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How is the Kuroshio-origin water distributed in the 
subtropical gyre in terms of the Sverdrup circulation? 

Ｃontour: Sverdrup transport calculated from NCEP forcing. 
•  The Kuroshio Extension (KE) flows within the subtropical gyre in term of  Sverdrup 

circulation.  
•  The KE is often considered as the northern end of the subtropical gyre in terms of 

water properties. 
•  To the north of the KE, water mass is usually considered as the confluence of the 

Kuroshio and Oyashio waters. 
•  How is the Kuroshio Water distributed to the north of KE in the subtropical gyre in 

terms of the Sverdrup circulation? 



Stream function and PV of KE	
Low-resolution models 
 (Classical wind-driven circulation）	
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 (Existence of Kuroshio Extension）	
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Kuroshio system in the view of PV　	

Twin-recirculation gyres 
embedded in the classical 
wind-driven circulation.	

Low PV from the inertial 
boundary layer is recirculationg in 
the southern recirculation gyre.	

High PV from the viscous boundary layer is 
dissipated and conecting to the interior region. 

Interior circulation	

(based on Nakano et al. 2008　DAO)	

If this view is correct in the realistic situation,  the region to the 
north of the KE is occupied by the Kuroshio-origin water. But… 



Sverdrup circulation and fronts Kuroshio 
Oyashio Confluene (KOC) region 

Ｃontour: Sverdrup transport calculated from NCEP forcing. 

•  Water mass distribution is affected by many 
complicated fronts. 

•  Significant contribution of marginal seas. 
 
•  Formation mechanism of the most of the fronts are 

not well understood. 
  	

From Yasuda [2004].	



Formation mechanism 
of fronts	

•  Kuroshio Extension(KE) 

•  Jet within the subtropical Sverdrup circulation 
     (e.g., Sue and Kubokawa 2015) 

 

•  Subarctic Front (SAF)  [e.g. 100m  4℃] 

•  Sverdrup flow in the subarctic gyre. 
 

•  Subarctic boundary (SAB)　[e.g. 100m　salinity front] 

•  not understood? 
 

•  Kuroshio Extension Northern boundary (KENB) 

•  Effect of the seamounts? 
 

 

	

[Kida et al. 2015]	
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Difficulties and obstacles for examining the front and 
water mass distribution in the observation studies	

If we have a model that can realistically 
reproduce the fronts, these problems are 
somewhat alleviated.	

Sverdrup circulation, which is a basis for understanding the front 
locations,  depends on various wind stress estimation. 	

•  In model studies, we know the wind stress that is consistent 
with the modeled  circulation.	

Origin of water mass cannot be uniquely determined by the 
Temperature-Salinity relation alone.	

•  By using passive tracers, we can trace the origin of the water 
masses.	



This model largely reproduces the location of fronts!	

Recent eddy-resolving models  have begun to reproduce front locations. 
                                                                                                         (horizontal resolution ~ 10km)	



Main objectives of this study	

1.  Water mass distribution within the fronts. 

2.  Front location associated with the Sverdrup circulation etc. 

 
Outline 	
1.  Introduction 
2.  Model description 
3.  Simple comparison of front location with the Sverdrup circulation 
4.  Origins of watermass in the north Pacific associated with the fronts 
5.  Some applications 

1.  Formation of mesothermal structure in the subartic region  
2.  Impact of “zonal jets” on the tracers 
3.  Estimation of eddy diffusion 

6.  Discussion 
1.  Effects of the northern recirculation gyre of the Kuroshio Extension 
2.  Front formation mechanism other than Sverdrup circulation 

7.  Summary 



Model description	
Global eddy-resolving model (GONDOLA_010) 
 (Global Ocean model as a Nucleus of Dynamically-Organized Large-scale Application) 

•  Global ocean　（tri-polar coordinate, Zonal: 1/11, Meridional: 1/10, 6０ layers） 
•  Hindcast experiments(1958-2015) (JRA55 base forcing) 
•  Vertical diffusion considering rough topography (Decloedt and Luther ,2010) 
•  Mixed-layer model:　(GLB (Umrauf and Burchard 2003) 
•  Advection scheme:　(SOM (Second-Momentum Scheme)) 
•  Horizontal diffusion for momentum: 　Biharmonic Smagorinsky 
•  Horizontal diffusion for tracers:　        Constant biharmonic diffusion 
•  Wind forcing considering the current speed of ocean. 

