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Ha ocHOBe MHCTpYMEHTAJIbHBIX M CITyTHMKOBBIX HAOJIONCHMII PacCMaTpUBAIOTCS XapaKTepHBIE OCOOCHHOCTHU JIOKATBHOTO
anBeJIIMHIa, Habmonasierocst B oktsiope 2011 r. B 1oro-3anagHoii yactu 3anuBa [letpa Benukoro SnoHckoro mopsi. Kpome Toro,
MPUBEICHBI pe3y/IbTaThl YMCJISHHOTO MOIETMPOBaHUSI, BhITOTHsIBIIerocs mpu noMoiy Regional Ocean Model System (ROMS) co
CBOOOIHOM MOBEPXHOCTHIO. [1py BBIMKMCIEHUSIX MCIIOIb30BAIMCh METEOPOIOTMYECKIE HAOIIONEHUST 32 HEOMHOPOTHOCTSIMM T10JIsI
BETpa ¥ MHCTPYMEHTAIBHBIC U3MEPEHUS TUAPOJIOTUUECKOM CTPYKTYPHI BOABI. AHAIN3 TaHHBIX HATYPHBIX N3MEPEHUIA U UX CpaBHE-
HME C pe3y/IbraTaMy MOIEIMPOBAHMS Pa3BUTHUS AIlBE/UIMHIA BbIIBUJIM, YTO IIPOCTPAHCTBEHHbBIN M BPEMEHHOM MacIiTad siBJIEHMsI
OTIPENEISIICS CUJION, TTPONOKUTETHHOCTBIO M HATIpaBJIeHUeM BO3/IeiicTByolero Berpa. HeomHOpOomHOCT 1MoJisi CKOPOCTH BETpa,
TECHO CBsI3aHHAsi C 0COOEHHOCTSIMU OeperoBoii oporpaduu, MPUBOAUT K YCUIEHUIO allBe/UIMHIA Y HEKOTOPBIX YacTell MoOepexbst
1 OPMUPOBAHUIO TEMITEPATYPHBIX (DPOHTOB U CTPYIA XOJIOMHOM BOIBI, TONEPEYHBIX OCHOBHOMY TEUEHUIO, WAYLLIEMY BIOJIb LIeTb(a.
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Characteristic features of a local upwelling observed in October, 2011 in the southwestern part of the Peter the Great Bay, the
Sea of Japan, were studied using in situ and satellite observations. The paper presents as well the results of numeric simulation carried
out with Regional Ocean Model System (ROMS) with a free surface. Meteorological observations of the wind field inhomogeneities
as well as the results of in situ measurements of the seawater structure were used in the calculations. The analysis of in situ data and
comparison with the simulation results of the upwelling development revealed that spatial and temporal scale of the phenomenon
was determined by the force, the duration and the direction of wind. Inhomogeneity of the wind field over the Peter the Great Bay is
closely associated with the peculiarities of coastal orography and leads to an upwelling intensification over some areas of the coast and
to the creation of temperature fronts and cross-jets of cold water, transverse to the main current running along the shelf.

Key words: Coastal upwelling; Sea of Japan; satellite data; numerical modeling; ROMS; ocean model.

1. Introduction

A study of water exchange processes between the coastal shelf and the deep sea is one of the problems of the
coastal oceanography. The upwelling development in the coastal area, with subsequent involvement of the displaced
water masses into the vortex structures, moving along the continental slope, is one of the reasons of water exchange
origin. Together with other factors, it leads to appearance of local areas of high biological productivity important for
aquaculture and fisheries.
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The development of wind-induced upwelling in the Northern Hemisphere occurs under prolonged influence of
wind: blowing southward along the eastern boundary of the ocean (sea) and northward along the western boundary
of the ocean, with the subsequent upwelling of cold near-bottom water to the surface near the coast [1]. This coastal
water circulation induced by wind has been an object for oceanographic studies since a long time [2—8]. In the Pacific
region, regular wind-induced upwelling events were observed in the Sea of Okhotsk and in the Sea of Japan [9—11].
The upwelling phenomena were also observed and studied in detail using both satellite and in situ measurements in
the southwestern part of the Sea of Japan near the coast of Korea [12], and in the South China Sea [13—17].

