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Abstract: Supposed construction of a large port in the mouth of Tuman River requires careful
examination of possible unfavorable ecological consequences for the Far Eastern Federal Marine
Reserve. Since the Tuman River is the largest source of suspended material and possible contaminants
flowing into the sea, and in order to understand how this material is allocated in the coastal zone, analyses
are needed to check possible pathways of water transport and circulation system in the region. Linearized
shallow water equations were used for numerical simulation of the wind-driven circulation to the north
off the Tuman River mouth. The model results satisfactorily agreed with in situ data. The model
circulation patterns are largely dependent on the wind direction and are confirmed by the distribution of
bottom sediments, and by the location of organic carbon and some pollutants accumulation zones. The
most unfavorable situation for the Marine Reserve is the case of the southwesterly wind; even with quite
moderate wind, the waters polluted by the run-off from the Tuman River can attain the south section of

the Marine Reserve during the diurnal period.
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1. Introduction

In connection with the presumably intense economi-
cal exploitation of the region situated closely to the ter-
ritory of the Far Eastern Federal Marine Reserve (Fig. 1),
and its possibly unfavorable environmental conse-
quences, the current system as a main mechanism of sus-
pensions and pollutants transport should be carefully
examined. Since the instrumental observations have
revealed occasional patterns, they do not completely
reflect the system of circulation. Intricate bottom relief
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and coastline, tidal and storm surge events also make a
contribution to variability of the local circulation.

In recent years, the Institute of Marine Biology has
conducted extended environmental investigations in the
region of the Marine Reserve. An intensive sedimenta-
tion (mud accumulation) was discovered in the central
part of the region (Moshchenko ef al. 1999a, 1999b,
2000, 2001b). It threatens the ecological system of the
Reserve. The main source of contamination in the region
is the Tuman River run-off (Moshchenko ez al. 2001a;
Shulkin and Moshchenko 2000); therefore, it is the main
motivation for this study to understand how the sus-
pended material and contaminants move and accumu-
late in the Reserve.
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Instrumental observations revealed that the circula-
tion system is influenced mainly by the wind impact and
tidal oscillations (Grigorieva and Moshchenko 1998).

Tidal fluctuations have an irregular semi-diurnal pat-
tern and their amplitudes do not exceed 50 cm
(Lastovetskiy and Yakunin 1981). Thus their influence is
pronounced only during the periods of weak winds (less
then 5 m/s), and their action is particularly noticeable in
the southern part of the region near the mouth of Tuman
River. The general tidal transport has oscillatory char-
acter; during flood phase, the current is directed north-
ward, and during ebb phase, is directed south to south-
westward (Grigorieva and Moshchenko 1998).
Velocities of the tidal currents in the southern part can
reach up to 20-40 cm/s and 3-8 cm/s in the northern part.

Research area is located in the open coastal region
directly affected by seasonally varying wind impact.
During winter, the northwesterly winds caused by the
Siberian anticyclone and blowing through the Khanka
Valley promote intense cooling and mixing of the coastal
waters. In warm period, the southeasterly winds prevail
due to the interaction of the Asian Low and the North
Pacific High. Total recurrence of the northwesterly and
southeasterly winds reaches up to 90% (Lastovetskiy
and Yakunin 1981). It seems reasonable to check the
wind-driven circulation patterns for main wind direc-
tions, since in definite conditions the wind impact may
be prevailing (Grigorieva and Moshchenko 1998).

2. Numerical Model

The depths in the research area usually do not exceed
30-50 m, excluding the south and southeast parts, where
the depths are greater than 500 m. Thus the wind impact
at the most part of the region can penetrate whole water
columns to the seabed. The equations to be solved are
vertically integrated and linearized momentum and con-
tinuity equations for a homogenous fluid with surface
and bottom stresses (Volcinger and Pyaskovskii 1977;
Beardsley and Haidvogel 1981; Chapman 1985):
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where u and v are the components of vertically aver-
aged current velocity along the X and Y axes, respec-
tively; zis the time; % is the elevation of the sea surface
above its mean level; /= 2t sin % is the Coriolis’ para-
meter (¢ is the angular velocity of the earth rota-
tion, ¥ is latitude); H = < + R is the total sea depth (R
is still water depth); #. is the sea water density
(assumed to be constant as 1.02); g is the acceleration
due to the gravity; =, and #. are the components of the
tangential wind stress at the sea surface; :* and »* are
the components of bottom stress.

At the sea surface and seabed, a quadratic friction law
is applied, thus
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where #%:is the air density; 4 is the coefficient of sur-
face friction; /. and W, are the components of the wind
velocity, r is the coefficient of bottom friction. Surface
and bottom friction coefficients are chosen as 3.2 X< 10
and 2.6 x 107, respectively (Duun-Christiansen 1975;
Henry and Heaps 1976; Saveliev 1989).

