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Flow Analysis of the Arctic Ocean (the Kara Sea and

the Barents Sea) by a Hybrid Box Model
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Abstract : The objective of this report is to discuss the characteristics of flows in the Arctic
Ocean Seas (the Kara and the Barents) in connection with marine contamination. In recent
years, research has been underway to clarify the fate of radioactive wastes dumped into the
Arctic Ocean (especially, the Kara Sea and the Barents Sea) . These sea areas are very narrow,
shallow and located close to land. To analyze the diffusion of radionuclides and carry out expo-
sure dose assessment by determining the circulation of seawater in these areas, it is necessary
to identify the flow characteristics of the seas. As the first step of research, the mechanism of
flows in the Barents Sea and the Kara Sea in the Arctic Ocean was investigated (Local modeD).
Using the observation data (water temperature and salinity) , the flow was analyzed using a
hybrid box model, taking into account river flows and density structures in the seas. The re-
sults thus obtained agreed with the observed features in many aspects.
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1. Introduction

Recently, there has been considerable inter-
est in the dumping of radioactive wastes into
the Arctic Ocean (especially, the Kara Sea and
the Barents Sea) by the former Soviet Union.
These seas are narrow, shallow and close to
land (see Fig. 1). To assess the impact of such
dumping, it is necessary to establish a safety
assessment method that permits the prediction
of not only regional but also global —scale ef-
fects.

To analyze the diffusion of radionuclides and
make an exposure dose assessment by deter-
mining the circulation of seawater in these ar-
eas, it will be necessary to identify the flow
characteristics of the seas. However, little re-
search has been conducted insofar as these sea
areas are concerned. Moreover, these seas are
largely ice — covered in winter, thus available
winter oceanographic data are limited. In this
research, the authors used existing salinity and
water temperature data and information such
as meteorological and oceanographical data
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provided by TAEA.

Representatives of both TAEA and Seven
Member states (Danish/Norwegian group, Ja-
pan, The Netherlands, The Russian Federation,
Switzerland, United Kingdom and United
States of America) were involved in the model-
ing, coordinated within the framework of the
TAEA’s International Arctic Assessment Pro-
ject (IASAP). The model and assessment exer-
cises included contributions to all the
important aspects required for radiological as-
sessment studies (WADA et al., 1997).

This paper centers on flow modeling and its
analysis, which is of major significance to as-
sessment exercises. Using these observation
data (water temperature and salinity), the wa
ter —mass characteristics of the Arctic Ocean
were examined with reference to the known
data, and the results thus obtained were com-
pared with the results of flow analysis to inves-
tigate the present condition of flows in these
sea areas.

2. Method of study
What impact will the actual dumping of ra-
dioactive waste into the Arctic Ocean have in
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Fig. 1. The Barents Sea and the Kara Sea.
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Fig. 2. Grids of the model and the number of vertical layers.

the future? As a first step to solve this ques-
tion, the authors investigate the flows in the
Barents Sea and the Kara Sea based on ob-
served water temperature and salinity distribu-
tions in these seas (local scale). Based on data
obtained by NOAA’s observations (LEVITUS,

1982), water temperature and salinity in the
range of 64°~85° N and 0°~120° E were obtained
and graphically represented at intervals of 0.1
°C and 0.1psu respectively, and were used to
examine the oceanographical characteristics of
these seas. The horizontal box size was
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Fig. 3. (1) Density distribution 0. (0-50m layer, warm weather season).
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Fig. 3. (2) Density distribution ¢, (50-100m layer, warm weather season).
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4° X 1°, and each box was vertically divided into
6 layers (0~50m, 50~100m, 100~200m, 200~
500m, 500~900m and 900~2500m).

Figure 2 shows the grids of the model and
the number of vertical layers.

3. Oceanographic description of Arctic
seawater
Density structure

Barents Sea

The Barents Sea has an area of 1.42X10%km"*
and volume of 3X10°km®. It is largely open to
the Norwegian Sea in the west and the central
Arctic basin to the north. The average depth is
230m, with a maximum depth of 500m near
Bear Island. The position of the Barents Sea be-
tween the Atlantic and Arctic Oceans gives it a
key role to play in the transport of substances.