Using satellite imagery in the infrared range for several years, the areas of upwelling were noticed in the Peter the
Great Bay and in the northwestern part of the Sea of Japan in summer and autumn [9, 10]. In the sea surface temperature
(SST) fields, the cold water was observed along the northwestern coastline of the Sea of Japan. The water temperature
distribution both in horizontal and vertical directions on the shelf is characterized by a significant temporal variability;
the structural readjustment of the temperature field may occur within a few days. Cold areas are bounded by sharp ther-
mal fronts. The upwelling of cold water to the surface layer in summer and autumn seasons is mainly wind-induced [9].

Cold waters near the northwestern coastline of the Sea of Japan and the system of thermal fronts associated with
them are well detected in the satellite infrared images in summer and autumn months almost every year. In autumn,
the cold water in coastal areas is observed regularly, up to the destruction of vertical stratification [18]. Wind nature
of upwelling off the Primorye coast is caused by the monsoon variability of wind fields in different seasons [9, 10]. The
upwelling off the southern Primorye coast may be caused by the southwestern and northwestern winds, and off the
eastern and northeastern Primorye coast, — only by southwestern wind. The period from September to November is
the most favorable for upwelling development in the south of Primorye coast. According to satellite data, most of the
cases of the cold-water appearance off the eastern coast of Primorye occurs in October and only random upwelling
events were observed in July — September [9, 10]. Wind field inhomogeneity over the Peter the Great Bay is associ-
ated with regional orographic peculiarities [19, 20],

However, the previous works used very few in situ observations. The water structure during upwelling was analyzed
mainly using the data of several hydrological sections with large distances between stations. The dynamic characteristics
of upwelling were estimated with empirical formulas. Previous studies [9, 10] on the Russian part of the Pacific coast
include data of several hydrological sections and they make it possible to analyze the conditions of upwelling. The works
devoted directly to upwelling phenomenon are mainly theoretical [10] and related to the analysis of satellite images [9].

To understand the process of upwelling of cold bottom water to the surface better, it is necessary to use a mathe-
matical model containing parameters such as currents’ speed, the velocity of the upwelling front movement, vertical
speed in the upwelling areas, changes in salinity, etc. As the complete data set containing all of the above parameters
did not exist, one of the goals of our work was to create an appropriate dataset to take into account the measured and
simulated parameters.

This paper presents the results of observation of a local upwelling, which occurred in October, 2011 in the south-
western part of the Peter the Great Bay, as well as the numeric simulation of this event, and the obtained results are
compared. The study was made on the basis of the analysis of satellite infrared imagery, meteorological observations,
supplemented with Conductivity-Temperature-Depth (CTD) measurements. Long-term in situ measurements of
the hydrological structure by means of thermostrings (vertical anchored thermode strings) were added to this com-
plex of research and the authors found them to be very efficient.

The study was carried out for a narrow shelf region of 25—30 km, described in detail in [21], while the previous
works on the upwelling in the Pacific region were done in the areas where the width of the shelf zone is hundreds of
kilometers [8, 14, 17].

2. Data and Methods

In fig. 1, the region of interest is presented: the southwestern part of the Peter the Great Bay, with the Posyet Bay
and adjacent waters. The site is rather small (about 600 km?2, where more than half of it is the Posyet Bay), but should
be considered as representative, as it includes both the shallow water area and the beginning of the continental slope.
The shelf width is 36 km from the 0 to 200 m depth. The bottom topography is characterized by relatively smooth
deepening from 5 m/km up to 100 m isobath, then followed by more pronounced 20 m/km depth change for the
range from 100 m to 200 m, with a further sharp depth increase of 210 m/km over the depths from 200 to 2000 m.

The Marine Experimental Station (MES) “Schultz Cape” of V.I. II'ichev Pacific Oceanological Institute (POI)
is situated in this area. Acoustical, oceanological, and geophysical studies are regularly carried out by the staff (and
personally by the authors) in spring (mostly in May), summer, and autumn seasons. It made it possible to accumulate
enough observation data over the period of time we were interested in.
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Fig. 1. The study area shown as the rectangle at the Sea of Japan map in the upper left corner and

its detailed view. “A” is the “Aanderaa” meteorological station located at the Marine Experimental

Station “Schultz Cape”; the stars show location of S1 and S2 thermostrings; circles are the CTD
background survey stations; triangles are the points of the CTD sections.

