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Abstract—In this paper, seasonal and interannual upwelling variability in the Sea of Okhotsk off the eastern
coast of Sakhalin Island based on wind data obtained using the QuikSCAT/SeaWinds scatterometer (1999–
2009) were studied. The upwelling strength was estimated from the magnitude of the wind-induced Ekman
transport directed away from the coast (upwelling index). The obtained results show that upwelling near the
eastern coast of Sakhalin Island is mainly associated with summer southerly monsoon winds over the Sea of
Okhotsk. In the northern and central parts of the East Sakhalin shelf, upwelling is observed in July–August.
In the southern part of the region, off the coast of Cape Patience, it begins in August and continues until Sep-
tember. The variability in the duration and strength of upwelling is due to regional features of the wind forc-
ing. Ekman transfer and pumping contribute approximately equally to the upwelling generation. This shows
that upwelling associated with the spatial inhomogeneity of the wind stress vorticity can affect the decrease in
water temperature off the eastern coast of Sakhalin Island. The seasonal variability of the southern monsoon
winds favorable for the development of upwelling is largely determined by the summer Okhotsk anticyclone
(atmospheric center of high pressure over the Sea of Okhotsk). The latter is characterized by significant inter-
annual variability. Its interannual variations correlate well with the upwelling strength near the eastern coast
of the island. Upwelling decreases in years with negative atmospheric pressure anomalies in the Okhotsk anti-
cyclone, while enhanced upwelling is associated with a well-developed positive anomaly of this regional high-
pressure center.
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INTRODUCTION
Coastal upwelling develops under the impact of

two main physical factors: alongshore wind stress and
the Earth’s rotation (the Coriolis effect). In the
Northern Hemisphere, it is caused by wind blowing
along the coast so that the coast is on the left. In this
case, the Ekman transport directed away from the
coast leads to a divergence of currents near the coast,
which causes a compensatory rise and the release of
colder waters from the underlying layers to the surface.
Another physical mechanism plays a significant role in
the upwelling dynamics. This process known as Ekman
pumping is associated with the horizontal inhomoge-
neity of the wind field. Positive (negative) vorticity of
the tangential wind stress leads to divergence (conver-
gence) of wind currents and subsequent rise (lowering)
of waters. Upwelling is affected by seasonal and syn-
optic variability of the wind field, density stratifica-
tion, coastline indentation, and shelf morphology.
Upwelling waters are characterized by a high content

of biogenic elements; therefore, coastal upwelling sig-
nificantly affects the bioproductivity of the shelf zone
of oceans and seas.

In the Sea of Okhotsk, wind upwelling in summer
is known to be observed off the eastern coast of Sakha-
lin Island. Coastal upwelling in this area is associated
with steady southerly and southeasterly winds typical
of the summer monsoon period. The existence of
upwelling off the eastern coast of Sakhalin Island was
confirmed by hydrological and hydrochemical mea-
surements (Gidrometeorologiya…, 1988; Gruzevich
et al., 1996; Rutenko et al., 2009) as well as instrumen-
tal observations of currents (Popudribko et al., 1998).
Upwelling was usually observed in late July–August
when the outflow of cold water near the coast is clearly
visible in the sea surface temperature (SST) field.
According to observations, it is most clearly expressed
in a narrow coastal strip with a width of 10–20 km.
Thermal contrasts between cold upwelling waters and
warm waters of the shelf zone can reach 5°C. Upwell-
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Fig. 1. Satellite IR image of the coastal upwelling zone off
the east coast of Sakhalin Island taken on August 31, 2008.
Legend: (1) Cape Elizabeth, (2) Piltun Bay, (3) Cape
Patience, (4) Patience Bay, and (5) Tonino-Anivsky Pen-
insula. Light tones in the satellite image correspond to cold
upwelling waters, and dark tones correspond to warm
waters of the adjacent part of the Sea of Okhotsk.
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ing has a negative impact on the regional climate (fogs
and low water temperatures near the coast). On the
other hand, it produces conditions for high biological
productivity of the Sakhalin shelf zone. The waters of
the coastal upwelling zone are characterized by a high
content of phosphates, nitrates, and silicic acid. The
calculated values of primary production in the upwell-
ing zone exceed the values obtained for the open part
of the Sea of Okhotsk in summer (Gruzevich et al.,
1996). The upwelling strength is noted to vary along
the eastern coast of Sakhalin Island. Upwelling is
more pronounced in the northern part of the East
Sakhalin shelf. In the central part of the shelf, the cold
waters of the upwelling zone occupy a larger area with
smaller thermal contrasts (Krasavtsev et al., 2000).