The Norwegian Atlantic Current which is a
warm current, enters from the western side of
North Cape. Then, the current is divided into
two major branches. One flows eastward (coa-
stal current system) and the other flows into
the northern central area. Cold Arctic water
enters from the north between Spitsbergen and
Franz-Josef Land, as well as from the north be-
tween Franz-Josef Land and Novaya Zemlya
(see Fig. 1). The water circulation in the
Barents Sea is generally counter-clockwise
(HARMS, 1992).

The Barents Sea undergoes stratification in
spring and mixing in winter. This sea area is
high in biological production. Salinity is 32~35
psu.

Based on the temperature and salinity distri-
bution, density distribution maps for the lay-
ers of 0-50m and 50-100m are illustrated in
Figs. 3 (1) and (2), respectively.

The density of seawater is highest in the cen-
tral part of the Barents Sea and in the sea area
where the Atlantic water, southwest of Spits-
bergen flows north along the continental shelf,
showing o, value of about 28. In the northern-
most and southernmost parts of the Barents
Sea, the density of seawater is about 0.5 lower
in o, due to the effects of relatively light Arctic
surface—layer water and coastal water, respec-
tively.

In order to examine characteristics of water
masses in the Barents and Kara Seas, T —S

diagrams for each calculation box in Fig. 2 are

drawn in Figs. 4 (1) and (2), respectively.

Based on the T —S diagram, surface water of

the Barents Sea may be classified into four wa-

ter masses as follows:

@O The Atlantic water with higher tempera-
ture and higher salinity,

@ The Arctic surface water with lower tem-
perature and lower salinity,

® The coastal water with higher temperature
and lower salinity, and

@ The Barents Sea water mass that is mix-
ture of the Atlantic water and the Arctic
surface water.

By Fig. 4 (1) it can be recognized that the
coastal water mixes only with the Atlantic wa-
ter. The Arctic surface water first becomes
more saline and then mixed with the Atlantic
water, forming the Barents Sea water mass.

The density maps of Figs. 3 (1) and (2) corre-
spond with classification of the 4 water masses,
which are identified by the number in circle.

Kara Sea

The Kara Sea is 8.8X10°km” in area and 9.8
X 10'km® in volume. It is rather shallow; its
mean water depth is 120m. However, deep val-
leys exist, namely, the Novaya Zemlya Trough
(300~400m) east of Novaya Zemlya, and a
trough (600m) north of Novaya Zemlya. In
this sea area, there are inflows of river water
amounting to 1,500km® annually, mainly from
the Ob and Yenisey. These fresh water inflows
cause a northward flow, forming eddies which
are then branched into a northeastward —flow
ing current along the continent and a southwe-
stward — flowing current along the coast of
Novaya Zemlya.

River water inflows are conspicuous in sum-
mer, and decrease remarkably in winter. Fig-
ure 5 (IAEA,1998) shows monthly changes in
major river water runoffs. The structure of wa-
ter masses in the Kara Sea is dominated by wa-
ter inflows from the Arctic Ocean and the
Barents Sea as well as by river water inflows.

As was done for the Barents Sea, density dis-
tribution maps for each layer, based on the ver-
tical distribution map of temperature and
salinity for the Kara Sea, are shown in Figs. 3
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Fig. 4. (1) Surface T-S diagram of the Barents Sea.
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Fig. 4. (2) Surface T-S diagram of the Kara Sea.

(1) and (2). T—S diagrams were drawn also
for the Kara Sea.

Fig. 4 (2)a shows total surface T—S plot of
the Kara Sea, while Fig. 4 (2)b is an enlarged
map of the part of salinity 32.0-34.0. From
these figures, four water masses could be rec-
ognized:

A The water mass characterized by higher
temperature, derived from the Barents Sea,

A The Arctic surface water with lower tem-
perature and lower salinity,

A The Kara Sea water mass, a mixture of the
Kara Sea water and the Arctic surface water,
and

/N The coastal water with lower salinity.

