the interannual variability. The 
lead–lag regression coefficients for the PO4 tendency term show a 
maximum value of 0.05 μM/month in December, which leads MLD-PO4 
by one month (Fig. 7a). In December (one-month lead time), the lateral 
advection term makes a large contribution to the MLD-PO4 budget, 
although vertical mixing is not negligible. At this lead time, the bio-
logical and residual terms are small in comparison with the physical 
terms. Therefore, it is concluded that the lateral advection process in 
December controls the interannual variability of MLD-PO4 in the model. 

For further clarification of the physical process responsible for the 
lateral advection term, we divided it into three terms: the geostrophic 
current, ageostrophic current such as Ekman transport and upwelling, 
and subgrid-scale mixing, which can be expressed as follows: 

ADV ≃ − v→ggradhPO4
⏟̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅ ⏟
geostrophic current

−

(

v→agradhPO4 + wa
∂PO4

∂z

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
ageostrophic current

+KH∇
2
hPO4

⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟
lateral mixing

(3)  

where vg and va represent the geostrophic and ageostrophic components 
of the ocean currents, respectively. The ageostrophic current speed was 
obtained by subtracting the geostrophic current speed from the total 
current speed at each depth, where the former includes both baroclinic 
and barotropic components and is derived from the SSH and temper-
ature–salinity profiles in the model. The lead–lag regression coefficients 
of these components on the normalized MLD-PO4 demonstrate that the 
geostrophic current term controls the ADV term in December (Fig. 7b). 

To clarify the physical mechanism related to the ADV term in 
December, we examined the spatial distribution of the simulated 
geostrophic current and SSH field in December. The interannual signal 
related to the ADV term in December was extracted by the lag regression 
analysis based on the normalized time series of MLD-PO4 in the Oyashio 
region in January. A regression map of the 1-month leading geostrophic 
current vectors on the time series of MLD-PO4 anomaly in January is 
shown in Fig. 8a. We found a southwestward geostrophic current 
anomaly in the Oyashio region, which seems to be extended from the 
east coast of Sakhalin Island. As PO4-rich water forms along the Kuril 

Straits owing to tidally induced vertical mixing throughout the year 
(Fig. 8a), lateral advection of surface PO4 is likely to be explained by the 
combination of the anomalous southwestward geostrophic current and 
high-PO4 water in the Kuril Straits. The regression map of the 1-month 
leading SSH on MLD-PO4 in January shows a positive (negative) 
anomaly in the coastal (offshore) region (Fig. 8b). These results indicate 
that the southwestward geostrophic current anomaly in the Oyashio 
region is controlled by SSH variability in both coastal and offshore 
regions. 

We examined the contribution of the coastal Oyashio and the Oya-
shio current to the interannual variability of the southwestward 
geostrophic current in the Oyashio region. The vertical cross section of 
the simulated geostrophic current speed in December at 43◦N shows that 
the coastal Oyashio is simulated qualitatively as a mostly barotropic 
current at around 147◦E (Fig. 9a). The surface current speed for the 
shallow depth region is 5 cm/s, which is half that of the observed value 
in December (Kusaka et al., 2009). For the Oyashio current, the south-
ward current axis is found at around 149◦E with speed of 2 cm/s, which 
is less than the annual mean baroclinic current speed (10 cm/s) esti-
mated based on long-term hydrographic observations (Kuroda et al., 
2017). Thus, although the model underestimates the speed for the 
coastal Oyashio and Oyashio current, both current systems can be 
distinguished. 

Vertical profiles of the regression coefficients of 1-month leading 
southward geostrophic current at 43◦N indicate that the geostrophic 
current anomaly that is responsible for the PO4 anomaly in the Oyashio 
region is confined to the shelf region with depth of <100 m and the 
deeper layer (Fig. 9a), which corresponds to a reasonably large SSH 
gradient from 146.5◦–148.5◦E (Fig. 9b). This result indicates that the 
southward current anomaly is caused by both the coastal Oyashio and 
the Oyashio current. In the following, we diagnostically evaluate the 
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Fig. 6. Time series of observed PO4 anomalies (black) in the mixed layer in 
March and simulated PO4 anomalies (red) in the mixed layer in January from 
1980 to 2010 averaged over the OY1 region. 
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Fig. 7. (a) Lead–lag regression coefficients of monthly mean PO4 budget terms 
(PO4 tendency, ADV, MIX, BIO, and residuals) in Eq. (2) averaged over the OY1 
region on the time series of normalized MLD-PO4 anomaly in January. A 
negative value of lag (month) means that the PO4 budget term leads the 
normalized MLD-PO4 anomaly. (b) Same as panel a but for the geostrophic 
current, ageostrophic current, and lateral mixing terms in Eq. (3). 
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influence of these wind-driven currents on the interannual variability of 
the southwestward geostrophic current in the Oyashio region based on 
ATW and Sverdrup transport theory. 