Satellite data show (Fig. 1) that the East Sakhalin
upwelling is well expressed in the SST field. An analy-
sis of archives of satellite data on the SST distribution
(AVHRR NOAA, http://www.satellite.dvo.ru and
MODIS Aqua, http://coastwatch.pfeg.noaa.gov/erd-
dap/index.html) showed that upwelling is observed
along the eastern coast of Sakhalin Island from Cape
Patience in the south to Cape Elizaveta in the north
(the coastline length is approximately 700 km). Epi-
sodic upwelling was recorded off the southeastern
coast of Sakhalin Island in Patience Bay and at the
eastern coast of the Tonino-Anivsky Peninsula.
According to satellite data, two main regions of stable
and intensive upwelling can be distinguished. One of
the upwelling zones is formed off the northeastern
coast of Sakhalin Island in the area adjacent to Piltun
Bay (52°15′–53°45′ N), the second is between Cape
Patience and 51° N. Upwelling on satellite maps of the
SST distribution was observed from the beginning of
July to September. In September, its well-defined zone
is usually located in the region of Cape Patience. The
width of the coastal upwelling zone with minimal val-
ues of surface temperature ranged from 10 to 60 km. In
some cases, the effect of upwelling (a region of low
SST values) was traced at a distance of 100–120 km
from the coast of Sakhalin Island. In reality, water rise
occurs in a narrow coastal strip, the horizontal scale of
which is determined by the Rossby deformation radius
(~10 km for the study area). The width of the upwell-
ing strip in our study was determined from the actual
decrease in surface temperature associated both
directly with the upwelling zone and with transfrontal
exchange processes through upwelling fronts. The
possibilities of using satellite information on the SST
distribution to study the spatiotemporal variability of
upwelling near the eastern coast of Sakhalin Island are
significantly limited by unfavorable cloudiness.
Upwelling can be studied using surface wind data
obtained on a regular basis using satellite scatterome-
ters (microwave radars). In this case, the upwelling
strength is estimated from the magnitude of the wind-
induced offshore Ekman transport (upwelling index).
The data of the SeaWinds scatterometer fully reflect
the regional wind enforcing leading to upwelling
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(monsoons and the passage of cyclones/anticyclones),
which allows using them to study such a phenomenon
as seasonal upwelling. In the last decade, this
approach was used to study coastal upwelling in vari-
ous regions of the World Ocean (e.g., Alvarez et al.,
2008; Castelao and Barth, 2006). Based on this, the
main tasks of the study were determined: based on the
analysis of satellite wind data, to study the seasonal
variability of upwelling off the eastern coast of Sakha-
lin Island, to estimate the relative contribution of the
Ekman transfer and Ekman pumping to the upwelling
generation, and to consider the interannual variability
of the upwelling strength in this region.

DATA AND CALCULATION METHODS

The surface wind speed and direction data were
obtained using the SeaWinds scatterometer installed on
the QuikSCAT satellite. The scatterometer operated in
orbit from July 1999 to November 2009. The spatial res-
olution of the initial data array is 0.25° × 0.25°. The
wind speed measurement range is from 3 to 20 m/s
with an accuracy of 2 m/s, while the wind direction
 Vol. 57  No. 12  2021
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measurement accuracy is 20° (Freilich and Dunbar,
1999). Satellite scatterometers have certain limita-
tions: information about the wind cannot be obtained
in the coastal strip of the sea with a width of ~25 km.

To study the seasonal variability of upwelling, the
upwelling index used was based on the calculation of
the Ekman transport directed away from the coast.
Ekman transport (m3/s/100 m of coastline) was calcu-
lated for selected coastal points using the equation:
M = τy/ρf, where τy is the alongshore component of
the shear wind stress, ρ is the density of sea water
(1025 kg/m3), and f is the Coriolis parameter at the
corresponding latitude (Bakun, 1973). The upwelling
index quantitatively characterizes the volume of water
that rises (positive values of the index) or sinks (nega-
tive values) near the coast through the base of the
Ekman layer. Thus, the upwelling index shows the
amount of Ekman transport in the direction from the
coast (upwelling) or to the coast (downwelling) caused
by wind variability. The “upwelling index” term was
introduced in the widely known and frequently cited
study of Bakun (1973) and is used as a quantitative
characteristic of Ekman transport.