These water masses of the Kara Sea are de-
noted with the number in triangle in Fig. 3 (1).
Salinity is 32psu offshore and 10psu near the
mouths of the Ob and Yenisey river, as shown
in Fig. 6.

The Barents seawater, having high density,
reaches the Kara Sea with its density reduced
as it advances eastward. The density of
seawater in the central part of the Kara Sea be-
comes about 1-1.5 lower in ¢, in comparison
with the Barents Sea.

The low —density water in the Kara Sea is
formed by Arctic surface water entering from
the north and a vast amount of fresh water en-
tering from both the Ob river and the Yenisey
river. Over the continental coast of the Kara
Sea, a front is formed with density o, falling
below 26.

Flow characteristics

LOENG et al. (1991) point out that the three
major water masses, namely, coastal water,
Atlantic water and Arctic water, are related to
ocean current systems. According to Fig. 7
(LOENG et al. 1991), which shows the distribu-
tion of water masses in the Barents Sea, corre-
spondence to the density distribution shown in
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Fig. 5. Average annual cycle of river discharge to the Kara Sea and the Barents Sea (IAEA, 1998).

Fig. 3 is good.

Freezing continues for more than half of the
year in this regions. The effect of wind on the
flow has never been calculated. GJEVIK and
STRAUME (1989) numerically calculated the
tides in the North Sea, the Norwegian, Green-
land and Barents Seas, and the Arctic Ocean.
They concluded that in these sea areas the ef-
fect of tides is small, with the exception of
coastal areas.

4. Method of flow analysis

A careful consideration must be used in the
selection of an appropriate flow analysis tech-
nique for the regions having a large inflow of
river water from the inland part, high— tem-
perature and high — salinity Atlantic water
masses from the western sea areas, low —tem-
perature and high —salinity Arctic seawater
from the north, large water depths and compli-
cated topography, as seen in the Arctic Ocean.

To analyze the concentration of radionu-
clides extending as long as several 100 years
following the flow analysis, the conservation of
mass not only in each calculation box but also
as a whole system must hold. That is to say, it
is necessary for the following equation to hold;

.BZ.C< Wipic 0ic— Wicn ic) + (river inflow) +
b,

precipitation) — (evaporation) =0

Where, iB: box number in ocean boundary,
1C: box number in calculation box, Wi, .C: ex-
change flow rate which enters from box iB to
box iC, Wi, is: exchange flow rate which enters
from box iC to box iB, pi: density of seawater
in calculation box iC, 0 density of seawater
in box ¢B,Y: sum for all groups (iB, iC) of
boundary box and calculation box.

There are two kinds of models to cope with
the flow and the dispersion of radionuclides by
advection and diffusion, namely compartment
or box models and hydrodynamic circulation
model.

Compartment or box models provide long
time, spatially averaged capabilities, and some
uncertainties remain in some key parameters.
Hydrodynamic models provide locally resolved,
short time —scale results and can only be run
for limited time—scales of the order of tens of
years. In the hydrodynamic models, the circu-
lation pattern and eddy diffusivities in the
model, by trial and error, are adjusted until the
observed temperature and salinity distribu-
tions can be generated by the model. Moreover,
there is a major shortage of quality forcing
data for hydrodynamic models applied to the
Arctic Ocean.

Temperature and salinity are tracers; they
are the easiest of all to measure; we have much
better coverage of the ocean for them than
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Fig. 6. Salinity distribution at the surface from data
for (a) winter and (b) summer.

anything else; and their immediate relation to
the density field means that they must be the
central focus of any effort to understand the
flow circulation. In this research, the method of
analysis based on the box (compartment)
model was selected because it was impossible to
clearly determine the flow driving forcing in
the sea areas concerned for the hydrodynamic
circulation model.

