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ABSTRACT

A one-dimensional time-dependent model of the upper Arctic Ocean is presented. It describes the circulation
above a dynamically passive reservoir of Atiantic water, The model is driven by freshwater runoff from land,
ice production and export, Bering Strait inflow and wind. The mixed layer thickness is controlled by the shortest
among the following three length scales: the depth to the upper pycnocline, the Ekman length and the Monin-
Obukov length. The outflow is assumed to occur as geostrophically controlled coastal currents. Four integral
quantities are defined in order to make objective comparisons between mode) generated and observed salt and
temperature profiles.

The model generates a seasonally varying mixed layer in qualitative agreement with measurements. A halocline
with water near the freezing temperature is also generated. This structure is sustained by the water coming from
the Bering Strait. By comparing the mode! result with the observed freshwater content in the basin, likely values
of the Bering Strait inflow Qj and the ice export O, are found. These values are presented as an area in the @,
Qs plane. It is shown that with this model, lacking shelf processes, it is impossible to obtain correct values for
all integral quantities. The deviation between the computed and the observed stratification suggests that the
Arctic Ocean has an internal source of salty water at temperature near the freezing point. This internal source
of dense water is probably driven by ice production and the accompanying ejection of salt on the Jarge
shelf areas,

By introducing a hypothetical shelf with a prescribed distribution of outflow as a function of salinity it is

- possible to obtain nearly full agreement with the observed stratification. It is shown that the best fit is achieved
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when the volume flow from the shelf is in the interval (1-1.5) X 10 m®s~",

1. Introduction

The Arctic Ocean with an area of about 9 X 106
km? consists of two major deep basins, the Canadian
and the Eurasian with depths greater than 3000 m,
surrounded by shallow shelf areas. The basins are sep-
arated by the Lomonosov ridge over which the depth
is around 1000 m. The shelves occupy about one third
of the total area. Especially at the Siberian coast the
shelf is very wide, typically about 800 km. The Arctic
Ocean is connected with adjacent seas by the Bering
Strait, an open border in Barents Sea, the Fram Strait,
and a number of narrow passages in the Canadian Ar-
chipelago (see Fig. 1).

In the Arctic Ocean, the conditions are greatly af-
fected by the presence of sea ice. The ice is present
during the whole year, except near the coasts during
the summer. The ice thickness is greatest at the North-
ern Greenland and the Canadian coasts, about 6 m,
and decreases towards the Siberia where the thickness
is about 2 m (e.g., see Hibler 1979). More ice is pro-
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duced during the winter than melts in the summer,
This net production is exported, mainly through the
Fram Strait,

The major features of the vertical structure in the
Arctic Ocean can be described as follows ( Treshnikov
and Baranov 1973): On top there is a2 mixed layer of
thickness between 25 and 50 m and temperature near
the freezing point. The salinity increases horizontally
from about 30%0 in the Beaufort Sea, to about 32%
near the Fram Strait. Below the mixed layer is a hal-
ocline where the salinity increases to about 34%o at 100
m depth, while the temperature is still near the freezing
point, Below the halocline the temperature increases
and forms a maximum with temperatures above 0°C.
The layer with temperature above 0°C is called the
Atlantic Layer. The salinity is here about 34.8%.. The
upper boundary of the Atlantic layer is situated at about
300 m depth in the Beaufort Sea and rises to about
200 m near Greenland. The maximum temperature is
between 0.4 and 1°C over most parts of the basin with
the warmest water near the Fram Strait. The thickness
of the Atlantic Layer is ranging between 800 and 500
m, Below the Atlantic layer the water is relatively ho-
mogeneous with temperature between 0 and —0.9°C,

and salinity between 34.90 and 34.95%.. Figure 2 shows
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FIG. 1. Map of the Arctic Ocean.

profiles of salinity and temperature at the seven stations
marked in Fig. 1.

The Arctic Ocean receives water mainly by runoff
from land, inflow of relatively low-saline water of Pa-
cific origin through the Bering Strait and inflow of At-
lantic water through the Fram Strait in the West Spits-
bergen current. Atlantic water enters also through the
open border to the Barents Sea. Water leaves the basin

" mainly via the Fram Strait and the Archipelago. The
flux of Arctic Ocean surface water through the Barents
Sea border seems to be of minor importance ( Rudels
1987). The magnitude of the various fluxes is a major
concern of the present paper.