The calculations were performed for the ice-free
period (June–October) using the long-term monthly
average values of the alongshore shear wind stress
(http://numbat.coas.oregonstate.edu/scow/google_
earth.html) for the northern, central, and southern
regions of the main upwelling zone. Information
about the accuracy of this data set is given in Craig and
Dudley, 2008. The general conclusion made by the
authors is that the accuracy of the climatological data
of the SeaWinds scatterometer of the QuikSCAT satel-
lite exceeds the accuracy of other existing global wind
data arrays. At the same time, the authors do not pro-
vide quantitative estimates of the accuracy of the data,
arguing that the array is constantly replenished,
including by merging data from various scatterometers
that have operated in orbit in different years or con-
tinue to operate at present.

For the northern and southern regions, where the
shelf edge is oriented in the meridional direction, the
meridional component of the tangential wind stress
was used in the calculations. For the central part of the
shelf, the projection of the meridional component of
the tangential wind stress onto the coastline was calcu-
lated. To estimate the relative contribution of the two
main processes involved in upwelling generation off
the east coast of Sakhalin Island, Ekman transport and
Ekman pumping were calculated (Pickett and Paduan,
2003). Ekman transport values for the northern and
central regions of the upwelling zone were obtained at
each of the selected coastal points with allowance for
the coastline orientation. The Ekman pumping veloc-
ity was calculated at each point of the computational
domain using the following equation: W = rot(τ)/ρf,
where rot(τ) is the shear stress vorticity of the wind.
For the northern and central regions, the Ekman
IZVESTIYA, ATMOSPHER
pumping velocities were integrated in the direction
from the coast along five zonal lines, starting from
coastal points (seven points, a distance is ~100 km). At
the next stage of calculations, the obtained values of
the Ekman transfer and Ekman pumping were aver-
aged within each of the two considered regions. To
obtain commensurate values, the value of the Ekman
transport was reduced to 1 m of the coastline. In this
case, the dimensions of the Ekman transport and the
Ekman pumping coincide (m3/s/1 m of the coastline).
The average long-term array of satellite wind data can-
not be used to calculate the Ekman pumping since the
points with values of wind shear stress vorticity are
mainly located outside the area of the island shelf and
slope. Therefore, to estimate the relative contributions
of the Ekman transport and pumping, we used the
monthly average wind data set obtained in 2008
(http://coastwatch.pfeg.noaa.gov/erddap/index.html).
The developers define the accuracy of the initial data
on the tangential wind stress as 0.1 Pa. In this case, the
spatial resolution of the data array was 0.125° × 0.125°.
In 2008, according to satellite data on the SST distri-
bution near the eastern coast of Sakhalin Island, a
well-developed and stable upwelling was observed in
summer (Fig. 1).

To study the interannual variability of upwelling for
three points (52°37.5′ N, 144°07.5′ E; 51′ N, 144′ E;
50°15′ N, 145′ E) for the period from 2000 to 2008, the
accumulated (cumulative) upwelling index was calcu-
lated from the 3-day values along the coastal compo-
nent of the shear wind stress. The cumulative upwell-
ing index is used to study interannual and interannual
upwelling variability. The accumulated index is useful
in that it allows one to smooth out the synoptic vari-
ability of the wind, which affects the development of
upwelling. When calculating the accumulated upwell-
ing index for the period from July 1 to August 31 of
each year, 3-day values of the upwelling index were
sequentially summed up. The initial array of daily
wind data has gaps, so the accuracy of the 3-day shear
wind stress values used for calculations is currently not
defined. When analyzing data on the interannual vari-
ability of upwelling, the anomalies of its accumulated
index normalized to the standard deviation were con-
sidered.

As additional information, hydrological data from
the US National Oceanographic Data Center
(NODC, http://www.nodc.noaa.gov/) and monthly
mean surface atmospheric pressure fields (Reanalysis
2 NCEP/DOE, http://www.esrl.noaa.gov/psd/) were
used.