Flow fields can also be generated from the
observed temperature and salinity distribu-
tions in more objective ways using simplifying
assumptions about the general balance of
forces in the ocean interior. On the other hand,
the calculation of geostrophic velocity has been
used for many years in oceanography but has

always suffered from the problem of not know-
ing what depth independent (barotropic) com-
ponent of velocity needs to be added to the
baroclinic results obtained (the problem of the
“level of no motion”). Recently, methods of cal-
culating the barotropic component have been
derived (SToMMEL and ScnorT, (1977);
KILLWORTH, (1980)) and methods have been de-
veloped using generalized inverse techniques
(WunscH and Minster (1982), WunscH (1996),
EMERY and THOMASON (1998)) for calculation
the flow.

For radiological assessment purposes, the
use of inverse technique is particularly attrac-
tive because it does ensure that the model pro-
duced will give predictions which are
comparable with observed temperature and sa-
linity profiles in the ocean. The model used in
this paper is an approach for applying conser-
vation of mass with high accuracy not only in
each calculation box also over the whole sys-
tem. This model has been named a hybrid box
model, intermediate one between the box model
and the hydrodynamic model, developed by at-
tending the OECD/NEA and IAEA (TASAP)
modeling group meetings (IAEA Report 1998).
This hybrid box model has been developed to
cover the local field (Kara and Barents Seas).

5. Flow analysis by a hybrid box model

In this analysis, the flow which permits re-
production of the observed distributions of wa-
ter temperature and salinity is mathematically
calculated, to subsequently deal with the diffu-
sion of nuclides.

The balance equations of seawater, salinity
and heat volumes in each box are used to deter-
mine the exchange flow rate between boxes
(Fig. 8).

For box i, the following are the conservation
equations:

(1) Equation of conservation of seawater mass

2z Wio,— j;i W0+ X R,0;P—E; =0

. Ji
j#Fi
[ton/s] (1)

Where W;=0: exchange flow rate from box 7 to
box j [m’/s], p:: density of seawater in box /
[ton/m’], obtained by The International Equa-
tion of State of Seawater from water tempera-
ture and salinity, o,: density of river water in
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Fig. 7. Distribution of water masses in the Barents Sea (LOENG et al., 1991).
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Fig. 8. Outline of the hybrid box model.

river 7 [ton/m’]. R, inflow of river water from
river 7 to box i (m’/s). P;: precipitation into
box i [ton/s], E:: evaporation from box ¢ to the
atmosphere [ton/s].

The model was set up so that each exchange
is represented by exchange flow rates, one in
each direction. These exchange flow rates,
which by definition are assumed to be positive,
can be interpreted in terms of advection and
mixing: to a first approximation, the mixing
coefficient is the lesser of the two values and
the advection is the difference.

(2) Equation of conservation of salt
2 Wip;S;— 2 W;piSi+
jFEi JjFE

i~

2, R0/ (S/=S) =0 [ton/s] (2)

S:: salinity in box i [%o],
S’ salt in river r [%o]
(3) Equation of conservation of heat
2 Wio, T,C— 2 Wy, TC+H; = 0
[Mcal/s] (3)

T:: water temperature in box 7 [C], Hi: heat
entering from the atmosphere into box 7
[Mecal/s],

C: specific heat of seawater [cal/g °C], which
is presently set at 1.0.

Although we put the terms P;, E: in equation
(1) and the term H; in equation (3), we did not
use these terms in our calculations due to diffi-
culties in its treatment in the surface layer. It
is because the parts of these seas are largely
ice—covered year —round. Therefore, the flow
was analyzed using a hybrid box model, taking
into account river inflows and density struc-
tures in the seas.
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Table 1. Input condition of river inflow.

River River flow rates (m®/s) Water temperature (°C) Salinity (%)
Ob 2,425.0
Yenisey 18,317.0 2.65 15.0
Pechora 4,208.0

Input conditions of river inflow from the

river mouth are shown in Table 1.
Three equations are written in matrix form as;
AW=b @
Where A is the property matrix containing o,
oS and TC, W is the vector of exchange flow
rates and b is the vector of sources and sinks.