The peculiarities of wind field at 70 m over the sea level were shown using wind speed observations at the meteoro-
logical station (MS) “Aanderaa” AWS2700 (letter “A” in fig. 1), located at the MES. The discreteness of the original
data recording was about 30 s. We chose the data series from October 10 00:00 to October 23 00:00, 2011 and from Oc-
tober 10 00:00 to October 17 00:00, 2013. For visualization purposes, wind vectors are shown with a discreteness of 1 h.

The thermostrings were designed and constructed in POI for prolonged (over two weeks) temperature observa-
tions. These systems were described in detail in [22]. The thermostrings (S1 and S2 in fig. 1) were placed at depths
of 42 and 19 m, at distances of 3 and 0.3 km off the coast, with the number of sensors 12 and 30, respectively. The
vertical distance between the sensors at S1 string was 3 m, and at S2—0.5 m. The discreteness of the original data re-
cording was 1 s for S1 and 20 s for S2. We used the data averaged to 1 min over the period from October 13 00:00 until
October 23 00:00, 2011. S1 system operated until 15:30 on October 20, and then it was uninstalled. So, the available
data set was accordingly shorter. The measurements on the S2 thermostring were carried out from August to the end
of October, 2011. In October, 2013 the S1 thermostring was installed at the same place and we used its data registered
from October 10 00:00 until October 17 00:00, 2013.

CTD profiling was another important source of in situ data used to assess the variability of water vertical structure
(background survey and 3 hydrological sections). We used the RBR XR-620 instrument in our measurements. The
procedure of data processing and correction of dynamic errors is described in [23]. The background survey was car-
ried out from 11:00 until 20:00 on October 14 from the board of small research vessel “Malakhit” by CTD profiling
at 36 stations (circles in fig. 1), one vertical profile at each station. In addition, two hydrological sections (triangles in
fig. 1) were carried out along (from 13:30 until 15:30 on October 18 and from 10:00 until 11:40 on October 20) and
across the isobaths (from 11:50 until 14:50 on October 15).

The infrared images made by the spectroradiometer MODIS of the “Aqua” satellite on October 16 at 17:19,
October 17 at 04:25, and October 19 at 04:13 (GMT), 2011 were used as one of the main sources of data for the anal-
ysis and model verification. They were downloaded from [24] as SST distribution images in the Mercator projection
with a resolution of 1.1 km. Later they are referred as made on October 17 at 04:19, on October 17 at 15:25, and on
October 19 at 15:13 according to the local time (GMT+11:00) for easier comparison with in situ measurements and
simulation results.
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The Regional Ocean Model System (ROMS) was chosen to simulate the hydrophysical fields, as it was already
used to study the upwelling events in other regions [25]. ROMS is a regional ocean model with a free surface based on
the fundamental hydrodynamic equations. Stretched vertical coordinates (S-coordinates) are used mainly to increase
the vertical resolution of the model on the shelf and for the coastal areas with open side borders (like our study region).
Conversion of current velocity fields in the layers from terrain-following S-coordinates used in ROMS to the common-
ly used Cartesian Z-coordinates was carried out with the formulas of [26]. It should be note that similar approach was
successfully used for numerical modeling of circulation in the entire Peter the Great Bay and adjacent areas [cf. 27].

Our model was running on the period of October 10—21, 2011. The simulated area is the same that the area of in
situ measurements shown in fig. 1. The northern and western boundaries of the modelled region are closed and corre-
spond to the coastline. The model has a horizontal resolution of 100 meters with 20 vertical layers, and the time step
is 2 s. The data of the background hydrological survey carried out on October 14, 2011 were used as initial conditions
for simulation. Data from 36 points of the background survey were interpolated by bicubic interpolation method to
use in computational grid of the model as initial data on temperature and salinity. As the current velocity initial data
and the boundary values of salinity, temperature current velocity, the results of ROMS climate modeling in the Peter
the Great Bay [27] for that season were used. Atmospheric forcing data were taken from the actual observations at the
MS “Aanderaa” for October 10—21, 2011.

3. Results

Previous studies [19, 20] revealed wind field inhomogeneity caused by regional orographic peculiarities of the
southwestern Primorye. In the inner harbors of the Peter the Great Bay and adjacent areas, a significant wind increase
occurred. We have compared wind measurements at MS “Aanderaa” located on the eastern coast of the Posyet Bay
with measurements at MS “Posyet” located on its western coast. Over the same period of time, there was a signifi-
cant difference both in direction and in speed of wind at these stations: e. g., the wind speed at the northeastern coast
(“Aanderaa”) was almost twice higher than that at the western coast (“Posyet”) on October 16, 2011 [28].