According to Csanady (1978), the alongshore volume transport of an 
ATW at OY1 (VATW) can be derived using the following equation: 

VATW =

∫ τl

ρf
dl, (4)  

where τl is the alongshore component of wind stress, ρ is the density of 
water, and f is the Coriolis parameter. This equation means that VATW at 
OY1 is the sum of the Ekman transport integrated along the integral 
route. According to an earlier study (Nakanowatari and Ohshima, 2014) 
and the extent of the positive anomaly in the regression map of SSH in 
December (Fig. 8b), we determined that the integral route for VATW 
starts from the west of the Shelikhov Gulf (Fig. 8b). 

The time-varying Sverdrup transport at OY1 (Vs) can be calculated 

using the following equation: 

VS = −
1

βρ

∫

curl τ→dx, (5)  

where β is the y-derivative of the Coriolis parameter and τ→ is a wind 
stress vector. The integral route is defined by the latitudinal line from 
the eastern model boundary (180◦W) to the OY1 region (Fig. 8b). 
Although we ignored the effect of wind stress in the eastern North Pa-
cific, it appears negligible because barotropic Rossby waves are largely 
blocked by the Emperor Seamounts located at around 170◦E and thus its 
signal is damped in the Oyashio region (Nakanowatari et al., 2015, 
Kuroda et al., 2017). 

Time series of the ATW transport and the southward geostrophic 
current in December are shown in Fig. 10a. The time series are strongly 
correlated on the interannual timescale throughout the entire period. 
The correlation between them is 0.65, which is significant at the 95% 
confidence level, and accounts for 42% of the total variance of the 
geostrophic current in January. The southward geostrophic current in 
December is also correlated significantly with the Sverdrup transport (r 
= 0.55), but the correlation coefficient is somewhat smaller than that for 
ATW transport (Fig. 10b). 

Finally, we examine the large-scale atmospheric circulation patterns 
responsible for ATW and Sverdrup transport in the Oyashio region. A 
regression map of wind stress vector and SLP in December on the time 
series of normalized simulated MLD-PO4 in January is presented in 
Fig. 11. In the Sea of Okhotsk, the northerly wind stress anomaly is 
prominent, which is related to the pressure gradient between the 
anomalous Aleutian Low (AL) and the Siberian High (SH), which is a 
typical SLP pattern of the wintertime monsoon. The correlation 

Fig. 8. (a) Regression map of 1-month leading (December) geostrophic current 
speed (cm/s, vectors) in the mixed layer on the time series of normalized MLD- 
PO4 in January. In panel a, the climatological PO4 in the mixed layer in 
December is also shown. Vectors for which the correlations are significant at the 
95% confidence level are shown. The statistical significance for the vectors was 
estimated based on the absolute value. (b) Same as panel a but for SSH (cm, 
colors) in December. The solid and dashed contours indicate regions where the 
positive and negative correlation between them is significant at the 95% con-
fidence level, respectively. The integral routes for ATW transport and Sverdrup 
transport in the OY1 region are shown by solid and dashed purple lines, 
respectively. 

Fig. 9. (a) Vertical cross section (43◦N) of the regression coefficients (colors) 
for 1-month leading (December) meridional geostrophic current speed (cm/s) 
on the time series of normalized MLD-PO4 in January. Negative value means 
southward. In panel a, the climatological geostrophic current speed in 
December is also shown by black contours (contour interval: 0.5 cm/s). (b) 
Same as Fig. 8b but for the longitudinal cross section for the regression co-
efficients of SSH (cm) in December at 43◦N from the east coast of Hokkaido. 
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coefficients between the time series of the simulated MLD-PO4 anomaly 
in January and the 1-month leading SLPs for the AL (48◦N, 180◦W) and 
the difference between the AL and SH (AL − SH) are − 0.54 and 0.57, 
respectively, which are statistically significant at the 95% confidence 
level (Table 4). These results indicate that the AL–SH pressure gradient 

is conducive to the generation of ATW transport. We also examined the 
correlation between the simulated MLD-PO4 and the North Pacific Index 
(NPI) (Trenberth and Hurrell, 1994) and the PDO index (PDOI) (Mantua 
et al., 1997). Although the correlations of the NPI and PDOI with the 
simulated MLD-PO4 are relatively large, they are statistically insignifi-
cant (Table 4). 