The region studied represents a rectangle of 29 x 35
km in the X and Y axes, respectively. X axis is oriented
eastward and Y axis northward. The beginning of coor-
dinates is located at the point of 42° 14’ N and 130° 38’ E.
The grid interval of the model was chosen as 1 km. The
relation between time and space steps was determined
according to the stability condition of the Courant-
Friedrichs-Lewy (CFL) numerical scheme (Duun-
Christiansen 1975):

Qe 2R 28H (6)

where / is the value of the grid interval in meters, Hm is
the maximal depth of the research area.

Numerical approximation of the equations (1)-(3) was
carried out by the HN-method elaborated by Hansen
(1961) using the explicit scheme with central differences
for space and time derivatives. On the land boundaries,
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no normal flux condition was accepted. In order to
remove the wave reflection along the open boundaries,
we used the radiation condition, given by:

(7)

where *.. and %.: are the deviations of sea level from
undisturbed state at the east, north and south boundaries;
Hy and Hy are the values of total depth in the nodes of
grid field along these boundaries, respectively. Such
approach was successfully used for modeling of the
wind-induced currents at the shelf of Sakhalin Island
and in Anadyr Bay (Menovshchikov and Saveliev 1989;
Saveliev 1989).

Influence of the boundary conditions for barotropic
coastal model with uniform cross-shelf slope is inves-
tigated by Chapman (Chapman 1985). He has shown the
importance of the open boundary condition depending
on whether. Wind is blowing along the shelf or shelf
crossing. Inour case, as it is shown below, due to bound-
ary conditions (7), unrealistic current velocities occur
in the southeastern part of the region, where a sharp
depth slope is observed. Water depths in the nodes of
the grid field were obtained by interpolation of the
depths withdrawn from the navigation map and added
by depths taken from the stationary net of hydrological
stations in the research area (Fig. 1).

During field investigations in July-September 1996
and July-October 1997, the frequencies of each wind
direction exceeded 10% (Fig. 2). Directions and veloc-
ities of the wind used in the simulation were chosen
according to the most frequent observtions made dur-
ing the study periodin 1996-1997: 110-120°, 8 m/s; 70-
80°, 7m/s; 225°, 5 and 10 m/s; 315°, 10 m/s; 360°, 10
m/s. In addition, we simulated currents under the typical
winter and summer storm conditions; wind directions
of 0" and 135" with the velocity of 20 m/s. Considering
the small size of the study region the wind can be
assumed to be spatially uniform in all cases.

In the initial state, the sea level and velocity compo-
nents were set to zero. According to the CFL stability
condition, a time step of 5 seconds was used for calcula-
tions. The model was started from an initial state and inte-
grated forward in time until the sea level in control points
became invariable with specified accuracy. For differ-
ent wind cases, it took 6 to 8 hours to reach stability.
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Fig. 1. Map of the research area. Closed circles are the locations of the
hydrological stations with their numbers. Dotted line shows the
Far Eastern Federal Marine Reserve boundaries. Axes are
distances in km from the point with coordinates of 42°14'N,
130°38’E.
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Fig. 2. Frequencies (%) of wind directions in the region during the
study period of 1996-1997. (a) summer (July-August), (b)
autumn (September-October) and (c) average (July-October).
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Fig. 3. Circulation patterns with current speed (cm/s) during (a) weak (5 m/s) and (b) stormy (20 m/s) northerly winds.

3. Results and Discussion

The calculation results of the wind-driven circulation
in the research area are shown on Figs. 3-5. Under the
action of weak northerly winds (up to 5 m/s) the general
flow in the main part of the region is oriented to the
southwest along the coast, and only near the depth slope
in the southern part of the region, it turns eastward
(Fig.3(a)). The model current velocities in the northern
and central parts of the region, during such winds reach
up to 10-15 cm/s, and increase to the south up to 30-50
cm/s. With the wind velocity rising up to storm condi-
tion, the circulation pattern does not change, but the cur-
rent velocity increases up to 50-60 cm/s in the central
part of the region, and up to 70-100 cm/s at the south-
eastern part (Fig.3(b)). Strong currents are also observed
around the Furugelma Island. The circulation pattern
quoted above is generally kept during the northwesterly
and northeasterly winds (315-75°).