The meteorological data show that strong (9—20 m/s) northwestern wind started on October 16 and continued
until the evening of October 19, 2011, then the wind speed decreased and its direction became unstable (fig. 2, a; see
Inset).

Available satellite images of SST for October 17 and 19, 2011 (fig. 3, a and b; see Inset) show the spread of a zone
with low SST along the coast, concurring with strengthening of western and northwestern winds. Unfortunately,
there are many clouds, especially in fig. 3, 5. But the thermal fronts between warm and cold water in the coastal area
are well seen. Cold water jets stretching for dozens of kilometers in the southern direction are clearly visible in the
consecutive images of October 17 and 19 (fig. 3, b and ¢). As we can see in fig. 3, b, cold water is noticed at distances
of 10—50 km from the coast, in accordance with the bottom topography, and along the coastline it extends for about
a hundred kilometers. We can see in fig. 3, ¢ that cold waters were partially carried eastward from Posyet Bay and then
to the south by vortex structures near the shelf break.

In situ data obtained with the S1 (fig. 2, ) and S2 (fig. 2, ¢) thermostrings allowed us to observe the development
of extended upwelling in the early second half of October. Moreover, since the S2 system worked from August to the
end of October, 2011, we could trace the change in the vertical distribution of water temperature off the coast also in
previous period. Decrease of the temperature in the coastal area in September-October, 2011, was happening in stag-
es, and was mainly wind-induced. The first “step” was a temperature decrease in the surface layer from 23 to 20 °C,
with further gradual decrease of water temperature to 19—18 °C, that took place in the middle of September. The
next step is a water temperature decrease from 18.5to 15 °C, when on some days the water temperature in the surface
layer decreased to 13 °C for a few hours, occurred on September 30. Later, up to October 16, water temperature de-
creased gradually, varying from 15 to 12 °C (fig. 4; see Inset). Northwestern wind with increase of up to 15—20 m/s
on October 16—17 (fig. 2, a) led to development of the most extensive upwelling in the end of the second decade of
October off the coast of entire Primorye. In the study area the water temperature in the near-surface layer in coastal
area decreased from 12 to 3—5 °C (fig. 4, a), while in the central part of the Posyet Bay it was about 5 °C (fig. 4, b).

In the beginning of September, the thermocline was located at the depth from 7—10 m to 20—30 m; on October
14, it became narrower and was located at the depth from 10 to 15—20 m. During the upwelling on October 18 the
thermocline in the seaward part of the Posyet Bay moved down to the depths of 20—25 m, and came out to the sea
surface at the distance of 2—3 km from the shore at the Gamov Peninsula forming a thermal front. At that, the water
temperature in the upper layer decreased from over 13 to 8 °C in the middle part of the Posyet Bay and to 5—6 °C in
the coastal area. In the bottom layer the water temperature decreased from 3.5 °C to less than 2.4 °C, which indicates
the movement of colder water from the depths of over 100 m directly to the coast (fig. 5; see Inset).
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Fig. 6. Time variability of the water temperature averaged to 1 h according to the upper sensors (at the depth of 3 m) of S1
(a) and S2 (b) thermostrings. Dashed lines — ROMS simulated temperature for the surface layer in the appropriate points.

Data of observations from the thermostrings, located at different distances from the coast at the depths of 19 and
42 m, allowed us to observe the upwelling development in the coastal area. In the morning of October, 16 the surface
homogeneous layer was observed down to the depth of 5 m with the temperature over 13 °C, the thermocline was
located at the depth of 7—20 m (isotherms were horizontal), the 4 °C isotherm was located at the depth of 25 m and
minimum water temperature near the bottom was about 3.5 °C. In less than a day, at 2:00 on October 17, the water
temperature decreased to 6.5—7 °C near the coast, and at the distance of 3 km off the coast it decreased to 8—9 °C.
The isotherms have an incline from the coast towards the sea, and in the bottom layer the water with temperature
of less than 3 °C came up. This indicates that at the sea surface the outflow of warmer waters to the open sea had
occurred, and in their place the upwelling of colder water began, which continued for a day under the influence of
strong west-north-western wind. The result was that the upwelling had reached its maximum development by 02:00 of
October 18, the water with temperature of 2.5—3 °C came out to the sea surface near the shore and the 4 °C isotherm
moved up from the depth of 15 m to the surface at about 1.5 km from the coast (fig. 5, ¢). In the coastal area from
18:00 on October 17 and during following 10 hours the minimum difference in near-bottom and near-surface water
temperature was observed (less than 1 °C), meanwhile, the water temperature at the bottom decreased to 2.2 °C. The
maximum speed of water temperature variation near the sea surface reached 6 °C per hour (1 °C per 10 min), and in
the average — 0.83 °C per hour (5 °C per 6 hours).