These solutions can be expressed as the sum
of a particular solution such as the least
squares solution which is determined by the
sources and sinks, and a series of null space so-
lutions which are independent of the sources
and sinks. So far, the least squares solution
was considered to be the most useful point since
it represents the flow pattern corresponding to
the minimum energy in the ocean:”

Attempts using a box model have been made
to use the observed temperature and salinity
distributions in the Atlantic Ocean to derive a
flow pattern. In conclusion, this experience
with inverse techniques on the large systems
such as this research showed that this has been
done with the solution containing both nega-
tive and positive exchange flow rates. The diffi-
culty in obtaining a positive solution by
requiring an exact fit to the observed data is
probably due to the existence of temperature
and salinity gradients within the model that
can only be sustained by a negative exchange
flow rate. If these gradients can be removed by
revising the original temperature and salinity
distributions, then both a positive solution and
a good fit to data my be possible.

In this model, the number of exchange flow
rates, n, is less than that of equations, m, and
solutions of such a problem are easily obtained
either by general inverse matrix or by nonlin-
ear programming method without constraints.

“UThis technique is frequently employed for solving
problems to obtain a fluid movement of which the
total energy is restrained to be minimal, where an
indefinite number of solutions can exist.

However, some of exchange flow rate values
thus obtained could be negative, which makes
difficult to interpret the solutions as physical
phenomena.

The difficulty in finding a solution was that
the exchange flow rate must be non-negative
(positive or 0) owing to the nature of the
model. Therefore, one cannot use a simple lin-
ear equation or general inverse matrix repre-
sentation and has to rely on a non-linear
programming method with constraint (non-
negative condition). That is to say, one does
not require equations (1) to (3) to hold strictly
and permits some minimizing errors.

In order to overcome this difficulty, non-
negativity constraint was set for the exchange
flow rate, W, (W,=0) and an efficient program
was developed based on solution algorithm by
mathematical formulation using a non-linear
programming. This method is identical with
solving a quadratic programming problem so
as to minimize the objective function under the
condition of non-negative exchange flow rate.
That i1s,

Objective function (square of residual
norm): ||AW—b || *>min., and
Constraint: W=0 (5)

Where A: mXn matrix of coefficients, deter-
mined by observation data,
b: m—dimension constant vector de-

termined by boundary conditions,
W: n-dimensional vector of exchange
flow rates,
[ I Euclidean norm,
m: number of conservation equa-
tions, and
n: number of exchange flow rates.
If the non-linear programming method with
constraint is used, a solution can be obtained
and the exchange flow rate thus obtained is
non-negative, and errors in equations (1) to
(3) are minimum.
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e = X { a:(the left side of the equation of
conservation of mass (1) in box 1)*
+ B, (the left side of the equation of
conservation of salt (2) in box i)*
+ 7, (the left side of the equation of
conservation of heat (3) in box 1)% (6)

Then, e is a function of the exchange flow
rates Wi, Wis,... and is the sum of squares of
error in the conservation equations.

Exchange flow rates Wi, Wis,... may be ob-
tained under the non-negative condition Wi.,
Wis,...> 0 to minimize the error function e = e
(Wi, Wis,...). This problem is usually called
NNLS (Non-Negative Least Squares). Of the
three equations of conservation, the unit of the
first two equations is [tons/s], and that of the
last equation is [Mcal/s].

Adjustment is, therefore, necessary when
considering the weight of the three equations.
For this adjustment, @, 8: and 7, are set as
weight constants (a,=10°, 8,=10", 7,=1.0).
The values of a1, B:1and 7.above were decided
by taking into consideration the agreement be-
tween results of current analysis and observa-
tion data of the Pacific Ocean and Tokyo Bay.
For solution procedures to obtain the exchange
flow rate, W, see Appendix I. Refer to LAWSON
and HANSEN (1995) for more details.

