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Submesoscale cold-core (T < 0°C) eddies were observed near the shelf break in Peter the Great 
Bay of the East/Japan Sea in March 2010. The observations were carried out at the moored 
automatic mobile profiler Aqualog station. The profiling was as frequent as every hour 
allowing us to obtain data with high temporal resolution. Aqualog delivered vertical profiles of 
ocean current velocity, acoustic backscatter at 2 MHz, temperature, and salinity between the 
depths of 20 m and 105 m. Below the profiling range, the InterOcean S4 current meter with 
temperature and salinity sensors was mounted on the mooring line. Above the profiling range, 
the RBR XR420 CTD logger with dissolved oxygen, chlorophyll-a fluorescence, and turbidity 
sensors was also mounted on the mooring line. Additionally we used the data of ship-born 
CTD casts, the satellite-born imagery and scatterometery, and the coastal weather station 
records. The data analysis suggests that the cold-core submesoscale eddies play an important 
role in supplying the densest water (σθ > 27.24 kg/m3) from the northern part of Peter the 
Great Bay to the shelf break zone where it cascades downward into the deep northern basin of 
the Sea. The volume of the densest water in an eddy, according to our rough estimate, is 0.5-1 
km³. At the sea shelf, the densest water is richer in oxygen by 0.4 ml/l than surrounding water. 
It also contains much more suspended particles brought by the rivers. 
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I. INTRODUCTION 
Since the 1990s, regional physical oceanography focuses on two subpolar ventilation sources 

of the densest East/Japan Sea waters: open-ocean winter mixed-layer convection and brine rejection 
during ice formation [1,2].  

Usually open-ocean convection ventilates the subpolar East/Japan Sea to intermediate depths 
resulting in a 300–400-meter thick mixed layer. There is also a region off Peter the Great Bay (PGB) 
where the open-ocean convection may reach ~1000 m depth. Ref. [3] pointed out that the best suited 
region for open-ocean convection is located west of 136°E between 40° and 43°N. Analysis of 
historical archive of the in situ temperature and salinity data [4] suggested that deep convection 
occurs near Vladivostok though not every winter. Ref. [5] reported on the wind enhanced by the 
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topographic effect through the valley near Vladivostok into the East/Japan Sea that was strong 
enough to enhance heat loss and evaporation, which resulted in cooling of the sea surface 
temperature and in forming of dense water mass in Jan. 1997. Ref. [2] observed deep convection 
penetrating down to 1100–1500 m during the winters of 1999/2000 and 2000/2001. The newly 
formed bottom water was observed in the summer of 2001 after the severely cold winter of 
2000/2001 in the northwestern East/Japan Sea region [6]. 

The coastal buoyant water is mostly cold and fresh within the narrow Primorye coastal zone 
and in PGB. Brine rejection during ice formation increases the density of the shelf water. It is 
thought that shelf water of the highest density is produced by brine rejection in PGB. The densest 
brine-enriched water propagates locally downward along the continental slope. The cascading water 
ventilates the deep layer of the sea, known as Lower Japan Sea Proper Water. This layer, below 500-
1000 me depth includes a deep salinity minimum, a deep oxygen minimum, adiabatic bottom layer 
up to 2500 m thick , and occasionally a high-oxygen bottom boundary layer [2]. The severe winter 
of 2000/2001 led to so much brine rejection that a large amount of new bottom water was formed 
[2,6,7]. 

Observations of the densest water formation in PGB should help estimate the amount of the 
densest water formed due to brine rejection. In Feb.-Mar. 2010 at the end of winter, we conducted 
field trials of the moored profiler Aqualog in PGB. For test deployments we equipped the profiler 
with the CTD probe and the current meter that allowed for frequent observations of the vertical 
profiles of temperature, salinity, current velocity, and acoustic backscatter. The frequent profiling 
revealed two submesoscale cold-core eddies. These anticyclonic eddies transported the densest 
water formed in northern part of PGB to the shelf break region. 

 

 
Fig. 1. Bathymetry of Peter the Great Bay area; the isobaths are drawn every 50 m within 

the 50-200 m depth range and every 100 m below 200 m [8]. The red star shows the location of the 
Aqualog profiler mooring. 

 



II. OBSERVATIONS 
The field experiment was carried out on Feb. 27–Mar. 14, 2010. The moored profiler 

Aqualog [9] was deployed near the shelf break at 132°E as shown in Fig. 1.  
In PGB, the profiler Aqualog (Fig. 2) was programmed to move down and up along a 

mooring line with the speed of ~0.2 m/s in the depth range of 23-105 m to perform 12 ascending and 
12 descending profiles with an interval of about 54 minutes; it took approximately 6 min to 
complete every profile. The time interval between the profiles allowed us to get the data with 
sufficient resolution for intermittent dynamics at ocean submesoscale, inertial scale, and the 
semidiurnal tidal scale. The Aqualog made 176 up-down round trips during 15 days of the survey. 