More complicated circulation patterns occur under
the influence of the southeasterly winds, which are typ-
ical for summer monsoon season(Fig.4). During the
action of moderate wind condition (8 m/s) with the direc-
tion at 115° the cyclonic gyre with the center located
between isobaths of 50 and 75 m appears in the south-

eastern part of the region (Fig.4(a)). In the northern part
of region, the anticyclonic gyre is formed over the bot-
tom depression off Sivuchiya Inlet. Along the eastern
boundary of the region, the flow is directed to the north.
In the central part between the two gyres, the flow is ori-
ented to the southwest, and along the southern bound-
ary, it flows to the east. The maximal current velocities
are seen off the eastern side of the Furugelma Island,
and off the southern boundary of the region. They reach
up 21 and 25-35 cm/s, respectively. With the increase
of the wind speed from moderate to storm condition for
the southeasterly wind, the center of cyclonic gyre shifts
to south in the region of 150-200 m in depth, and the
anticyclonic gyre off Sivuchiya Inlet decreases in size
and nestles to the coastline. Similar to the moderate wind
forcing, the main flow is directed to the southwest, and
turns to the east off the southern boundary. Along the
eastern boundary, the current is oriented strictly to the
north, and its velocities reach up to 40 cm/s. Coming
nearer to the Furugelma Island, some part of the flow
turns to the west and joins to the main southwest flow
moving along the axis of the seabed depression. With
the rotation of the storm winds clockwise up to 1357,
the cyclonic gyre shifts to the southwest and comes near-
er to the mouth of Tuman River (Fig.4(b)). The main
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Fig. 4. Circulation patterns with current speed (cm/s) during (a)
moderate (8 m/s) and (b) stormy (20 m/s) southeasterly winds.

flow to the north off the cyclonic gyre is directed along
the coast to the north and northeast, and crosses the
underwater crest connecting the Furugelma Island with
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Fig. 5. Circulation pattern with current speed (cm/s) during moderate
(10 m/s) southwesterly wind.

the continent. The anticyclonic circulation located to
the east off Sivuchiya Inlet vanishes.

With the southwesterly winds (10 m/s) in the whole
region, the northward and northeastward flows prevail,
and the strong velocities are obtained in the coastal zone
(35-40 cm/s), and off the eastern side of the Furugelma
Island (56 cm/s). The current the strait also becomes
strong as large as 40 cm/s (Fig. 5).

It is natural that the general circulation patterns with
the southwesterly and northerly winds are contrary to
each other. With the southerly and southwesterly wind,
the main flow is directed to the north and northeast; and
with the northerly wind, it is oriented to the southwest.
But due to the southeasterly wind, the cyclonic circula-
tion appears in the southern part of the region. As a
result, the main flow bifurcates with one of its branches
moving to the north, and another one flowing to the
southwest. Another remarkable feature is that the cur-
rent near the southern boundary is oriented eastward,
which is independent on the wind direction(except the
southwesterly winds). This is caused evidently by sharp
north-south continental slope along the southern bound-
ary, and this effect may be prevailing here. In any case,
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Table 1. Results of Wilcoxon's matched pairs test for different wind
conditions. Computed probabilities presented here show that
there are no significant differences between observed and
computed current velocities and directions during
southeasterly and northeasterly winds. Boldface was used to
show significant differences between observed and computed
velocity values during southwesterly winds.

Wind
Parameter
Southeasterly | Southwesterly | Northeasterly
Current velocity 0.694 0.039 0.276
Current direction 0.875 0.813 0.612

the eastward current was observed here in most cases
even by visually. But its velocities are 2-3 times less than
those obtained in the model calculations. This differ-
ence may be caused rather by unsuccessful choice of the
boundary conditions applied in the present study. But
looking over various boundary conditions is not in the
scope of our present work, though it may be important
for this site of research area.

Reliability of the calculated current directions and
velocities was estimated by comparison of these para-
meters with those obtained by the CM-2 current meter
produced by the Toho Dentan Corp., Japan, for the resid-
ual currents at the hydrological stations (Fig. 1). For
each dominant wind situation, we used the data from 15
to 25 observations of current velocity and direction
obtained in July-September, 1996 and in July, 1997. The
results of the Wilcoxon's matched pair test (STATISTI-
CA for Windows, 1996) do not show any significant dif-
ferences between the velocities and directions of the
simulated currents and observed ones for moderate
southeasterly and northeasterly wind situations (Table
1). Only for the southwesterly winds, the differences
were found to be significant in current velocity; the mean
observed velocity was less by 25-30%.