Model validation is important. A comparison
was made between literature values of water
fluxes in the Arctic Ocean and values obtained
from the hybrid box models. The validation
process for the hybrid model has been severely
restricted by the lack of appropriate flow data
particularly within the Arctic area.

In the past, flow analyses were conducted in
Tokyo Bay under the same input condition
such as heat budget process, inflow rate of
river waters, temperature and salinity distri-
butions, using both the hybrid box model and
3D hydrodynamic model, thus confirming that
there is no major difference in the results of
flow circulation pattern obtained by both mod-
els (WADA et al., 1996).

On the other hand, the study was conducted
focusing the Sea of Japan using the hybrid box
model to elucidate the seasonal flow character-
istics under the input conditions like inflow of
Tsushima Warm Current, temperature and sa-
linity data, heat budget process and inflow of

river water from the inland area (TAKAHASHI
and WADA, 1999).

The seasonal strengths of the Nearshore
Branch of the Tsushima Warm Current, the
East Korean Warm Current and the Liman
Current were reproduced in the model. The hy-
brid box model was applied to the safety
evaluation in a hypothetical submergence acci-
dent onto the seabed in the Pacific Ocean.
Agreement was found to be good by compari-
son of the results of current analysis and the
existing knowledge on the ocean currents
(WATABE ef al, 1996).

6. Results of flow analysis in the local field

Based on the flow velocities obtained from
exchange flows in the hybrid box model, parti-
cles from each box and river mouth in the Arc-
tic Ocean were tracked and the movement of
seawater particles was studied. Particle track-
ing method is described in Appendix II.

Estimation of Errors

As we search for flows which reproduce the
distribution of salinity and temperature in
each box, errors in salinity and heat amount
can be neglected. As for flow, we calculated er-
ror of the conservation equation of seawater
for each box. Errors of flow were evaluated
both by the absolute error which is the differ-
ence of in and outflows and the relative error
which is the difference divided by the inflow.

Table 2 shows coordinate in which the maxi-
mum error occurs (see Fig. 2), residual errors
by the least square method, and the maximum
value of relative error (residue/inflow) and co-
ordinates.

Barents Sea

According to the results of tracking (Fig. 9
(1), see Appendix II), the Atlantic water which
enters the Barents Sea along the Norwegian
Peninsula circulates counterclockwise in the
Barents Sea. This flow is in agreement with
previously known data (see Figs. 10 (1) and
(2)).

The results of tracking shown in Fig.9 (2) in-
dicate that the Norwegian Atlantic current
flows in from the west to the north cape. It di-
vides into two main branches. One which flows
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Table 2. Errors of conservation equation of seawater,
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eastward, and another which flows north.

Cold Arctic water enters from the east to the
west between Franz-Josef Land and Novaya-
Zemlya (Fig. 9 (2)), and from the north be-
tween Spitsbergen and Franz-Josef Land
shown in Fig. 9 (1). The water circulation in
the Barents Sea is generally anticlockwise
judging from Figs. 9 and 10.

The current flowing southwestward at the
south of Franz-Josef Land divides into two
branches at the north of Sentralbanken, one of
them being shown to flow southwardly toward
Sentralbanken (LOENG, 1989). According to re-
cent observations, however, this flow branch is
considered to be rather minor (TANTSJURA,
1959).

As is shown in Fig. 9 (2), water particles
enterting from the central part of Atlantic
Ocean are recognized to become gyre currents
near the front shown in Fig. 10 (2).

Beween Spitsbergen and Franz-Josef Land,
there exist path lines both flowing into and
flowing out of the Arctic waters (Fig. 9 (1) and
@).

Kara Sea
Fig. 11 shows schematic flow pattern in the
Kara Sea (PAVLOV et al., 1995). The northern

sea area has a current which enters from the
central Arctic Ocean along trenches of 80 to
125m deep and current which flows into the
Barents Sea between Franz-Josef Land and
Novaya Zemlya. The inflow from the central
Arctic Sea to the Kara Sea in the second layer
(50~100m) and third layer (100~200m) were
reproduced successfully by tracking.