 
  

 
Fig. 2. Deployment of the Aqualog profiler in PGB on Feb. 27, 2010. The InterOcean S4 current 

meter with temperature and salinity sensors above the acoustic release is also shown. 
 
The profiler carried the FSI Excell 2'' Micro CTD probe and the Nortek Aquadopp 3D 

current meter that had a horizontal beam single frequency 2 MHz instrument. Unlike conventional 
mooring where the equipment is placed at fixed depths, Aqualog made measurements resolution i.e., 
the pressure, conductivity, and temperature with a vertical resolution of ~0.2 m (fine structure 
resolution) and the acoustic backscatter signal and the current velocity with the resolution of ~1 m. 

On the mooring line, besides the profiler Aqualog two more oceanographic instruments were 
installed: i) the InterOcean S4A current meter with temperature and salinity sensors above the 
acoustic release and an anchor (see Fig. 2) and ii) the RBR XR420 CTD logger with dissolved 
oxygen, chlorophyll-a fluorescence, and turbidity sensors at the depth of 18 m below the subsurface 
floatation.  

For the deployment and recovery of the mooring we used R/V Professor Gagarinskiy. This 
ship also made CTD casts using SBE 911plus probe in PGB area during the survey. The ship-borne 



data of the casts #2, 63, and 71 of Feb. 27, Mar. 4, and Mar. 14 respectively were used for 
intercomparison with the mooring data. 

To describe background dynamic conditions in PGB as well as the atmospheric forcing 
during the survey we used the Moderate Resolution Imaging Spectroradiometer data of the AQUA 
satellite data and the Advanced Scatterometer (ASCAT) data of the METOP satellite, respectively. 

It should be noted that measurements by the FSI Excell 2'' Micro CTD probe installed at the 
Aqualog profiler were in good agreement with both the InterOcean S4 data and the ship-borne data 
of the SBE 911plus CTD casts (Fig. 3). 

 
Fig. 3. Comparison of temperature and salinity data obtained using different instruments in the 

near-bottom layer. 
 

III. RESULTS 
Several times during the observational survey, outbreaks of strong northerly wind brought 

dry and cold air into the PGB area from Siberia (see for example, Fig. 4). 
The northerly winds should strengthen cyclonic gyre in the north-western East/Japan Sea. 

According to the satellite infrared imagery, the coastal Primorye Current was unstable in late 
February – first half of March 2010. In the north-western East/Japan Sea, this jet extended westward 
along the continental slope (Fig. 5). The surface water to the south of the boundary current was 1.5-
2°C warmer than the shelf water in PGB. The mesoscale eddies with horizontal dimensions of about 
20 km spin off the current. 

 



 
Fig. 4. The near-surface wind observed by ASCAT satellite over the north-western East/Japan Sea 

on Mar. 5-8, 2010. Red circle shows location of the Aqualog profiler mooring. 
 

In the shelf zone, the dynamical structures are clear cut in the satellite MODIS imagery of 
the water leaving radiance at 0.551 μm and the chlorophyll-a concentration (Fig. 6). The typical 
horizontal scale of dynamical structures in PGB appeared to be much smaller than that in the deep 
basin to the south [10]. Noticeably the chlorophyll-a concentration was rather low in the Primorye 
Current region. The phytoplankton increased in the shelf waters to the west of Cape Povorotniy 
(42°40' N, 133°02' Е) in PGB where the river runoff, which was richer in nutrients, mixed with the 
sea water. The chlorophyll-a patches were stirred by submesoscale eddies (1–10 km, 1–102 hours) 
into a number of filaments separated by clear water (Fig. 6). 

Although the weather conditions during the observational survey were typical for this time of 
the year with the air temperature at Vladivostok WMO station in the -12 – 5°C range (not shown), 



the cold dry wind outbreaks could increase surface cooling dramatically particularly at nights when the 
temperature was below 0°C. 

 

 
Fig. 5. The sea surface temperature in the north-western Japan Sea on Mar. 3 and 10, 2010 as 
observed by Moderate Resolution Imaging Spectroradiometer (MODIS) of the satellite AQUA. 

White circle shows location of the Aqualog profiler mooring. 
 

 
Fig. 6. The chlorophyll-a concentration in near-surface waters of the north-western 

East/Japan Sea on Mar. 6 and 13, 2010 as observed by MODIS AQUA. White circle shows the 
location of the Aqualog profiler mooring. 

