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Introduction 

Processes determining the ventilation of interme-
diate water in the North Pacific continue to be of 
interest, since in the intermediate layer the accu-
mulation and redistribution of carbon dioxide and 
other gases connected with the greenhouse effect 
might occur. The direct ventilation of intermediate 
water occurs only in limited regions of the North-
west Pacific, including the Okhotsk Sea.  The 
cold, low salinity and high oxygen intermediate 
layer in the Okhotsk Sea differs greatly from the 
relatively warm, saline and low-oxygen intermedi-
ate waters in the adjacent North Pacific.  There-
fore, these waters are considered as the most sig-
nificant source for ventilation in the North Pacific 
(Talley, 1991; Talley and Nagata, 1995; Yasuda, 
1997; Kono and Kawasaki, 1997). 
 
The candidates for primary mechanisms that de-
termine direct ventilation and transformation of 
the intermediate water in the Okhotsk Sea include 
the following processes (Moroshkin, 1966; Kitani, 
1973; Talley and Nagata, 1995; Watanabe and 
Wakatsuchi, 1998): 
 
1. Formation in winter of brine-enriched Dense 

Shelf Water (DSW) through surface cooling 
and freezing in the northern coastal polynyas;  

 
2. Spring inflow of dense Soya Current Water 

(SCW) through the Laperuz (Soya) Strait; 
 
3. Convection due to winter cooling.  
 
Under the influence of these processes, the ventila-
tion of the upper portion of the intermediate waters 
in the Okhotsk Sea (potential density 26.7–27.1 
σθ, depths from 150 to 400–700 m) takes place. 
Moroshkin (1966) named this water mass as the 
Okhotsk Sea Intermediate Water  (OSIW).  
 
This paper describes the ventilation signatures in 
the upper portion of the intermediate water in the 
Okhotsk Sea.  Temperature, salinity and potential 
vorticity Q on isopycnal surfaces are analyzed.  
We also discuss the oceanographic features related 
to DSW outflow along the east coast of Sakhalin 

Island and background conditions for convection 
in the Soya Current region near the South Kuril 
Islands. 

Data  

CTD observations were carried out on board the 
R/V Akademik M.A.Lavrentyev in July–September 
1994.  The location of stations is shown in Figure 
1.  A Neil Brown Mark IIIB CTD was used.  The 
CTD data were collected to 1000 m.  Conductivity 
data were calibrated by bottle samples with an ac-
curacy of 0.01 psu in salinity. CTD data were av-
eraged to 1-dbar intervals. 

Distribution of temperature, salinity and       
potential vorticity on isopycnal surfaces 

To investigate how ventilated water is distributed 
in the Okhotsk Sea, we carried out analyses of 
temperature, salinity and potential vorticity Q 
within the OSIW density range.  To calculate the 
potential vorticity along isopycnals properties in 
the 26.8–26.9 and 27.0–27.1 σθ ranges were used. 
 
The distribution of temperature and salinity (Fig. 
2) along isopycnal 26.8 σθ shows the following 
features.  The warmest and most saline waters 
were observed in the northeast part of the Kuril 
Basin.  The OSIW in this region is transformed by 
mixing with Pacific water which flows through the 
Kruzenshtern Strait.  The second area of warm and 
salty waters were observed off the west coast of 
the southern Kuril Islands.  The surface layer of 
this area was occupied by the warmest and salty 
SCW.  The coldest and freshest waters connected 
with DSW were observed along the east coast of 
Sakhalin Island.  In the Kuril Basin spotty distri-
bution of the temperature and salinity related to 
the presence of mesoscale eddies was observed.  
The map of dynamic topography (Fig. 3) clearly 
shows two anticyclonic eddies.  The eddy A1 had 
a cold, fresh core between isopycnals 26.7–26.9 
σθ.  For eddy A2 the water between 26.7–26.9 σθ 
was warmer and more saline than in the surround-
ings.  Mesoscale eddies are often observed in the 
Okhotsk Sea (Wakatsuchi and Martin, 1990).
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Fig. 1 CTD station locations for the R/V Akademik M.A. Lavrentyev survey conducted in summer 1994. 
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Development and decay of eddies in the Kuril Ba-
sin can be determined by the surface flow of 
warm, saline Soya Current Water, the advection of 
cold, less saline water from the East Sakhalin 
shelf, and winter cooling and convective mixing 
(Wakatsuchi and Martin, 1991). 
 