4.2. Decadal variability 

To extract the decadal component from the surface PO4 variability, 
we applied a 7-year low-pass filter to the observed and simulated data 
before conducting statistical analysis. A time series of the annual mean 
MLD-PO4 anomaly calculated from observed data is shown in Fig. 12. 
The low-pass-filtered time series (>7 years) shows significant decadal 
variability with positive (negative) anomalies in 1980, 1995, and 2005 
(1970, 1990, and 2000). These positive and negative phases of decadal 
fluctuation are almost consistent with the results of an earlier study 
(Tadokoro et al., 2009). The model qualitatively simulates decadal 
fluctuations similar to the observed anomalies since the 1980s, although 
the phase of the decadal component is somewhat lagged (i.e., by 2 
years). The lead–lag correlation analysis between the time series of 
observed and simulated PO4 anomaly with a low-pass filter indicates 
that the maximum correlation (r = 0.67, significant at the 95% confi-
dence level) is obtained when the latter time series is advanced by 2 
years. 

Time series of the 7-year low-pass-filtered annual mean MLD-PO4 
anomalies in OY1 for the perturbation experiments are shown in Fig. 13. 
Overall, the decadal variability of annual mean MLD-PO4 in the hindcast 
experiment can be explained well by ATM, i.e., the correlation between 
them is 0.78, which is significant at the 95% confidence level. The 
correlation between the annual mean MLD-PO4 in TIDE and the hindcast 
experiment is rather low (r = 0.21), but the annual mean MLD-PO4 in 
TIDE shows substantial fluctuations with positive anomalies in the late 
1980s and 2000s and a negative anomaly in the late 1990s. These pos-
itive and negative anomalies are almost consistent with the strong and 
weak phases of the 18.6-year lunar nodal cycle. In particular, the 

1980 1985 1990 1995 2000 2005 2010
2

1

0

1

2

year

S
v

(a)

V
ge

o (
cm

/s
)

4

2

0

2

4
ATW
V

geo

1980 1985 1990 1995 2000 2005 2010
60

30

0

30

60

S
v

year

(b)

V
ge

o (
cm

/s
)

4

2

0

2

4
Sverdrup transport
V

geo

Fig. 10. Time series of (a) the monthly mean ATW and (b) Sverdrup transport 
anomalies (Sv, black) and the meridional component of geostrophic current 
speed anomalies (cm/s, gray) in the OY1 region in December. The sign of 
Sverdrup transport is inverted (i.e., a negative value means southward). The 
scale for the geostrophic current speed is shown on the right-hand side. 

Fig. 11. Regression maps of 1-month leading (December) wind stress (N/m2, 
vectors) and (b) sea level pressure (hPa, contours) on the time series of 
normalized MLD-PO4 in January. In panel b, light (dark) shading indicates the 
region where the positive (negative) correlation is significant at the 95% con-
fidence level. 

Table 4 
Correlations between simulated MLD-PO4 in January and climate indices (NPI, 
PDOI) in December, the AL (SLP at 48◦N, 180◦W), SH (SLP at 55◦N, 125◦E), and 
their difference (SH − AL) in December.   

AL SH SH–AL NPI PDOI 

Correlations ¡0.54 0.44 0.57 − 0.46 0.39 

Values in bold indicate correlation coefficient significant at the 95% confidence 
level. 
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Fig. 12. Time series of the annual mean of observed and simulated PO4 (μM) 
anomalies in the mixed layer averaged over the OY1 region. The 7-year low- 
pass-filtered values for the observed and simulated PO4 time series are shown 
by bold lines. 
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difference in the annual mean MLD-PO4 anomaly between the hindcast 
and ATM experiments is relatively large during the strong phase of tidal 
mixing strength. These results indicate that the decadal variability of 
MLD-PO4 is mostly explained by atmospheric wind forcing, but that the 
influence of the 18.6-year tidal mixing strength is not negligible. 