The obtained quantitative estimates allow consid-
ering the seasonal and interannual variability of
upwelling near the eastern coast of Sakhalin Island
and estimating the contributions of Ekman transport
and pumping to the generation of wind upwelling in
this region.
IC AND OCEANIC PHYSICS  Vol. 57  No. 12  2021
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SEASONAL VARIABILITY OF UPWELLING 
OFF THE EAST COAST OF SAKHALIN ISLAND

An analysis of satellite data on the SST distribution
showed that two main stable upwelling zones, one of
which is located off the northeastern coast of the
island and the other is located in the central part of the
Sakhalin shelf, are formed off the eastern coast of
Sakhalin Island in summer (July–early September).
Upwelling in the southern section of the shelf adjacent
to the Cape Patience was observed in July–September.
The average monthly values of the upwelling index are
usually used as a quantitative criterion for studying the
seasonal variability of the upwelling strength. The
upwelling index was calculated for three regions
located in the northern, central, and southern parts of
the East Sakhalin shelf (Fig. 2a). Figures 2b–2d show
the average monthly values of the upwelling index for
each of these regions during the ice-free period (from
June to October). In general, according to long-term
average satellite wind data, the upwelling season off
the east coast of Sakhalin Island begins in July and
ends in September. The calculation results show that
the most enhanced upwelling is observed in the central
part of the shelf in the period from July to August. In
August, the values of the upwelling index in this area
are maximum for the entire East Sakhalin shelf. In the
main part of the studied area, upwelling develops in
August and September under average wind conditions.
Less favorable wind conditions for its development
were observed off the northeastern coast of Sakhalin
Island. In this part of the shelf, upwelling is well pro-
nounced in July and August, and the Ekman transport
is less than that in the central part of the shelf.

Thus, the most favorable conditions for the devel-
opment of wind upwelling near the eastern coast of
Sakhalin Island are observed in July–August. Off the
coast of the Cape Patience, it continues in September.
Differences in the length of the upwelling season in
these areas of the main upwelling zone may be due to
features of the wind enforcing of the Sea of Okhotsk.
In general, upwelling is associated with the period of
the summer monsoon (south and southeast winds).
The intensity of monsoon development is determined
by large-scale atmospheric processes associated with
the state of the main regional centers of atmospheric
action that regulate the wind enforcing over the Sea of
Okhotsk (Gidrometeorologiya…, 1988; Nakamura and
Fukamachi, 2004). The interaction of the Asian
depression with the Okhotsk anticyclone leads to the
development of the summer monsoon with two stages:
from May to June and from July to September. Each of
these stages corresponds to a different dynamic state of
the Okhotsk anticyclone, which is associated with
large-scale zonal and meridional thermal gradients
between the Asian mainland, the Sea of Okhotsk, and
the adjacent part of the Pacific Ocean.

An analysis of long-term average satellite data on a
surface wind showed that upwelling off the eastern
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
coast of Sakhalin Island is associated with the second
stage of the development of the summer monsoon over
the Sea of Okhotsk. The upwelling season begins at the
maximal values of the zonal temperature gradient
between land and the Sea of Okhotsk (July) and con-
tinues until the thermal contrasts equalize (Septem-
ber). This monsoon stage corresponds to the baro-
clinic mode of atmospheric circulation associated
with the Okhotsk anticyclone (Nakamura and Fuka-
machi, 2004). In autumn, arctic cold air intrusions
contribute to the development of anticyclonic forms of
circulation, which leads to a gradual transition to the
winter wind mode. In September, the northern part of
the sea begins to experience the influence of the main-
land in the form of air currents of the northeast and
north directions. This leads to the end of the upwelling
season in the northern and central parts of the East
Sakhalin shelf. In the southern part of the Sea of
Okhotsk, at this time, the summer wind mode is pre-
served with the predominance of winds with a south-
ern component. Therefore, upwelling continues off
the southeastern coast of the Cape Patience in Sep-
tember. The prevailing monsoon character of the wind
circulation over the Sea of Okhotsk is significantly dis-
turbed when continental and marine cyclones enter
the water area of the sea (Gidrometeorologiya…, 1988).
When cyclones pass off the Sakhalin Island coast, a
sharp increase in southerly winds (up to 20 m/s or
more), which produces favorable conditions for the
development of fast-f lowing intense coastal upwell-
ing, can be observed. During the summer monsoon
period, the release of such cyclones usually occurs in
August and September (from one to four cyclones),
with a maximal frequency occurring in September. In
October, a winter wind mode is established with a pre-
dominance of strong northern and northwestern
winds over the entire water area of the Sea of Okhotsk.