The wind decrease (down to 6.2 m/s) in the second half of October 18 led to the fact that by 22:00 of the same
day in the coastal area temperature increased to 5 °C, and 4 °C isotherm had lowered to the depth of 15—20 m. Sub-
sequently the water temperature in the surface layer became even higher and on October 21 it was already 9—10 °C.

The upwelling development can be estimated according to the data of the upper thermostring sensors located at
the depth of 3 m from the sea surface and at 3.0 (fig. 6, @) and 0.3 (fig. 6, ) km distance from the coast.

The maximum water temperature variations were observed in the coastal area with the minimum water tempera-
ture of 2.7 °C, which was observed during 10 hours. Decrease of the water temperature at 3 km off the coast began
5—6 hours later and the minimum temperature values were registered 4 hours later than those near the coastline.

The average speed of the upper layer warm waters displacement offshore and cold bottom waters onshore was
0.15—-0.20 m/s.

4. Simulation

The upwelling was observed from October 17 till October 19, 2011, therefore, the model allowed to trace vari-
ations of the hydrodynamic characteristics of the water area in the specified period of time. The calculated map of
currents in the study area as of October 16, 2011 is presented in fig. 7.

However, the map of surface currents changed after the wind strengthening. The map of surface currents for Oc-
tober 18, 2011 is shown in fig. 8, and corresponds to the peak of the upwelling phenomenon development.

As we can see in the map, the surface currents changed completely: the prevailing current direction changed from
the northeast to the south, and the maximum speed of the surface current increased by 20—25 cm/s; the removal of
water masses occurred. At the same time, the bottom currents (fig. 9) contained a compensation component and their
velocities were significantly lower than those in the surface layer (fig. 8).
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Fig. 9. Simulated near-bottom currents in the study area at the peak of upwelling
development on October 18, 2011.

The prevailing current direction in the bottom layer is the northward, this fact corresponds to the picture of cur-
rents under the upwelling influence. At the same time, in the intermediate layer the currents change direction abrupt-
ly. It corresponds to the movement of deep cold waters coming from the shelf break into the Posyet Bay in the bottom
layer; and warm waters moving offshore through the surface in accordance with the classical picture of upwelling.

The simulated temperature fields were checked against satellite observations and data of the thermostrings lo-
cated in the Posyet Bay during the upwelling phenomenon. The comparison of the simulated (dashed lines in fig. 6,
a and b) with the observed data (solid lines in the same figures) was carried out. The mean temperature difference
between the upper thermostring sensors measurements and the surface layer temperature in the model does not ex-
ceed 1 °C. The difference in time of the occurrence and disappearance of upwelling phenomenon in the model in
comparison with the real data sets is less than two hours. The correlation coefficient between in situ and simulated
temperature time series for the period of October 10—21, 2011 is equal to 0.89.

Vertical velocities in the model were determined by integrating the grid continuity equation taking into account
the S-surface curvature. In accordance with the equations of [29] the vertical dynamics of water structure was evalu-
ated in Z-coordinate system, the results for the peak of upwelling development are shown in table 1. We should note
that in case of vertical velocity, in the open part of the Posyet Bay the velocities decrease in modulus to 0.2—0.4 mm/s
and can take the opposite directions.

SST maps simulated by ROMS for the beginning, development and the peak of upwelling are shown in fig. 10, a,
b, and c, respectively; and compared with appropriate satellite images (fig. 3, a, b).

Table 1

Vertical and horizontal current velocities in different layers at the peak of upwelling development on October 18, 2011

Layer depth, m . .Venical v<.=,locity Horizontal velocity, cm/s
(in the areas of active upwelling near the coast), mm/s
0-20 2.2 <45
20—60 1.6—1.8 <35
60—100 0.5-1.4 <18
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At the peak of the upwelling development, it was cloudy over the southern part of the Peter the Great Bay. There-
fore, fig. 3, ¢ and fig. 10, ¢ are not synchronize in time, but the real temperature pattern as a whole can be considered
as corresponding to the model in fig. 10, ¢. The prevailing SST was from 5 to 10 °C, decreasing to 3 °C near the coast.