The western Kara Sea has the Novozeme-
Iskaya Current which flows from northeast to
southwest along the east coast of Novaya
Zemlya. The results of tracking are shown in
Fig. 9 (3). This figure clearly shows that parti-
cles advance southward along the east coast of
Novaya Zemlya.

The currents flowing north from the river
mouths can be observed clearly.

Results and discussion

The results of flow analysis were compared
with the migration routes of cod (Haddock and
Barents Sea cod) to examine the reproducibil-
ity of the results. It is generally considered
that Haddock cods live in 4 to 10°C water. The
sea areas which meet these conditions in the
Barents Sea are the coastal area and the Atlan-
tic water mass, with high water temperatures.
The migration routes observed are shown in
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Fig. 10. (1) Surface -layer flow patterns in the Barents Sea (LOENG et al., 1991).

Fig. 12.

The migration routes of Haddock and Bar-
ents Sea cod were compared with the results of
flow analysis by the hybrid box model (Fig. 9
(1)). High similarity is recognized. In particu-
lar, the route of cods entering the Barents Sea
from along the coast of Norway and migrating
along the continent agrees with the tracking
result. Possibly, Haddock and Barents Sea cod
migrate along the Norcup Ocean Current, the
Mullman Coastal Current, or the Mullman
ocean current. Comparison of the model’s cur-
rent field with the observed surface velocity
map indicate that the basic circulation pattern
in the Barents Sea and the Kara Sea is captured
by the model.

We also calculated the surface dynamic
height from the density field and compare the
result with that obtained by the particle tracks
shown in Figs. 9 (1), (2) and (3). The
geostrophic calculation method assumes that
there is a level or depth of no motion. Level of
no motion may be assumed if the currents have
been measured at some depths by current me-
ters. As we have obtained the density field
from water temperature and salinity data, we
calculate the flow pattern from the surface dy-
namic heights.

Figure 13 shows the dynamic topography at
the surface layer (25m deep) of the Barents and
Kara Seas in which the level of no motion is as-
sumed to be 756m deep.
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Fig. 10. (2) Scheme of the water circulation at the surface of the Barents Sea

(TANTSJURA, 1959).

Following characteristics of the streamlines
can be noticed:
* There exists a current which flows from
east to west along the coast of the Barents
Sea.
* The current turns anti-clockwise in the
eastern part of the Barents Sea and flows
westerly in the north of Spitzbergen Island.
* In the area between Spitzbergen Island and
Novaya Zemlya, there exists a region of anti-
clockwise circulation.

* In the Kara Sea, the coastal current be-
comes easterly under the influence of the
westerly current along the coast of the Bar-
ents Sea. Consequently, a large-scale anti-
clockwise circulation becomes noticeable in
the region comprising the Barents and Kara
Seas.

When Fig. 12 and Fig. 9 (1) and (2), which

show results of the particle track, are com-
pared, the anti—clockwise current in the Bar-
ents Sea is similar in the both cases, although
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Fig. 12. Routes of the eastward migration of cods in
the Barents Sea (MasLov, 1944).
—— Migrations of mature cod
---------------- » Migrations of immature cod

Fig. 11. Schematic flow pattern in the Kara Sea
(PavLov et al., 1995).
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the anti — clockwise circulation with a small flow rate in such a way that the inter —box in-

scale at the center of the Barents Sea can not be put and output of salinity, heat and seawater
seen in the hybrid box model result. volume was balanced, and as a result,

1) Flows in the Barents Sea are affected by in-

7. Conclusions flows from the neighboring seas (North

Flow analysis was conducted by using obser- Atlantic Ocean, Arctic Ocean). Inflow of

vation data (water temperature, salinity) and river water from the Ob, Yenisey, etc. has

applying a method for obtaining the exchange the largest effect on changes in flows in the
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Kara Sea.

2) Flows obtained with the hybrid box model
agree with flows based on observed data.
For the deep layers, it will be necessary to
carry out further studies on the reproduci-
bility of flows because only a small amount
of Arctic deep data are available.