 
 



Four virtual tracers to investigate the origins 
of water masses in the north Pacific.	

Red：    Kuroshio origin 
Blue：   East Kamchatka Current origin  
Purple：Okhotsk Sea origin 
Green： Tsugaru Current origin (～2.0 Sv,  Tsushima ～2.7Sv, 　Soya ~0.7 Sv) 
 
Numerical procedure 
  Initial condition: 1.0 in the shaded region, 0.0 in the other region. 
  Strongly restored to the value 1.0 only within the shaded region.  
  Evolution of the tracers are calculated offfline. 

Time integration: 15 years staring from Model 1993/01/01	



Front location and the Sverdrup circulation	

Sverdrup circulation calculated by the wind stress 
•  The eastward transport is weak near the boundary between the subtropical and subpolar 

gyres,  relatively strong eastward transports appear about 3degrees north and south of the 
boundary. 

•  This pattern is quite different from that of typically used idealized forcing. 
•  The average locations of the SAF and SAB in the central Pacific seem to correspond to 

these maximum transport.     

But their locations are not solely determined by the wind forcing, which is discuss later.	
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Time evolution of each water mass at 100m depth	



WBC v.s. the marginal Seas（Okhotsk＋Tsugaru)	

Kuroshio + East Kamchatka Current	 Okhotsk + Tsugaru Current 
	

Contribution of the marginal seas is substantial even in the central Pacific.	

   Kuroshio + East Kamchatka Current 
+ Okhotsk + Tsugaru 	 Okhotsk + Tsugaru Current 

	



Tracer concentration in the meridional direction at 160E and 160W	
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160E 
(Clear fronts)	

160W 
(no fronts)	

Daily average	 Annual average	
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Relationship associated with the fronts and 
the Sverdrup circulation	

 
SAF　(Sverdrup circulation 
in the subarctic gyre?) 
 
Gyre boundary (Sverdrup 
transport=0) 
 
 
SAB (Sverdrup circulation 
in the subtropical gyre?) 
 
 
KE 
 
 

Blue：   East Kamchatka Current  
Purple：Okhotsk Sea  
Green： Tsugaru Current  
Red：    Kuroshio 

Effects of marginal seas are emphasized	



Water mass distribution at 100m	
Red    :　Kuroshio origin (＞75%) 
Blue   :　East Kamchatka Current origin (＞75%) 
Purple：　Okhotsk origin (＞25%) 
Green ：　Tsugaru Current (＞25%) Effects of marginal seas are emphasized.	



Water mass distribution east of Japan	

In the period of the intrusion of the Oyashio Current	

Effects of marginal seas are emphasized.	



Water mass distribution and TS-profile	

Introusion of Oyashio	
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Summary so far	
 

•  Front locations associated with Sverdrup circulation 

•  Large influence of Sverdrup circulation on the front locations. 
•  Distribution of water masses associated with fronts 

•  Significant impact of the fronts and the gyre boundary. 
•  Quite large temporal variability of mass distribution to the east 

of Japan 



Application 1 
Formation of mesothermal structure	

Ueno and Yasuda (2000)	

Kuroshio-origin tracer at σ＝26.8  

Waters from the subtropics are 
transported to the subarctic region.	

In this model, eddy diffusion is important for 
crossing the subtropical-subpolar boundary. 