The decadal variability of the annual mean MLD-PO4 anomaly in the 
DUST experiment is weakly correlated with that in the hindcast exper-
iment (r = 0.35), but the variance is rather small. We also examined the 
correlation relationship between the decadal variability of annual mean 
dFe and PO4 in the mixed layer in the hindcast experiment. The corre-
lation between the time series of annual mean MLD-PO4 and dFe with a 
7-year low-pass filter is 0.46, which is statistically insignificant. There-
fore, the mechanism controlling the decadal variability of annual mean 
PO4 in the Oyashio region is considered not influenced by biological 
processes through the availability of dFe. 

The physical processes responsible for the decadal variability of 
annual mean PO4 in the ATM experiment was examined using a budget 
analysis for the decadal component (>7 year) of the annual mean MLD- 
PO4 based on Eqs. (2) and (3). To evaluate the contribution of each term 
in the PO4 budget, we performed lead–lag regression analysis on the 
time series of the annual mean MLD-PO4 anomaly in ATM. The 
maximum regression coefficient of the tendency in annual mean MLD- 
PO4 is when the tendency term leads the annual mean MLD-PO4 by 2–3 
years. The regression coefficient of the 2-year leading tendency term is 
comparable with that of the ADV term, while those for MIX, BIO, and the 
residual terms are negligible or of the opposite sign (Fig. 14a). Exami-
nation of the contributions of the geostrophic current, ageostrophic 
current, and lateral mixing terms on the ADV term show that the 
geostrophic current term is responsible for the ADV (Fig. 14b). 

To clarify the physical mechanism of the geostrophic current term, 
we examined the decadal component of the geostrophic current speed 
and surface PO4 anomaly in the model. A regression map of the 2-year 
leading annual mean PO4 anomaly and geostrophic current in ML on 
the time series of annual mean MLD-PO4 with a 7-year low-pass filter is 
presented in Fig. 15. Significant positive correlation for the 2-year 
leading annual mean PO4 field is found in the upstream region of 
OY1. However, there is no meaningful signal on the southwestward 
Oyashio strength and the coastal Oyashio. This result indicates that the 
mean Oyashio current flowing down the gradient around the area of 
anomalously high PO4 causes geostrophic PO4 flux into the Oyashio 
region. 

The above analysis raises questions regarding the source of the 
decadal signal in the region upstream of OY1. As Oyashio water is highly 
influenced by outflow water from the Sea of Okhotsk, it is possible that 
the decadal PO4 signal originates in the Sea of Okhotsk. To clarify the 
source of the decadal PO4 signal, we examined the temporal evolution of 

decadal variability of annual mean PO4 in the Sea of Okhotsk through 
lead–lag correlation analysis. Fig. 16 shows the vertical cross section of 
the temporal evolution of the decadal anomaly in annual mean PO4 
along the pathway of the East Sakhalin Current (ESC) (Fig. 15). We 
found that the decadal signal could be traced back to the northwestern 
shelf (NWS), with a lead time of 6 years along the ESC at the depth of 
100–250 m (Fig. 16a). As the depth of this water mass corresponds to 
that of the isopycnal layer at 26.6–26.8 σθ, the decadal signal lies along 
the water mass between the winter mixed layer (100 m) (Ohshima et al., 
2005) and the intermediate water (heavier than 26.8σθ) (Gradyshev 
et al., 2003). Significant positive correlation appears in the Kuril Basin at 
a lag of − 4 years (Fig. 16d), indicating that the decadal variability of 
annual mean PO4 on the NWS takes approximately 2 years to reach the 
Kuril Basin, a distance of approximately 1000–1500 km (Fig. 16d). 
Considering that the annually averaged speed of the ESC in this model is 
approximately 2 cm/s, the time lag of 2 years between the PO4 on the 
NWS and in the Oyashio region is consistent with advection time of the 
mean current speed in the model. Significant positive correlation is still 
found in the Kuril Basin at a lag of − 2 years relative to the time series of 
annual mean MLD-PO4 (Fig. 16f). As the mean current is very weak in 
the Kuril Basin, the persistence of the significant correlation for 
approximately 2 years is related to residence time in the Kuril Basin. 
With no lag, significant positive correlation is found in the Oyashio re-
gion and in/around the Kuril Straits (Fig. 16h), indicating that the 
decadal signal in the subsurface layer emerges at the surface owing to 
tidally induced vertical mixing. 