5. Discussion

As we know, the basic mechanisms of coastal upwelling are connected with wind influence, bottom topography
and tidal processes [1].

The monsoon character of the atmospheric circulation and the considerable synoptic wind variability lead to dif-
ferent-scale variations of stratification and current system in the bay and the adjacent part of the deep sea [18]. During
the transition from summer to winter monsoon, northwestern wind becomes prevailing [20]; in this area, it leaves
the coast on the left and leads to recession of the upper mixed water layer off the coast, appearance of the pressure
gradient and transfer of cold bottom water to the shore with its appearance at the sea surface.

Model simulation showed that when the wind speed is more than 15 m/s, it can cause the upwelling development.
Weaker wind, in combination with other factors, can also induce a short-term upwelling. In October, similar phe-
nomena are observed in the study area almost every year [9]. Fig. 11 shows manifestations of local upwelling events
in 2013: a more pronounced one on October 12—13, 2013, and less pronounced — on October 15, 2013 (see Inset).

The previously revealed wind field inhomogeneity in the Peter the Great Bay [19, 20] leads to significant wind
increase over some parts of the Bay and, in consequence, to upwelling intensification in some coastal areas and to the
creation of temperature fronts and jets of cold water transverse to the main current running along the shelf.

Along with the traditional mechanisms for the occurrence of stepwise wave fronts formed in downward currents
under the wind influence, there is also a less studied mechanism for the generation of internal bores when high-am-
plitude waves enter the shelf zone.

Studies of internal waves in the coastal zone [30—32] revealed a characteristic set of wave configurations deter-
mined by substantially nonlinear processes. Among such configurations, internal bore is an example of such nonlin-
ear process: it is a result of an abrupt change in the depth of the pycnocline. These processes can be observed in Sep-
tember-October when conducting in situ measurements in the study area [31]. This wave is an internal wave pushing
the pycnocline up and down [30]. Along the front of the internal bore, intense internal waves are also generated. The
process of disintegration of a smooth internal bore and its transformation into a train of solitary high-amplitude waves
when entering the shelf zone is studied both experimentally and theoretically [21, 22]. Nonlinear internal waves are
able to transport energy over long distances efficiently and are therefore likely to be an important mechanism for
transporting and distributing nutrients, pollutants, sediment, planktonic organisms and other suspended substances
on the shelf of coastal areas. The presence of a near surface pycnocline probably provides a significant energy transfer
over the shelf when strong baroclinic internal tides spread along the edge of the bay shelf, while the position of the
thermocline changes vertically by 10 m [32]. However, this does not lead to the appearance of cold water at the sur-
face near the coast.

In early autumn, the pycnocline in our region on the shelf can move down to the bottom due to the increase in thick-
ness of surface homogeneous layer up to 40—50 m, but its own thickness at the same time does not exceed 15—25 m [30].

Analysis of satellite imagery revealed the presence of anticyclonic vortex structures moving along the continental
slope of the Peter the Great Bay to the southwest, their amplification and weakening during the meteorological syn-
optic period, as well as the presence of cyclonic vortices with subsynoptic scale (up to 10 km) [33]. The appearance of
these synoptic vortices is caused by hydrodynamic instability over the narrow shelf and continental slope of the bay,
where their lifetime does not exceed 20 days.

Horizontal scale of anticyclonic vortices moving and stationing on the shelf of the bay roughly corresponds to the
Rossby radius of deformation, which increases from the beginning of warm season (May-June) through its middle
(August) to the end (September-October) from 15 to 35—40 km, which is accompanied by the pycnocline thickness
increase [18, 33]. The cyclonic vortices are also formed of both synoptic and subsynoptic scales directly on the shelf.
In September-November and in the winter season, relatively warm jet flows and vortices are formed in the south-
western border area of the bay and the adjacent part of the deep sea bordering on the northwestern subarctic front.

Such vortex structures in the upper mixed sea layer and the currents induced at the same time may contribute
both to the transfer of cold bottom water to the coast, and to capture and remove off the coast the cold water appeared
on the surface as a result of upwelling. It is accompanied by the creation of cold jets stretching off the coast for dozens
of kilometers and clearly visible in satellite images of our area (fig. 3, ¢).