The results obtained from the analysis of long-term
average satellite data on surface wind are in good
agreement with the results of direct oceanographic
observations. Figure 3 shows the monthly mean sur-
face temperature-distribution fields off the eastern
coast of Sakhalin Island plotted using the long-term
dataset of the US National Oceanographic Data Cen-
ter (NODC, 0.5° spatial resolution). In July (Fig. 3a),
the outflow of cold water near the coast was observed
in the northern and central parts of the shelf zone. In
August, the main upwelling zone is located in the cen-
tral part of the shelf zone. In September, signs of
upwelling (lower temperatures) were observed near
the Cape Patience, while the general temperature
background of the northern and central parts of the
East Sakhalin shelf remained lower than that in the
open part of the Sea of Okhotsk.

The main differences noticeable when comparing
the results of calculating the upwelling index and direct
measurements of surface temperature are associated
with different time periods of data averaging and uneven
distribution of oceanographic stations. Besides, the
 Vol. 57  No. 12  2021
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Fig. 2. Map showing (a) the position of the computational grid nodes and the monthly average values of the upwelling index in
the (b) northern, (c) central, (d) and southern parts of the upwelling zone near the eastern coast of Sakhalin Island.
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results of calculating the Ekman transfer showed that
upwelling near Cape Patience should develop in
August and September. However, according to direct
oceanographic observations, an area with reduced
SST values near Cape Patience was observed in July–
IZVESTIYA, ATMOSPHER
September. As a rule, in the area of capes, the orienta-
tion of the coastline changes sharply, and upwelling
can develop with various wind directions. Besides, in
the area of capes, an increase in the alongshore oro-
graphic wind, which is not recorded by satellite scat-
IC AND OCEANIC PHYSICS  Vol. 57  No. 12  2021
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Fig. 3. Long-term average distribution of sea surface temperature near the Sakhalin Island coast in (a) July, (b) August, and
(c) September.
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terometers, is usually observed in a narrow coastal
strip. According to archival satellite data on the SST
distribution, upwelling signs in the region of Cape
Patience were steadily observed throughout the entire
upwelling season (July–September). The second dif-
ference noticeable when comparing the results of the
upwelling index calculations with ship observations
was observed in September and, according to hydro-
logical data, signs of upwelling (reduced SST values
near the coast) continued to be observed along the
entire eastern coast of Sakhalin Island and not only in
the area of Cape Patience. This may be due to both
residual traces of summer upwelling and cases of
intense rapid upwelling that occurs when continental
and marine cyclones pass through the Sea of Okhotsk,
which can cause a sharp increase in southward along-
shore wind off the coast of Sakhalin Island.

ESTIMATING THE CONTRIBUTIONS 
OF EKMAN TRANSFER AND EKMAN 

PUMPING TO UPWELLING OFF THE EAST 
COAST OF SAKHALIN ISLAND

Wind upwelling can be caused by two processes:
offshore Ekman transport and Ekman pumping
caused by the divergence of surface wind currents. The
relative contribution of each of these two processes to
the upwelling generation in the northeastern and cen-
tral parts of the Sakhalin shelf was calculated using the
monthly average wind data obtained in 2008. The cal-
culations were performed for the northern and central
regions of the upwelling zone (Fig. 4a).
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
The calculation results showed that upwelling devel-
ops off the coast of Sakhalin Island both due to the
Ekman transport and as a result of the Ekman pumping
associated with the positive vorticity of the wind stress
field. In 2008, upwelling on satellite maps of SST distri-
bution was observed in the northern part of the shelf
from late June to early September. Positive average
monthly values of the upwelling index corresponded to
the specified period (July–August, Fig. 4b). In the cen-
tral part of the shelf zone, according to satellite data on
SSTs, cold waters near the coast were clearly traced
from late June to late September. The results of the
upwelling index calculation showed that the upwelling
season in 2008 lasted from June to September (Fig. 4c).
The observed differences in the duration of the upwell-
ing season compared to the long-term average data are
explained by the interannual variability of the upwelling
strength off the eastern coast of Sakhalin Island.