The origin of the halocline in the Arctic Ocean has
been the subject of an extensive discussion during the
last decade (see for example Aagaard et al. 1981). Since
it is impossible to create the halocline water by local
mixing of the surface water with the underlying Atlantic
water, the halocline must be maintained by some dif-
ferent mechanism. A possible candidate is that the wa-
ter in the halocline is advected into the basin. Such
water may be created by the ice generation on the
shelves during the winter (Aagaard et al. 1981). As
pointed out later in this paper winter water from the
Bering Strait may sustain at least a part of the halocline.

Some models dealing with the hydrographical con-
ditions in the Arctic Ocean have been developed during
the last years. Stigebrandt (1981) developed a steady-
state two layer model including a heat budget. In this
model the stratification is represented by a brackish
layer above a passive reservoir of Atlantic water. The
ouflow is assumed to occur as geostrophically con-

trolled coastal currents through the Fram Strait and
the Archipelago. The vertical mixing in the system is
described by an entrainment process. The main pur-
pose with that model was to establish a relation between
the ice thickness and some external parameters, for
example, the runoff.

Killworth and Smith (1984 ) developed a steady state,
one-dimensional model including separate treatment
of the shelves. This model is focused upon the halocline
problem. The mixing is described by a diffusion equa-
tion, and the dynamics within the Atlantic layer is con-
sidered. This model is able to generate the Arctic mixed
layer and shows the importance of the water coming
from the Bering Strait in retaining the halocline. The
result at lower levels, however, deviated much from
the observed temperature and salt profiles.

The model described in the present paper is time-
dependent and one-dimensional. It can be seen as a
further development of the dynamical part (without
heat budget) of Stigebrandts two layer model. The same
kind of geostrophic outflow parameterization is used.
The Atlantic layer is also here treated as a passive res-
ervoir. The mixed layer is modeled using the seasonal
pycnocline model in Stigebrandt (1985). The purpose
of developing the present model was to describe more
of the observed phenomena in the upper Arctic Ocean
than is possible using a two layer steady-state model.
It is shown below that this model reproduces the qual-
itative behavior of the observed seasonal cycle of the
mixed layer. A cold halocline that originates from the
Bering Strait inflow is also generated. Using this model
one may determine the possible combinations of the
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FI1G. 2. Vertical profiles of temperature and salinity at the seven
locations shown in Fig. 1. From Aagaard et al. (1981) and NODC
data bank.

ice export, the transport through the Bering Strait and
the freshwater runoff from land. In the literature one
may find combinations which are incompatible with
the model results and with continuity requirements.
With the present model it is however not possible
to obtain full agreement between the computed and
the observed temperature and salinity stratification.
This departure shows clearly that the stratification in
the Arctic Ocean to a large extent is maintained by
processes not included in the model. A likely missing
process is the circulation induced by ice formation and
salt rejection on shallow shelves. An experiment is car-
ried out where a hypothetical shelf with specified out-
flow is coupled to the model. It is shown that the in-
clusion of shelf circulation makes it possible to obtain
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good agreement between model results and observa-
tions.

The model is described in section 2, where some
integral test quantities are also defined. Section 3 deals
with the various inputs (forcing) that are used. Time
dependent and steady state behavior of the model is
presented in section 4. In section 5, the model results
are compared with the measurements. In section 6 the
hypothetical shelf is coupled to the original model. Fi-
nally, in section 7, some weaknesses of the model are
discussed together with possible future improvements.

2. Model description

The model describes the upper few hundred meters
of the Arctic Ocean without considering the topography
(vertical side walls). It is one-dimensional and time-
dependent. The model is forced by runoff, Bering Strait
inflow, ice production and wind. The fact that there
are only weak horizontal gradients of temperature and
salinity within the real system (see above) indicates
that a one-dimensional model should be able to gen-
erate a realistic first-order description of the stratifi-
cation.

The structure of the model is outlined in Fig. 3. On
top of a stratified water column there is an ice sheet of
thickness #;. The model description of the water col-
umn below the ice can be separated into three parts.
Just below the ice there is a well mixed layer of tem-
perature 7, (the freezing point) and salinity S,,. Below
the mixed layer there is a transition layer where the
temperature 7(z) and salinity S(z) gradually attains
the values in the Atlantic Layer. Two different.lengths
are used describing the mixed layer thickness: 4, de-
fined as the distance between the free water surface
and the bottom of the mixed layer and 4,,, defined as
the distance between the lower surface of the ice sheet
and the bottom of the mixed layer. In the Atlantic
layer the temperature 7, and salinity .S, are set constant.
Thus, the model only describes the dynamics above
the Atlantic layer.