 Isopycnal layer thickness, which is locally related 
to potential vorticity defined as Q = ρ–1 f ∆ρ/∆z 

(10–11 m–1/s–1), is a useful property to study of the 
distribution and circulation of the ventilated water 
mass.  Ventilated water can be identified by using 
potential vorticity minimum (Talley and McCart-
ney, 1982). 
 
 According to Freeland et al. (1996) and Yusuda 
(1997), the vertical distribution of potential vortic-
ity in the Okhotsk Sea has a minimum centered at 
26.8–26.9 σθ and a layer of the second maximum 
Q located between isopycnals 27.0 and 27.1 σθ.  
These results suggest that OSIW is a ventilated 
water mass in the Okhotsk Sea. 
 
A vertical section of Q (Fig. 4) shows that the low 
potential vorticity layer related to OSIW was ob-
served in the whole deep part of the Okhotsk Sea.  
The local minima Q were connected with a core of 
anticyclonic eddies.  
 
In the layer 26.8–26.9 σθ (Fig. 5a), which corre-
sponds to a minimum of potential vorticity (venti-
lated regime) high-Q water (Q > 8) was observed 
along the Kuril Islands and along the east coast of 
Sakhalin Island.  These are regions with less venti-
lated (more stratified) water of the intermediate 
layer.  Thus DSW outflows along the east coast of 
Sakhalin Island can be characterized as high-Q 
water.  It is possible to identify two areas of inter-
mediate-Q water with 6 < Q < 7, one of which is 
connected to waters with a strong Pacific compo-

Fig. 2 (a) Potential temperature and (b) salinity at 26.8 σθ. 

Fig. 3 Dynamic height at 500 dbar relative to 
1000 dbar. 
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nent flowing through the Kruzenshtern Strait; the 
second is located near the Terpeniya Bay.  En-
hanced vertical mixing in these areas results in the 
reduction of Q.  The minima of Q (4–5) related to 
anticyclonic eddies were observed in the Kuril 
Basin.  This shows that processes of generation 
and decay of these eddies can be related to 
pycnostad formation in the Okhotsk Sea. 

The potential vorticity distribution along 27.0–
27.1 σθ (Fig. 5b, potential vorticity maximum) 
shows the region of high-Q water extending from 
the Kruzenshtern Strait to the Deryugin Basin.  
Low-Q water with Q from 6 to 9 was distributed 
along the central and southern Kuril Islands and 
near Terpeniya Cape.  The formation process of 
this low-Q water may be associated with boundary 
mixing.  Also, the low-Q band was found in the 
Kuril Basin.  

Dense shelf water along the East Sakhalin        
Island coast  

DSW is formed in winter in the northern coastal 
polynyas (Kitani, 1973; Alfultis and Martin, 
1987). DSW can also be formed in Shelikhov Bay 
and on the East Sakhalin shelf, including Ter-
peniya Bay.  Dense water is advected from the 
northwestern shelf to Cape Elizabeth (the northern 
tip of Sakhalin Island).  DSW was observed off 
Cape Elizabeth as the cold bottom layer between 
isobaths 70 and 130 m (Fig. 6). Potential density 
in the bottom layer ranged from 26.94 to 27.02 σθ.  
Over the East Sakhalin shelf (bottom depths 60–
200 m) the bottom cold layer had potential densi-
ties of 26.71–26.85 σθ.  Along the East 
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Fig. 4 Potential vorticity Q section across the 
Kuril Basin.  The location of the section is shown 
in Figure 1.  For the estimation of Q, CTD data 
were averaged to 100-dbar intervals. 
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Fig. 5 Isopycnal potential vorticity (f /ρ)(∂ρ/∂z)(10–11 m–1 s–1)  at (a) 26.85 σθ  and (b) 27.05 σθ. 
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Sakhalin Island slope potential density near the 
bottom ranged from 26.85–26.94 σθ.  This shows 
that DSW can ventilate the intermediate water at 
least down to isopycnal 27.02 σθ. 
 