 



The CTD casts along 132°E carried out on Mar. 4 indicated the appearance of dense water 
with salinity higher than 34.2 psu and temperature lower than -1.6°C in the near-bottom layer in the 
northern part of the Ussuriyskiy Bay (Fig. 7). This water filled galleys at the bottom. It could be 
thought that if a galley was overfilled then tongue of the dense water propagated farther southward 
above nearly flat bottom (slope < 0.001°) of the sea shelf. However, the observations by the profiler 
mooring near the shelf break indicated a somewhat different scenario. 

 

 
Fig. 7. The temperature (left panel) and salinity (right panel) sections along 132°E on Mar. 4, 2010. 
The y-axis is for the depth. The x-axis is for the distance towards the coast in the Ussuriyskiy Bay. 

 
After unstable weather conditions the northerly wind started to blow on Mar. 6. The colder 

weather settled into PGB area through Mar. 11 and the air temperature dropped below -10°C for 
three consecutive nights of Mar. 7–9. Such a cooling could lead to formation of substantial volume 
of dense water. What did the profiler mooring data reveal at the PGB shelf break?  

According to the Aqualog profiler observations, the cold water appeared near the mooring 
site on Mar. 3–4, Mar. 7, and Mar. 9–12 (Fig. 8). The most significant anomaly occurred after the 
passage of the thermal front through the mooring site on the night of Mar. 6. The temperature 
sharply decreased in the entire water column, with water colder than -0.6°C occupying the 20-30 
meter thick near-bottom layer for one day of Mar. 7. Noticeably the near-bottom temperature was 
lower by 2–2.2°C than that of the previous 2 days. The temperature variations did not correlate with 
those of the salinity (see Fig. 3), which were in the 33.8–34 psu range during the survey. Noticeably, 
the salinity of the near-bottom water was 33.9±0.05 psu in the morning of Mar. 7; it slightly 
increased by 0.05 psu in the afternoon. Yet taking into account the salinity data obtained at the 
section along 132°E on Mar. 4 (see Fig. 7), one can argue that the observed salinity could be much 
lower than that in the near-bottom layer at the shallower part of the shelf at the distance of ~40 km 
northward. 

The densest water was observed in the near-bottom layer when the temperature was less than 
0°C (Fig. 9).  The densest structure was observed on Mar. 7. If geostrophic approximation is 
applicable then the swirl velocity rotated clockwise in this structure. Hence we suggest that the 
observed structure was a cold-core anticyclonic eddy. The horizontal gradient of the density 
between the eddy core and the surrounding shelf water was strongest near the bottom. The 



maximum potential density in the eddy core near the bottom was 27.24 < σθ < 27.30  kg/m3. Notice 
that such density is typical for the Japan Sea Intermediate Water [11,12]. 

 

 
Fig. 8. Time‒depth diagram of sea temperature derived from the Aqualog profiler data  

from Feb. 27 through Mar. 14, 2010. 
 

 
Fig. 9. Temporal evolution of the vertical distribution of the potential density σθ (kg/m3) based on 

the Aqualog profiler data collected from Feb. 27 through Mar. 14, 2010. 



The current velocity pattern was typical for that produced by submesoscale eddies passing 
through the mooring site (upper panel of Fig. 10). The Aqualog profiler current meter data broadly 
agreed with those of InterOcean S4 below the profiling depth. Notice, the latter data are affected by 
the bottom Ekman spiral developed in the layer that could be few meters thick (lower panel of Fig. 
10). The current velocity was not always in agreement with the Ekman drift. For example, the 
northward current was observed from the sea near-surface layer to the sea bottom from late evening 
of Mar. 7 till the morning of Mar. 8 though strong northerly wind (10–15 m/s) was persistent from 
Mar. 6 till at least Mar. 8 (Fig. 4). Hence we assume that the current velocity variability at the 
mooring site was largely caused by ocean submesoscale dynamics rather than wind induced 
circulation. 

 

 
Fig. 10. Upper panel - Time‒depth plot of current velocity based on the data of Nortek Aquadopp 
current meter installed at Aqualog profiler. The scale is shown in the panel upper left corner. The 

background of the plot is potential density as in Fig. 8 above. Lower panel – Vector plot of the 
current velocity data by InterOcean S4 mounted at the mooring line at fixed depth of 105 m. 