Application 2. 
Effects of zonal jets on tracers	

 

 

It is known that a series of “zonal jet” like 
structure is observed in satellite (Maximenko et　
2008 al.) and OGCMs (e.g., Nakano and Hasumi 
2005 JPO) 

At least, these “zonal jets” has clear 
impacts on the tracer distribution, 
indicating that it is not a mere statistical 
artifact.	

There is a debate whether these “zonal jet” 
phenomena are artifacts of time-average or not.	



Application 3. 
Estimation of horizontal diffusion due to eddies.	

Analytical solution of  
uniform diffusion from  
δ-function. 



Discussion 1	
Q. How does the Kuroshio-origin water flow to the north of the KE near Japan? 

A.  Mechanism differs between the stable and unstable states of the KE path. 

 
Unstable state:  
Northward movement of warm-core 
eddies detached from the KE. 
à direct impact on SST [e.g., Sugimoto 2014]. 

Stable state:  
Westward movement of warm-core 
eddies and waters. 
à Importance of northern recirculation gyre 



Stream function and PV of KE	
Low-resolution models 
 (Classical wind-driven circulation）	

High-resolution models 
 (Existence of Kuroshio Extension）	

Surface stream function	

Upper layer PV	 Upper layer PV	

Surface stream function	

Contribution of Tsugaru Current	



Latidudes of KE	

Latitudes of fronts between 165-170E	

Discussion 2	
Q. Fronts locations are determined only by the 

Sverdrup dynamics? 

A.  No, for example, some of the fronts drifts faster 
than Sverdrup dynamics. At least, effects of 
eddies seems important. In addition, there 
might be some feed back between atmospheric 
wind and oceanic fronts as suggested by 
Taguchi et al. [2012]. 

 

 



Summary	

 
SAF　(Sverdrup circulation 
in the subarctic gyre?) 
 
Gyre boundary (Sverdrup 
transport=0) 
 
 
SAB (Sverdrup circulation 
in the subtropical gyre?) 
 
 
KE (Eastward jet 
accompanying twin-
recirculation gyres) 
 
 

 
 
•  Distribution of each water is strongly 

constrained by the existence of the fronts. 

•  Application to tracer studies 
  (e.g. Impact of zonal jets on the tracer fields.) 
 
•  The front locations are significantly affected 

by the Sverdrup circulation, but other 
effects are also important. 

 
 

Blue：   East Kamchatka Current  
Purple：Okhotsk Sea origin 
Green： Tsugaru Current origin 
Red：    Kuroshio origin 

Significant contribution of the marginal seas, especially to the east of Japan.  



Effects of submesoscale dynamics	

10-100km scale 
variability 

Various-scale 
variabilities 

Small-scale 
variability 
disappear 

OGCM (resolution=10km)	OGCM (resolution=2km)	

So, our model may underestimate the mixing due to the submesoscale eddies.	





Vertically integrated vorticity balance along the 
western boundary	

Viscous layer	
Inertial layer	

H
igh-resolution m

odel	

Low
-resolution m

odel	

Viscous layer	

Additional planetary vorticity is 
compensated by the viscosity. 



Northern recirculation gyres	

Nakano et al. (2008)	

The northern recirculation gyre is observed in the float and other models 
         [ Qiu et al. 2008].	



Meridional distribution at 160E.	

Kuroshio origin	 East Kamchatka current origin	

Okhotsk origin	 Tsugaru origin	



Meridional section at 160E	

Ishikawa and Ishizaki (2009)	

Below 26.4σ, east-Kamchatka 
current origin  
and Okhotsk origin waters cross the 
KuroshioExtension. 
This is consistent with Ishikawa and 
Ishizaki (2009) . 



Relationship to Potential vorticity at 
isopycnal surfaces.	



ANALYTICAL MODEL:　(Nakano and Suginoahara 2003) 　	

　Vertical diffusion 
+ Horizontal diffusion 

Vertical diffusion 