An advection time, which is a time of cold water upwelling from the deep sea to the surface in coastal area, in this
case (October 2011) is about 12 hours according both to observation data and Peter the Great Bay numerical sim-
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ulation. At the same time, the duration of wind of appropriate direction and force of up to 10 m/s is up to 24 hours.
With further wind increase up to 15—20 m/s in 12 hours the surface temperature near the coast reduced by another 3
degrees, i. e. to the minimum values. Total time of upwelling-favorable wind was 2.5 days. Thus, an “upwelling age”
[34], in our case was equal to 5 days, which means that the coastal upwelling was well-developed, and strong thermal
fronts were formed with significant horizontal gradients of water temperature observed in satellite images

6. Conclusions

Our research showed that influence of the northeastern wind with a speed of 15—20 m/s lasting for two days led
to the development of upwelling over the whole study area. It became evident due to the warm water offshore outflow
in approximately 20—30 meter upper layer with speed of 40—45 cm/s and compensating inflow of cold water in the
bottom layer of the depth from 40 to 90 m with a typical speed of about 18 cm/s, which is confirmed by the model.
Pronounced coastal upwelling was observed along the coast of the Gamov peninsula, in the northern and western
harbors of the area. In these places the vertical upwelling speed reached 2 mm/s.

The vertical circulation typical for upwelling in the bays of the study area began only after 10—11 hours after a
strong northwestern wind effect; before the upwelling, there was an insignificant wind-induced recession within the
range 3—5 °C.

After the end of wind influence on the hydrodynamic system, it remained in a stable equilibrium state without
changing its circulation. In the end of the second day, the restoring process of the previous currents structure started.
At the same time, fluctuations in temperature and speed of currents were induced in the bottom layer with a period
from inertial, 17 hours, to daily, attenuating during 5 days after the upwelling completion.

To sum up, the phenomenon of wind-induced upwelling on the narrow shelf of the Sea of Japan has been studied
in detail for the first time using thermostring measurements (long-term observations in 2 fixed points), a background
CTD survey (the spatial distribution of hydrological characteristics), detailed meteorological data, satellite imagery
and numeric simulation based on experimental data (ROMS).

However, it is necessary to take into account the other factors affecting the displacement of a cold from the
continental slope to the coast, such as vortex structures or internal waves. The annual upwelling in the Posyet Bay in
October is also associated with the restructuring of the atmospheric circulation (transition to the winter monsoon).
Since such repetitive events have a significant impact on the development of aquaculture and fishing in the coastal
part of the Bay, they deserve attention and study.
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vertical distribution obtained using thermostrings S1 (b) and S2 (¢).
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Fig. 3. Satellite images of the SST distribution
in the Peter the Great Bay in 2011: ¢ — on Oc-
tober 17 at 04:19, b — on October 17 at 15:25,
¢ — on October 19 at 15:13 according to the lo-
cal time (GMT+11:00). The simulated area is
noted with the rectangle.
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Fig. 4. Time variability of the water temperature according to S1 (@) and S2 (b) data in the period
October 13—23, 2011.
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Fig. 5. Water temperature distribution as of October 16 at 06:00 (a), 17 at 02:00 (b), 18 at 01:50 (¢) and 18 at
22:00 (d), 2011. S1 and S2 are location points of thermostrings.



K crarbe Kowenesa A.B., SApowyk U.O., Xpanuenkos @.D., [Tusosapos A.A., Camuenxo A.H., Illevipes A. H.,
Kopomuenko PA. AniBeJUIMHT Ha y3KoM 1esibde JmoHckoro Mmops B 2011 T.
Kosheleva A.V., Yaroshchuk I.0., Khrapchenkov EF., Pivovarov A.A., Samchenko A.N., Shvyrev A.N.,
Korotchenko R.A. Upwelling on the narrow shelf of the Sea of Japan in 2011

a) 130°|50'E 13: °E 131 °|1 0E | b) 130“:50’E 13? °E 131 °|1 0E
42°4N 42°4N
42°3N 42°3N
C) 130°50'E 131°E 131°10'E

5
42°4N
3
1
SST, °C
42°3N

Fig. 10. Simulated surface water temperature in the study area for October 17 at 04:00 (a), October 17 at 15:00 (b), October
18 at 02:00 (c), 2011.
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Fig. 11. Wind speed and sea water temperature measurements in October 10—17, 2013: Hourly wind vectors
according to the meteorological data from MS “Aanderaa” (a) and a time series of water temperature vertical
distribution obtained using thermostring S1 (b).