As the decadal signal of PO4 is confined to the bottom of the NWS 
(Fig. 16a and 16b), wind-driven upwelling would be a likely source of 
the decadal variability of PO4 on the NWS via input of high-PO4 water 
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Fig. 13. Time series of 7-year low-pass-filtered annual mean MLD-PO4 anom-
alies (μM) for the hindcast experiment (black), ATM (red), TIDE (blue), and 
DUST (green) for the OY1 region. The sinusoidal curve for 18.6-year tidal 
mixing strength is shown by dashed gray line. 
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Fig. 14. (a) Lead–lag regression coefficients of 7-year low-pass-filtered annual 
mean PO4 budget terms (PO4 tendency, ADV, MIX, BIO, and residuals) in Eq. 
(2) averaged over the OY1 region on the time series of the normalized annual 
mean MLD-PO4 anomaly. A negative value of lag (year) means that the PO4 
budget term leads the normalized MLD-PO4 anomaly. (b) Same as panel a but 
for the geostrophic current, ageostrophic current, and lateral mixing terms in 
Eq. (3). 
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from the deep layer. Thus, we examined upwelling of PO4 water on the 
NWS, the relation between the upwelling and the surface wind, and the 
cause of the decadal variability of the upwelling. A vertical cross section 
of the regression coefficient of 7-year leading annual mean PO4 on the 
NWS (57◦N) on the time series of annual mean MLD-PO4 with a low-pass 
filter is presented in Fig. 17. A meaningful positive anomaly of annual 
mean PO4 is confined near the bottom of the NWS, which is accompa-
nied with an upward current velocity anomaly of 0.02 × 10− 3 cm/s 
(Fig. 17b). As relatively high-PO4 water (>3.0 μM) is found near the 
shelf region in the mean state, the significant positive anomaly of annual 
mean PO4 is likely induced by upward flux of PO4-rich water from the 
deep layer. It is noted that there is no meaningful signal on the western 
side of the NWS where DSW forms in winter. Therefore, the decadal 
variability of subsurface PO4 is unrelated to the formation process of 
DSW. 

We evaluated the influence of Ekman upwelling on vertical velocity 
on the NWS using ERA-Interim wind stress curl data. In this analysis, we 
examined four seasonal Ekman upwelling velocities from winter (DJF) 
to autumn (SON) and their relation to the time series of annual mean 
MLD-PO4. From the lead–lag correlation analysis, we determined that 
annual mean MLD-PO4 is correlated significantly with 8-year leading 
DJF Ekman upwelling velocity on the NWS (Fig. 18). The Ekman up-
welling velocity anomaly on the NWS is 0.02–0.04 × 10− 3 cm/s, which 
is comparable with the upward velocity anomaly at around 150◦E 
(Fig. 17b). 

To understand the wintertime atmospheric circulation patterns 
related to Ekman upwelling in the Sea of Okhotsk, we performed 
regression analyses of wind stress curl and SLP on annual mean MLD- 
PO4. A regression map of 8-year leading wind stress curl over the North 
Pacific in DJF on annual mean MLD-PO4 Is shown in Fig. 19. A positive 
anomaly of wind stress curl is evident over the Sea of Okhotsk and 
subarctic North Pacific. The regression map of SLP indicates that the 
positive anomaly of wind stress curl is related to deepening of the AL, 
which is accompanied with positive anomalies in the subtropical North 
Pacific (Fig. 19b). This dipole pattern of SLP regression resembles the 

positive phase of the West Pacific (WP) pattern or North Pacific oscil-
lation, which is the second mode of SLP in the North Pacific (Linkin and 
Nigam, 2008). 

We thus calculated the correlations between annual mean MLD-PO4 
and the WP index derived from the Climate Prediction Center (Barnston 
and Livezey, 1987). We also examined the statistical relationship be-
tween annual mean MLD-PO4 and the NPI, which is the major decadal 
climate index of the North Pacific. We obtained significant positive 
correlation between the time series of annual mean MLD-PO4 and the 
WP index with a 7-year low-pass filter (r = 0.71, significant at the 90% 
confidence level) when the latter leads the former by 8 years. However, 
the correlation between the wintertime NPI and the time series of annual 
mean MLD-PO4 is weak (r = 0.18) when the former leads the latter by 8 
years. Thus, the decadal variability of surface PO4 in the Oyashio region 
is strongly linked to the wind-stress curl related to the WP pattern. 