Comparison of estimates of water transport in the
East Sakhalin upwelling system (Fig. 4) shows that the
contribution of the Ekman pumping can be comparable
with the contribution of the Ekman transport. Due to
the latter, the cold bottom layer of waters comes to the
surface off the coast of Sakhalin Island. Ekman pump-
ing is associated with an increase in the vertical compo-
nent of the current velocity at the base of the upper
mixed layer. This causes water to rise in areas where
positive values of wind field vorticity are observed.
Thus, the Ekman pumping can provide rise of waters of
the cold winter layer with low temperatures and a high
content of biogenic elements in the area of the slope and
shelf, which will lead to increased coastal upwelling.
 Vol. 57  No. 12  2021
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Fig. 4. (a) Map showing the position of the computational grid nodes and the monthly average values of the Ekman transport and
pumping in the (b) northern and (c) central parts of the upwelling zone off the eastern coast of Sakhalin Island. Conditional sym-
bols: crosses are the points for which the Ekman transfer (ET) was calculated, and the dots are the grid nodes used in the calcu-
lation of water transfer caused by Ekman pumping (EP).
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INTERANNUAL UPWELLING VARIABILITY 
OFF THE EAST COAST OF SAKHALIN ISLAND

Wind conditions over the Sea of Okhotsk during
the summer monsoon, which is associated with the
predominance of southerly and southeasterly winds,
are determined by the location and interaction of the
main high-pressure centers and temperature contrasts
between the eastern part of the Asian continent and
the adjacent regions of the Pacific Ocean. The main
IZVESTIYA, ATMOSPHER
regional baric formations that determine the circula-
tion of the atmosphere and the nature of the transport
of air masses in this region are the Okhotsk anticy-
clone and the Far East depression (one of the troughs
of the summer large-scale Asian depression directed to
northeastern China and the Amur River basin).
During the summer monsoon, the greatest contributor
to the formation of the baric field in this region is the
anticyclogenesis over the Sea of Okhotsk. On the cli-
IC AND OCEANIC PHYSICS  Vol. 57  No. 12  2021
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matic summer maps of the distribution of surface
atmospheric pressure, the Okhotsk anticyclone can be
traced in the form of a crest of the North Pacific anti-
cyclone, which belongs to the main large-scale centers
of atmospheric impact. At the same time, the Okhotsk
anticyclone has a completely independent circulation
significance as a regional seasonal center of atmo-
spheric impact (Gidrometeorologiya…, 1988; Popud-
ribko et al., 1998; Nakamura and Fukamachi, 2004).
On the synoptic scale of variability, the anticyclonic
field over the Sea of Okhotsk is periodically observed
from May to September, with a continuous duration
from several days to a week. The developed Okhotsk
anticyclone blocks the exit of continental cyclones to
the Sea of Okhotsk and leads to the development of
the Far Eastern depression. In this situation, stable
southerly and southeasterly winds should produce
more favorable conditions for the upwelling develop-
ment off the coast of Sakhalin Island. When the
Okhotsk anticyclone is weakly expressed, cyclones
reach the Sea of Okhotsk, which leads to a significant
change in wind conditions. When atmospheric
cyclones pass over the Sea of Okhotsk off the eastern
coast of Sakhalin Island, a successive change in wind
direction occurs, which creates conditions for the
development of both upwelling (strong winds with a
southern alongshore component) and downwelling
(northern wind). Such conditions are less favorable for
the upwelling development off the eastern coast of
Sakhalin Island. To test this assumption, we per-
formed a joint analysis of the interannual variability of
the index characterizing the state of the Okhotsk anti-
cyclone and the accumulated (cumulative) upwelling
index off the eastern coast of Sakhalin Island. The
Okhotsk anticyclone index (Ogi et al., 2004) was cal-
culated using the NCEP/DOE reanalysis-2 data as the
average atmospheric pressure in July–August in the
area located between 50°–60° N and 140°–160° E.
The interannual variability of the Okhotsk anticyclone
indices normalized to the standard deviation of anom-
alies and the accumulated upwelling index is shown in
Fig. 5a. The figure shows that the Okhotsk anticyclone
is characterized by significant interannual variability.
A well-developed Okhotsk anticyclone was observed
in 2002 and 2006, while 2004 and 2007 belong to years
with weak anticyclonic activity. Correspondingly, in
years with a well-developed Okhotsk anticyclone, a
pronounced tendency to intensification of upwelling
was observed near the eastern coast of Sakhalin Island,
and the upwelling intensity noticeably decreased in
years with a weakly expressed anticyclone. This shows
that the interannual upwelling variability largely
depends on the Okhotsk anticyclone, which is the
main regional center of atmospheric impact that
determines wind conditions over the Sea of Okhotsk.
In turn, the Okhotsk anticyclone and the Far East
depression are parts of large-scale centers of atmo-
spheric impact, which include the North Pacific anti-
cyclone and the Asian minimum of atmospheric pres-
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sure. Average maps showing the distribution of surface
atmospheric pressure in 2004 (weak upwelling) and
2006 (active upwelling) that are built based on the
NCEP/DOE reanalysis-2 are shown in Figs. 5b and 5c.
The maps show that 2006 (high values of the accumu-
lated upwelling index) was characterized by a devel-
oped North Pacific maximum of atmospheric pres-
sure and a weakened Asian depression. This situation
corresponds to an increase in the summer monsoon
winds of the southern and southeastern directions over
the Sea of Okhotsk, which are favorable for the devel-
opment of upwelling. In 2004 (minimal values of the
upwelling index), an increase in the Asian depression
and a weakening of the North Pacific anticyclone were
observed. In this case, the wind conditions over the
Sea of Okhotsk are largely determined by the emer-
gence of atmospheric cyclones in the water area of the
Sea of Okhotsk. The successive change of upwelling
and downwelling events near the eastern coast of
Sakhalin Island that is associated with cyclonic activ-
ity reduces the values of the accumulated upwelling
index. Constant, steady summer monsoon winds
cause intense upwelling of cold waters in a relatively
narrow coastal strip adjacent to the eastern coast of
Sakhalin Island. In this case, coastal upwelling leads to
a significant decrease in water temperature and the
appearance of fog, which has a negative impact on
regional climatic conditions. On the other hand, when
the upwelling and downwelling events change associ-
ated with atmospheric cyclonic activity, an increase in
the advection of cold waters in the direction across the
shelf that is associated with the restructuring of the
coastal zone circulation is observed (Send et al., 1987).
This significantly increases the area of the shelf zone
affected by upwelling, which must lead to an increase
in the bioproductivity of the East Sakhalin shelf.