As a whole, to evaluate the reliability of the simulated
circulation patterns, it is necessary, at least, to have long-
term current observations enough to exclude tidal com-
ponents, and to capture different wind situations. Since
there are no other similar observations, the reliability of
the circulation patterns obtained may be indirectly eval-
uated by the distribution of the granulometric and chem-
ical properties of the seabed sediments. In order to trace
possible ways of suspended material transportations the
water pathways (Fig. 6) were calculated by integrating
the velocity field with time step of 2-4 hours. Evidently,

major part of fine suspended material enriched by ter-
rigenous organic carbon and pollutants originating from
the Tuman River mouth during the southeasterly winds
will remain in the vicinity of the source region because
of its recirculation into the cyclonic eddy. However,
some part of it moves to the north and may cause the
pelite accumulation in the eastern part of the basin (com-
pare Figs. 6(b) and Fig. 7). During these wind events,
the major part of suspended matters coming from
Stvuchiya Inlet is deposited at the seabed in the depres-
sion and in the middle of the coastal area.

The temporary wetlands located in the middle part of
the Molochnyi Val Spit are additional sources of the
solid discharges. These wetlands can be opened during
heavy floods. But suspended material mainly remains
near their mouths due to weakening of currents caused
by the stream divergence.

During the southwesterly winds, suspended material
moves to the north and northeast from the Tuman River
mouth and wetlands, and settles mainly in the coastal
area and in the bottom depression. These winds are the
most unfavorable for this depression because contami-
nant outbreaks from the river mouth and wetlands during
flood can reach and settle down at the seabed within a
day (Fig. 6(a)). But fine sediments from Sivuchiya Inlet,
probably, do not have time to settle here under these
wind conditions and move through the strait between
the continent and Furugelma Island. They can accumu-
late in the local spot to the northeast off this island due to
the eddy that may be formed here similar to other com-
parable orographic structures. However, silt accumula-
tion in this spot may also occur under the southeasterly
wind because of the transfer of suspended material by
the stream flowing along the eastern boundary of the
region.

Under the action of the north and northwesterly winds
suspended material from the mouth is transported east-
ward (Fig. 6(c) and (d)). Some material coming from
the north through the strait and from Sivuchiya Inlet
accumulate in the depression. Some other material from
the wetlands also may approach the river mouth and
merge with the main flow moving to the east.

The zone with the largest mean granule sizes and with
the most well sorted sediments is situated in the offshore
central part of the region studied (Fig. 7). Large granule
sizes show the higher stress level of hydrodynamic sed-
imentogenesis here than in other parts of the region, and
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Fig. 6. Water pathways under the action of (a) southwesterly (225°, 10 m/s), (b) southeasterly (115°, 8 m/s), (c) northerly (360°, 10 m/s), and (d)

northwesterly (315°, 10 m/s) moderate winds obtained by integrating the velocity field with time step of 2 (a) and 4 (b-d) hours. Cross
symbols show the points of tracer beginning; coordinate axes show the distance in km.
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T

Fig. 7. Maps of the distribution of (a) mean granule size (mm), (b) percentage of <0.1-mm fraction (%), (c) entropy of granulometric distribution

(arbitr. units), (d) total organic carbon (mg - g of dried weight), (¢) percentage of terrigenous organic carbon (%), and (f) lead (mkg -g' of
dried weight) in the region studied.
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the relatively low entropy of the granulometric distrib-
ution reveals the relative constancy of the sedimenta-
tion conditions. According to the results of the simula-
tion for the most real wind situations, large velocities of
steady current are obtained in this area.

5. Conclusions

The simulated wind-driven circulation in this study
is satisfactorily agreed with the in situ data. Some fea-
tures of the calculated patterns of currents are confirmed
indirectly by the granulometric distribution of the seabed
sediments, and by the location of accumulation zones
of organic carbon and some pollutants. This model is
not perfect and other additional studies might be
required. Recent observations at moored buoy stations in
the research area have shown that tidal fluctuations of
current velocity are particularly noticeable in the vicin-
ity of the sea floor near the continental slope. So, a multi-
layered (at least two layers) model should be tried for
this region with emphasis on the tidal influence and the
interaction with bottom relief features, particularly in
the vicinity of the Tuman River mouth. Naturally, the
main difficulty is to fit acceptable boundary conditions.
Since we have no observations of the sea level or water
transport along open boundaries, a measurement net of
some moored buoy stations would be required. Now, we
have done only a preliminary analysis of prevailing
water pathways and transport of the suspended material.
It is clear that the main source of bottom sediments in
the Reserve is a solid discharge of Tuman River. So the
most dangerous situation for the Far Eastern Federal
Marine Reserve is the case of the southwesterly wind;
even with the quite moderate wind forcing, the waters
polluted by the run-off from Tuman River can attain the
south section of the Marine Reserve within a diurnal
period. A contamination process of the Reserve is sup-
posed to be strongly increased by the construction of a
large port in the Tuman River mouth.
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