5. Discussion and conclusions 

In this study, we investigated the principal mechanisms controlling 
interannual–decadal variations in surface PO4 concentrations in the 
Oyashio region and their relationships to climate change using a 
regional ice–ocean coupled model with a simple biogeochemical cycle. 
The model qualitatively simulates interannual–decadal variations of 
surface PO4, including the realistic seasonal cycle of surface PO4 with a 
maximum value (1.5 μM) in winter. Interannual variability of surface 
PO4 in the Oyashio region is prominent in winter. The correlation be-
tween the time series of hindcast and observed PO4 anomalies in winter 
is 0.56, which is significant at the 95% confidence level. Budget analysis 
of PO4 in the mixed layer indicates that lateral advection contributes 
most to interannual variability of PO4 and that vertical mixing is a 
secondary contributor. This result is consistent with the fact that the 
seasonal variation of dFe in the Oyashio region is controlled by lateral 
advection and vertical mixing processes, as shown by earlier study 
(Nakanowatari et al., 2017), indicating that the wind-driven current 
system is also crucial on the interannual timescales. 

Theoretical analysis on the wind-driven current revealed that the 
geostrophic current related to the coastal Oyashio is well explained by 
ATW transport in the Sea of Okhotsk and by Sverdrup transport in the 
North Pacific. The atmospheric pattern conducive to these wind-driven 
ocean currents is deepening of the AL and strengthening of the SH, 
which is a typical atmospheric pattern of the wintertime monsoon. 
Although large-scale atmospheric change and the resultant ocean cur-
rent in the North Pacific is shown to be a major factor of macronutrient 
transport in the subarctic North Pacific, including the Oyashio region 
(Yasunaka et al., 2016), the importance of the coastal trapped current in 
the Sea of Okhotsk to the process of feeding surface macronutrients into 
the Oyashio region is a new finding by this study. 

The role of coastal Oyashio water in late winter on PO4 variability 
could not be addressed in this study because of insufficient representa-
tion of PO4 variability in March in the model. The Oyashio region is also 
highly influenced by northward intrusion of mesoscale warm eddies 
separated from the Kuroshio Extension area (Itoh and Yasuda, 2010), 
which are also not represented in our model owing to the model domain 
and grid size. These mesoscale currents, including the second branch of 
the Oyashio, are likely to influence the advection time of water from the 
Kuril Straits through the diverted advection route. Therefore, it is 
possible that the time lag of 1–2 months between the simulated and 
observed PO4 in winter is attributable to the lack of mesoscale currents 
in our model. For clarification of the importance of these mesoscale 
currents to the transport pathway of nutrients in the Oyashio region, a 
further numerical modeling study based on a high-resolution biogeo-
chemical model is needed. 

On the decadal timescale, the hindcast experiment also shows real-
istic decadal variability of annual mean PO4 in the Oyashio region, 
which is characterized by significant quasidecadal fluctuations with 
positive (negative) peaks in 1985, 1995, and 2005 (1990 and 2000). The 

Fig. 15. Regression map of 2-year leading annual mean PO4 (μM, colors) and 
geostrophic current (cm/s, vectors) in the mixed layer on the time series of 
normalized annual mean MLD-PO4 with 7-year low-pass filter for ATM. Contour 
indicates the region where the correlation between them is significant at the 
95% confidence level. Vectors for which the correlations are significant at the 
95% confidence level are shown. The statistical significance for the vectors was 
estimated based on the absolute value. The locations of the vertical cross sec-
tions in Figs. 16 and 17 are shown by magenta and orange lines, respectively. 
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sensitivity experiments demonstrate that decadal variability of annual 
mean PO4 in the Oyashio region is explained primarily by atmospheric 
wind conditions, with changes in tidal mixing having a secondary role. 
Budget analysis of PO4 in the mixed layer indicates that PO4 is pre-
dominantly controlled by lateral advection and that local vertical mixing 
is negligible on the decadal timescale. Diagnostic analysis of the sensi-
tivity experiment data in ATM shows that decadal variability of PO4 is 
advected from the NWS in the Sea of Okhotsk along the ESC through the 
subsurface layer. The decadal signal of PO4 on the NWS reaches the Kuril 
Basin after 4 years and remains within the Kuril Basin for an additional 
2 years. The decadal signal of subsurface PO4 in the Kuril Basin upwells 
to the surface via the tidally induced vertical mixing process in and 
around the Kuril Straits, and is advected downstream by the 

southwestward mean Oyashio current. These results imply that wind- 
driven upwelling in the Sea of Okhotsk is crucial for the decadal vari-
ability of surface PO4 in the Oyashio region. 