3) The tracking of particles was performed
with respect to calculated flows. This en-
abled to obtain a three —dimensional move-
ment of particles with reproducibility of
high accuracy.

4) Good agreement is with migration routes
of cod.
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Appendix I
Solving method for the hybrid box model
Solution of obtaining the exchange flow
rates by means of a compartment model is
identical with solving a quadratic program-
ming problem so as to minimize the objective
function under the condition of non-negativity
of exchange flow rate, W. That is,
Objective function (square of residual
norm): ||[AW—>b|?% and Constraint:W
>0,
where A: m n matrix of coefficients, deter-
mined by observation data,
b: m-dimension constant vector de-
termined by boundary conditions,
W: n-dimension vector of exchange

flow rates,

| « Il: Euclidean norm,

m: number of conservation equa-
tions, and

n: number of exchange flow rates.
Mathematically, this problem is called con-
vex quadratic programming problem or NNLS

(Non Negative Least Squares).

Solution processes

Algorithm of the active set method is prem-
ised on three points as follows:

1) When all of exchange flow rates are 0, it
satisfies the equations and constraint,

2) Solution of quadratic programming prob-
lem without constraint can be obtained by
the usual least squares method, and

3) Criteria of optimum solution are given by
the Kuhn —Tucker’s condition that is usu-
ally applied in quadratic programming
method.

Outline of the algorithm for obtaining opti-
mum solution is summarized as follows:

@ First, let all elements of exchange flow rate
be 0, and select an element Wq that leads to
the optimum solution most closely;

@ Solve the quadratic programming problem
without constraint, and correct the result-
ing solution so as to fulfill the non-
negativity restraint;

® Using the corrected solution, solve again

quadratic programming problem without
constraint, and correct solution that does
not satisfy the non-negativity constraint;
and

@ When the non-negativity constraint is ful-
filled, select another element of exchange
flow rate that has been set to be 0, and re-
peat the procedures above, thus decreasing
one by one the number of elements set to
be 0, until the optimum solution is reached.

Appendix II
Particle Tracking Method in Arctic Sea Box
Model
1. Particle Tracking Method Particle track-
ing is defined here as positioning of a par-
ticle from a given initial position in a given
flow field after an arbitrary time elapsed.
Equations representing a particle tracking
movement in the spherical coordinates are:

j=—t
7 COS @

5 — v

7

7= 1w,

where u: longitudinal flow rate component
(m/s), v: latitudinal flow rate component
(m/s), and w: vertical flow rate component,
each being function of:longitude,: latitude, and
r: vertical coordinate (distance from the
geocenter, respectively. The mark “ ¢ ” denotes
the temporal differential.
One of the typical solutions for such equations
is the (explicit) Eulerian solution, At being the
time interval:
= Aumu(l:, @, :”)
7" cos ¢

(pn+1 _ (pn+A[U(3~n, ;/;n, r")
=t At (2, @, ™) (ATl - 2)
in which the position at time n At is approxi-
mated as (An, on, ) =(1 WA, ¢ (nALD, r
(nAb).
In solving the Eq. (Al ¢+ 2) using a com-
puter, we must decide the flow field
WO 9D VD
r" cos ¢ r
Since the flow field given by Arctic Sea Box
Model is defined only at discrete positions,
flow field at an arbitrary position needs to be
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obtained by interpolation.

2. Interpolation of Flow Rate
Processes in the particle tracking program

“stm. f” are as follows:

1) Dimensions of the left-and right-hand
members of Eq. (ATl « 1) are matched,
that is to say, the flow field (u, v, w) is
transformed into the flow field (u, v, w):

u
rcos¢o’

A=u u=

¢:v,v:7

2)

F=0, w=w, (ALl «3)
in which the dimension of flow rate in the
longitude latitudinal equations is angle per
unit time.

Obtain the flow field (&, v, w) at an arbi-
trary position by means of multilinear in-
terpolation (three — dimensional bilinear
interpolation; see appendix “Basis of Inter-
polation”).
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