CONCLUSIONS
Long-term satellite observational data on the SST

distribution showed that two main regions are distin-
guished off the eastern coast of Sakhalin Island with
stable and intense upwelling. One of the stable upwell-
ing zones is formed near the northeastern coast of
Sakhalin Island, and the second one is formed in the
central part of the East Sakhalin shelf. Besides,
upwelling is observed in the region of the Crillon Pen-
insula and near Cape Crillon. The width of the coastal
upwelling zone with minimal surface temperatures
ranges from 10 to 60 km. In some years, the effect of
upwelling can be traced at a distance of 100–120 km
from the Sakhalin Island coast.

An analysis of the seasonal variability of the
upwelling index showed that favorable wind condi-
tions for the development of upwelling near the east-
ern coast of Sakhalin Island are observed in July–
August. Off the coast of the Cape Patience, upwelling
lasts from August to September. The most favorable
wind conditions for the development of upwelling are
 Vol. 57  No. 12  2021
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Fig. 5. (a) Interannual variability of the normalized anomalies of the accumulated upwelling index and the Okhotsk anticyclone
index and average fields of surface atmospheric pressure in July–August (b) 2004 and (c) 2006. Legend: SLP is the normalized
anomaly of the Okhotsk anticyclone index, CIU is the normalized anomaly of the accumulated upwelling index, (1) Asian
depression, (2) North Pacific maximum of atmospheric pressure, and (3) Okhotsk anticyclone.
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typical for the central part of the eastern coast of
Sakhalin Island: in this part of the shelf, upwelling is
well pronounced in July and August, and the magni-
tude of the Ekman transport causing upwelling is
approximately two times greater than that in the
northern part of the shelf. Differences in the duration
IZVESTIYA, ATMOSPHER
of the upwelling season in different areas of the main
upwelling zone are associated with the peculiarities of
the wind mode in the Sea of Okhotsk. The results
obtained from the analysis of satellite measurement
data are in good agreement with the data of direct
oceanographic observations.
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Off the Sakhalin Island coast, upwelling develops
both due to the Ekman transport and as a result of the
action of the Ekman pumping associated with the pos-
itive vorticity of the wind stress field. In this case, the
values of the vertical water transport associated with
the divergence of wind currents can be comparable
with the value of the Ekman transport directed away
from the coast, which is the main cause of upwelling.

The interannual variability of upwelling is mainly
determined by the state of the Okhotsk anticyclone as
the main regional center of atmospheric impact,
which determines the wind mode of the Sea of
Okhotsk. In years with a well-developed Okhotsk anti-
cyclone, there was a tendency to intensify upwelling
off the eastern coast of Sakhalin Island, while its
intensity noticeably decreases in years with a weakly
expressed Okhotsk anticyclone.
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