The outflowing DSW spreads along the east coast 
of Sakhalin Island.  During its movement the 
DSW mixes with ambient waters.  The renewed 
waters separate from the Sakhalin Island coast 
near Terpeniya Cape and move into the Kuril Ba-
sin.  Due to interleaving, numerous cold intrusive 
layers (lenses) are formed which appear on the 
vertical profiles as secondary minima of tempera-
ture.  In Figure 7 the characteristics of the secon-
dary minima of temperature in the region located 
between the east coast of Sakhalin Island and 
147°E are shown.  The cold layers had a tempera-
ture jump exceeding 0.1°C.  DSW leaves the 
northwestern shelf without significant interleaving 
with ambient water.  Cold intrusions were not 
found in the region to the north of Cape Elizabeth.  
Along the east coast of Sakhalin Island this water 
begins to interleave with waters of the deep part of 
the sea.  The secondary minima of temperature 
were observed in the layer 150–600 m (26.75–
27.10 σθ).  Active interleaving was observed near 
Terpeniya Cape and in the region of Terpeniya 
Bay between isopycnals 26.8–27.0 σθ.  The isopy-
cnal and diapycnal mixing of these waters with 
surrounding water makes the intermediate layer in 
the Okhotsk Sea colder, less saline and higher in 
oxygen content. 
 
Intermediate water in the Kuril Basin is also char-
acterized by the high level of finestructure activity.  
Examination of vertical profiles (Fig. 8) shows 
that a cold, fresh and rich-in-oxygen intrusion (sta-
tion 44) originating from the Sakhalin slope and a 
warm, saline, high-in-oxygen intrusion (station 
55), related with dense SCW, were both centered 
at 26.95 σθ.  These stations were located around 
the anticyclonic eddy A2.  

Conditions for development of convection in the 
Soya Current region 

A vertical potential vorticity minimum was found 
at intermediate depths everywhere in the Okhotsk 
Sea.  The pycnostad indicates that OSIW can be a 
convectively formed water mass.  Climatic distri-
bution shows that in the Okhotsk Sea the surface 
winter density does not exceed 26.7 σθ (Talley, 
1991).  The  cold  subsurface  (dichothermal) layer  

 

 

 

 

 represents a “rest” of a winter mixed layer.  
Therefore, it is possible to use the density in the 
core of this layer as the rough estimation of effi-
ciency of direct ventilation in the Okhotsk Sea in 
winter.  A subsurface temperature minimum was 
identified for all CTD profiles.  The core of the 
cold subsurface layer was centered in the depth 

Fig. 6 T–S diagram showing characteristics of 
DSW off Cape Elizabeth (•) and shelf–slope 
bottom waters along the east coast of Sakhalin 
Island (o). 
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range between 60 and 200 m, ranging in potential 
density from 26.5 to 26.7 σθ.  For only two sta-
tions in the southern part of the sea (Stns. 57 and 
59) was the core of the cold subsurface layer char-
acterized by high potential density (about 26.75 
σθ).  This shows that if intermediate convection 
takes place in the Okhotsk Sea, the convective re-
newal of OSIW occurs only in the local region. 
 
The inflow of saline water in the Okhotsk Sea 
(Soya Current) creates favourable conditions for 
the development of convection in the southern part 
of the sea.  Saline water enters the Okhotsk Sea 
from the Japan Sea through the Soya (Laperuz) 
Strait.  During the maximum development of the 
Soya Current, warm and high-salinity water occu-
pies the narrow region along the northern coast of 
Hokkaido and the southern Kuril Islands (Taki-
zawa, 1982).  Water with a density of the interme-
diate layer can be generated due to cooling the 
surface SCW. 
 
For determination of regions with favourable 
background conditions of stratification for devel-
opment of convection, a simple mixed layer model 
was used.  Starting with the observed profiles of 
temperature and salinity, this model removes from 
the upper mixed layer a constant amount of heat 
with each step (0.01°C) and reevaluates the static 

stability between the mixed layer and the layer 
below it.  If the mixed layer becomes denser than 
the water below, the water is completely mixed 
and the upper layer deepens. 
 