Although sea ice production and the resultant formation of dense 
shelf water in the NWS region is known as an essential process of Fe (i.e., 
micronutrient) transport in the North Pacific (e.g., Nishioka et al., 
2011), our results differ from those of earlier studies. In particular, we 
found that the WP teleconnection pattern, which is one of the primary 
modes of low-frequency variability during boreal winter, leads the 
surface PO4 variability in the Oyashio region by several years. This 
finding is important regarding long-term prediction of the biogeo-
chemical system and further implications for the fishery resources in the 
Oyashio region. 

Fig. 16. Lag correlation map of annual mean PO4 along the pathway of the ESC (shown in Fig. 15) from the surface to 1000-m depth with time series of annual mean 
MLD-PO4 with 7-year low-pass filter for ATM at the lead time of (a) +7, (b) +6, (c) +5, (d) +4, (e) +3, (f) +2, (g) +1, and (h) 0 years. The white contours indicate the 
region where the correlation between them is significant at the 95% confidence level. Climatological potential density is shown by black contours. The geographical 
location for the distance from the NWS is shown in Fig. 15. 
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We note that our model has some biases regarding the physical and 
biogeochemical parameters. The advection time of the decadal compo-
nent of PO4 variability from the NWS to the Kuril Basin is estimated to be 
2–4 years in our model simulation. Mensah et al. (2019) reported that 
the DSW signal at the subsurface layer can reach the Kuril Basin in half a 
year. Conversely, based on a historical hydrographic dataset of the past 
several decades, Uehara et al. (2014) showed that interannual vari-
ability of intermediate water temperature in the Kuril Basin is correlated 
significantly with 2-year leading DSW salinity. As the spatial resolution 
of our ocean model is not fine, overestimation of the advection time in 
our model is likely related to underestimation of ESC velocity. In fact, 
the southward speed of the ESC in our model is approximately 10–15 
cm/s in January, which is slower than the observed velocity (20–30 cm/ 
s) obtained from mooring measurements (Mizuta et al., 2003). The un-
derestimation of ESC velocity is consistent with our result indicating 
that the simulated PO4 value in the Oyashio region lags the observed 
value by 1 year. Moreover, the simulated variability of PO4 is under-
estimated in comparison with observed data owing to inadequate con-
figurations and settings for both physical and biogeochemical models. 
Therefore, research involving full ecosystem modeling using a high- 
resolution ocean model is needed for further quantitative examination 
of the effects of climate change on the nutrient condition and primary 
production in the studied region, which is left for future work. 
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Fig. 17. Regression map of 7-year leading annual mean (a) PO4 (μM, colors) 
and (b) vertical velocity (×10− 3 cm/s, colors) along the NWS (57◦N) on time 
series of normalized annual mean MLD-PO4 with 7-year low-pass filter for ATM. 
The white contour indicates the region where the correlation between them is 
significant at the 95% confidence level. In each panel, climatological values of 
annual mean PO4 and vertical velocity are shown by black contours. In panel b, 
the contour interval for the climatological value is 0.1 × 10− 3 and absolute 
values > 1.0 × 10− 3 are not shown. The geographical location for the distance 
from the NWS is shown in Fig. 15. 

Fig. 18. Regression map of 8-year leading wintertime (DJF) mean Ekman up-
welling (10− 3 cm/s, colors) on time series of normalized annual mean MLD-PO4 
with 7-year low-pass filter for ATM. The white contour indicates the region 
where the correlation between the Ekman upwelling and the time series of 
MLD-PO4 is significant at the 95% confidence level. 