 



The current velocity was up to 0.25 m/s in the cold-core eddy on Mar. 7. The current 
velocity was quite coherent in the eddy although it was getting larger in amplitude with depth in the 
lower layer within 30–40 m above the bottom 

Based on Fig. 10 we propose the scheme of movement of the cold-core eddy on Mar. 6–8 
(Fig. 11). If we assume that the currents observed at the profiler mooring station on Mar 6–7 were 
caused by anticyclonic eddy then it would be logical to suggest that this vortex moved generally 
southeastward towards the shelf break. Notice that during the passage of the eddy the mooring 
station was located to the southwest of the eddy center. The eddy propagated rather slowly 
otherwise we could observe the mean eddy drift in the current meter data.  Assuming that the outer 
diameter of the eddy was ~10 km (see the scale at the right vertical axis in Fig. 6) and applying the 
scheme at Fig. 10 we arrive at conclusion that the movement speed of the eddy was about 0.07 m/s. 
Since the eddy moved southeastward rather than southwestward it is unlikely that the eddy was 
bottom intensified. Notice that the eddy was not isolated; it interacted with the currents, the Ekman 
circulation generated by wind forcing, and other submesoscale eddies in PGB. 
 

 
Fig. 11. Scheme for the cold-core eddy movement in PGB during Mar. 6-8, 2010. Red star marks the 
mooring. The color circles sequentially indicate the eddy locations (the time and data information is 

at the right side of the figure). The black dashed arrow shows the track of the eddy center. 
 
The water in the cold-core eddy was richer in oxygen (Fig. 12). In the morning of Mar. 7, the 

level of dissolved oxygen was still the same as on Mar. 6. It suddenly grew by 0.2–0.3 ml/l around 
03:00 a.m. on Mar. 7. The dissolved oxygen content started to fall after 18:00 on Mar. 7. Most likely 
the eddy core passed through the mooring station in 24 hours. The eddy core diameter was smaller 
than 10 km. If we assume the eddy core diameter was 6-8 km then the amount of the densest water, 
σθ > 27.24 kg/m3, in the lower part of the eddy core, 20 meters thick, was about 0.5-1 km3. 

The cold-core eddy carried water containing much more suspended particles. The Nortek 
Aqaudopp current meter observations demonstrated that on Mar. 7 the acoustic backscatter was 
much higher than background values (Fig. 13). It should be noted that the acoustic backscatter was 
caused by suspended particles rather than phytoplankton and mesozooplankton. This is confirmed 
by comparing turbidity and chlorophyll-a fluorescence measurements using the RBR XR420 CTD 
logger mounted on the profiler mooring station (Fig. 14).  

 



 
Fig. 12. The dissolved oxygen variations at the depth of 18 m measured using the oxygen sensor of 

RBR XR420 CTD logger at the profiler mooring station. 

 
Fig. 13. Time‒depth diagram of the acoustic backscatter obtained using the Nortek Aqaudopp 

current meter at the Aqualog profiler from Feb. 27 through Mar. 14, 2010. 
 

Interestingly while the turbidity was higher during one day of Mar. 7 coherently with the 
dissolved oxygen variation, the fluorescence of chlorophyll-a was at its maximum late in the 
evening of Mar. 6 and in the morning of Mar. 7. It means that the cold-core eddy carried a nepheloid 
cloud. The suspended particles were either of lithogenic origin or were entrained by the swirl 
circulation from the bottom of the shelf. The lithogenic particles are brought by rivers into 
Ussuriyskiy Bay and Amurskiy Bay of PGB. Taking into account the above mentioned observations 
that the oxygen content was high and the salinity was enhanced in the cold-core ring we suggest that 
the water in the eddy core was formed recently during brine rejection when the cold weather settled 
into the northern part of PGB. 



 
Fig. 14. The turbidity (upper panel) and the chlorophyll-a fluorescence (lower panel) at the depth 

of 18 m measured using the oxygen sensor of RBR XR420 CTD at the profiler mooring station from 
Feb. 27 through Mar. 14, 2010. 

 
The phytoplankton was underdeveloped in the core of the cold eddy. However it bloomed in 

the region of the temperature front between the cold-core eddy and the waters to the south; the 
passage of this front was observed at the same time as the increase in the chlorophyll-a fluorescence 
(compare Fig. 8 with lower panel of Fig. 13).  

Finally, similar patterns of potential density, current velocity and other characteristics were 
observed 2 days later on Mar. 9–10. In that case, the maximum density was about 27.24 kg/m3. The 
dissolved oxygen content was also relatively high 7.2–7.5 ml/l. This suggests that the submesoscale 
eddies often transport the densest water from the northern part of PGB to the shelf break.  

By observing the submesoscale eddies one can roughly estimate the amount of the densest 
water that every winter cascades downward along the continental slope into the deep East/Japan Sea 
Basin. 
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