The results of calculations illustrate that in the 
Okhotsk Sea, at a temperature close to the freezing 
point, thermal convection can form a mixed layer 
with a thickness of 40–50 m.  A sharp halocline 
prevents a penetration of convection to large 
depths.  Only in the Soya Current region (Stns. 
160 and 161) and in the area of transformation of 
SCW (St. 162) were the conditions favourable for 
convection development (Table 1).  Warm and 
highly saline SCW was observed in the surface 
layer (Fig. 9).  Influence of the SCW at St. 160 
appears down to a depth of about 300 m.  At the 
bottom of this layer weak salinity and temperature 
minima were observed.  At St. 162 high salinity 
water occupied only a thin surface layer. These 
features of the vertical thermohaline structure cre-
ate favourable conditions for the development of 
convection.  In the SCW area the deeping of the 
mixed layer begins at relatively high temperature 
(about 8°C for St. 160) and quickly penetrates to 
the lower boundary of the warm and salty layer.  
After further cooling, convective mixing pene-
trates into the intermediate waters and the 

Fig. 8 Profiles of potential temperature (a and b) for stations in the Kuril Basin of the Okhotsk Sea.  Ar-
rows mark the cold, fresh intrusion originating from the Sakhalin slope (St. 44) and warm, salt intrusion 
related to dense Soya Current Water. 
 

-1 0 1 2

26.6

26.7

26.8

26.9

27

27.1

σθ

θ, °C

St. 55St. 44

b

0 0.5 1 1.5 2 θ, °C

200

300

400

500

600

P, db

St. 44

St. 55

a



  

  67

 Mixed layer T (1.5°C) Mixed layer T (0.0°C) 

Station ∆H (m) θ (°C) S (psu) σθ ∆H (m) θ (°C) S (psu) σθ 

160 427 1.53 33.49 26.79 587 –0.07 33.48 26.89 
161 220 1.46 33.35 26.69 440 –0.01 33.39 26.81 
162 – – – – 246   0.01 33.41 26.82 
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thickness of a mixed layer continues to be in-
creased. In the area of transformation of the SCW 
where the contribution of saline water in density 
stratification is small, convective mixing begins at 
relatively low temperature (about 0.5°C for St. 
162).  The thickness of the mixed layer in this area 
at equal temperature is less in comparison with the 
SCW area.  Calculations of mixed layer parame-
ters at temperatures close to climatology in No-
vember and December (Veselova, 1975) have 
shown (Table 1) that, in the SCW area (St. 160) at 
T = 1.53°C, the layer thickness is 427 m (σθ = 
26.79).  In the transformation area of the SCW (St. 
162) at T = 0.01°C, the thickness of the mixed 
layer equals 246 m (σθ = 26.82).  Comparison be-
tween profiles of temperature, salinity and dis-
solved oxygen taken near Iturup Island before and 

after the winters of 1994–1995 (Fig. 10) shows 
apparent variation in the vertical structure from the 
surface to 450 m. (σθ = 26.86)  Thus in the Soya 
Current region, due to cooling of the saline surface 
layer and subsequent convection, the intermediate 
water can be ventilated. 

Conclusions 

The main results are summarised as follows.  The 
OSIW, in the range of potential density 26.7 –27.1 
σθ, can be ventilated through the impact of brine-
enriched DSW and consequent boundary mixing 
with ambient water which takes place along the 
Sakhalin Island shelf and slope.  Cold, fresh and 
high-oxygen water originates from East Sakhalin 
and the dense SCW ventilated intermediate layer 

Table 1  Parameters of mixed layer in the Soya Current region after “cooling” to 1.5° and 0.1°C, respec-
tively. 

Fig. 10 Vertical profiles dissolved oxygen content 
in area off the coast of the southern Kuril Islands 
before (Stns. 160 and 161) and after (St. 152) win-
ter 1994–1995. 

Fig. 9 Profiles of salinity for stations in the 
Soya Current region. Salinity profiles are offset 
from each other; scale correct for St. 160. 
 

2 4 6 8 10

0

100

200

300

400

500

P,db
O2, ml/l

152
161

162



  

 68

in the Kuril Basin around 26.95 σθ.  Convection in 
the Soya Current region along the South Kuril Is-
land can ventilate OSIW down to 26.70–26.85 σθ. 
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