Fig. 19. Regression map of 8-year leading (a) wind stress curl (×10− 7N/m3, 
contours) and (b) sea level pressure (hPa, contours) in winter (DJF) on time 
series of normalized annual mean MLD-PO4 with 7-year low-pass filter for ATM. 
Light (dark) shading indicates the region where the positive (negative) corre-
lation between them is significant at the 95% confidence level. 
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the work reported in this paper. 
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Appendix A. Biogeochemical model 

The biogeochemical model used in this study solves three state variables: phosphate (PO4), dissolve organic phosphate (DOP), and dissolved Fe 
(dFe). The concentrations of PO4 and DOP are governed by advection and diffusion terms, with source/sink terms related to biological uptake and 
remineralization processes, as follows: 

∂PO4

∂t
= Adv + Diff + λPO4 +

⎧
⎪⎨

⎪⎩

− Γ

−
∂F(z)

∂z
(below euphotic zone)

,

∂DOP
∂t

= Adv + Diff − λDOP +

{
νΓ

0(below euphotic zone)
,

(A1)  

where Γ represents biological uptake of PO4. Eq. (A1) means that part of the PO4 biologically uptaken in the euphotic layer (νΓ) enters the DOP pool at 
the same grid point. The residual ((1 − ν)Γ) in the euphotic layer is exported as particulates to the aphotic layer, which can be expressed in the form of 
the power law of Martin et al. (1987), i.e., (F(z) =

∫ 0
he
(1 − ν)Γdz(z/he)

− b), and the remineralization is expressed as the convergence of the flux. DOP is 
continuously remineralized with an e-folding scale (λ) of 6 months in both euphotic and aphotic layers. 

Biological uptake of PO4 (Γ) is formulated using Michaelis–Menten kinetics with Fe, PO4, and light limitations, as follows: 

Γ = α PO4

PO4 + KPO4

Fe
Fe + KFe

I
I + KI

, (A2)  

where α is the maximum export rate, and KPO4 , KFe, and KI represent half-saturation constants for PO4, Fe, and light, respectively. KI is set to 30 W/m2, 
which is identical to the original version of Parekh et al. (2005). Here, we set KPO4 , KFe, and α to 0.5 μM, 0.12 nM, and 1.0, respectively, according 
Uchimoto et al. (2014). 

Daily mean shortwave radiation flux data are applied as irradiance (I0), which decays exponentially from the sea surface downward with an e- 
folding scale (he), as follows: 

I = I0e−
z

he . (A3) 

In this study, he is 10.86 m, which makes irradiance at 50 m (i.e., the bottom of the euphotic layer) approximately 1% of that at the sea surface. In 
sea ice regions, the decay of irradiance attributable to sea ice is estimated as a function of albedo, ice thickness, and decay scale in ice (Perovich, 1998). 

To express indirectly the migration of phytoplankton, we artificially mixed irradiance strength in the mixed layer as follows: 

I
′

=
1

hMLD

∫ 0

hMLD

Idz, (A4)  

where hMLD is the mixed-layer depth (MLD), which is determined by the density change from the ocean surface of 0.125σθ. 
The dFe concentration is governed by advection and diffusion terms, with source/sink terms related to biological uptake and external source/sink 

terms, as follows: 

∂dFe
∂t

= Adv + Diff + λDOPRFe + SFe + JFe + SedFe⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
+

External Source/Sink

⎧
⎪⎨

⎪⎩

− ΓRFe

∂dF(z)
∂z

RFe(below euphotic zone)
(A5) 

The biological uptake, export, and remineralization terms are proportional to those in the phosphate equations with the proportionality coefficient 
of RdFe, which is proportional coefficient of the dFe:P ratio (Parekh et al., 2005). The dFe is assumed to be the sum of the free dFe’ and complexed dFeL 
forms, where L represents ligands. 

In this model, the free form of Fe (Fe’) is assumed susceptible to scavenging by the formulation of JFe = − τk0Cϕ
p Fe′ , where Cp is the particulate 

concentration calculated by F(z) = CpWsink, and Fe’ is controlled by an equilibrium relationship: KFeL = [FeL]/[Fe’][L’]. The values of the scavenging 
rate (k0), export coefficient (ϕ), scavenging scaling factor (τ), ligand conditional stability coefficient (KFeL), and particulate sinking rate (Wsink) are 
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identical to those proposed by Parekh et al. (2005). The total ligand (i.e., the sum of FeL and L’) is set at 1.2 nM in accordance with earlier studies 
(Misumi et al., 2011; Uchimoto et al., 2014). 
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