Atlantic layer

FiG. 3. Schematic structure of the model.
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Also sketched in Fig. 3 are the different fluxes into
and out of the basin: the freshwater supply O, the
inflow through the Bering Strait @ (of salinity S, and
temperature 73), the ice export Q;, the outflow of
mixed layer water Q, and the total outflow above
the Atlantic layer Q.. The Bering Strait inflow enters
at the sea surface or is injected at the level of neutral
buoyancy, depending on whether the density of the
inflow is less or greater than the mixed layer density.

The ice production/melting cycle in the Arctic is
expressed by the parameter P; which is positive when
the ice is growing and negative during melting condi-
tions. In the Arctic more ice is produced during the
winter than melts in the summer. The ice export is set
equal to the annual net production. Thus, the total
amount of ice in the model is constant on a long term
time scale.

The mixed layer is maintained by the combined ac-
tion of wind generated mixing, thermohaline processes
(at the sea surface), and advection resulting from the
inflows and outflows. Due to the presence of pack ice,
the action of the wind on the mixed layer can be con- .
sidered as a two step process: The wind stress causes
an ice velocity V; which in turn generates a stress, pro-
portional to the square of a friction velocity u,, in the
mixed layer. Convection arises when salt is ejected from
the growing ice. The mixing across the bottom of the
mixed layer is described by the entrainment velocity
w,, defined as the speed of the downward penetration
of the mixed layer.

Below the mixed layer properties can change by ver-
tical advection, injection of water coming from the
Bering Strait and diffusion. The advection is described
by the velocity w,. For example, the outflow generates
a negative w,, which is equivalent to a movement of
the isolines towards the sea surface.

a. Model equations

The mixed layer dynamics, follows largely a pyc-
nocline model developed by Stigebrandt (1985). In that
model, there are conservation equations for the mixed
layer thickness, temperature and salinity, and a pa-
rameterization for the entrainment velocity. From vol-
ume conservation the equation for the Arctic Ocean
mixed layer thickness is

D (Wt O+t QYW ()
where A is the area of the basin, and e is the ratio be-
tween the ice and water densities. All the transports
are taken positive when adding volume to the basin.
The behavior of the Bering Strait flow is described by
the parameter u which can take the value 0 or 1 ac-

cording to
L, pp<pm
p. =
0,

Po> Pm-
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Thus, Eq. (1) shows that the mixed layer depth can
change by the various advective volume fluxes into
and out from this layer, and by the turbulent entrain-
ment of water from below. There are, however, occa-
sions which will be discussed later, when Eq. (1) is not
valid and the mixed layer thickness is controlled by
other mechanisms. Among the terms on the right hand
side of (1), Orand @, are given as input (forcing) to
the model, while w,, Q; and Q; are computed. Here
Oy, Oy and w, are always positive, while g; and Q are
always negative. The ice export is equal to the mean
ice production according to

Q= —AP, (2

where the overbar denotes an annual average. The ice
production P; will be prescribed as an external forcing
parameter. The parameterizations of w, and (Q, are dis-
cussed below.

The sea level is held constant in the model. There-
fore, an inflow to the mixed layer always causes a pos-
itive vertical velocity at the bottom of the layer. This
vertical advective velocity actually remains all the way
down to the Atlantic layer. The salt balance for the
mixed layer reads:

dsy

dt = {[ﬂQb(Sb - Sm) - Qme]/A + ePi(Sm — Si)

+ we(S(h) — Sm)}/ h  (3)

where S(4) is the salinity just below the mixed layer.
Equation (3) shows that the salinity of the mixed layer
can be changed by the Bering Strait inflow, freshwater
supply, ice production and entrainment. Because the
mixed layer temperature is set constant (at the freezing
point) in this model there is no need for a mixed layer
temperature equation. The fraction of the water col-
umn that consists of ice should be excluded in the salt
balance. Therefore, the mixed layer thickness /4, is used
in Eq. (3). The relation between A, and 4 is

hw = h - €h,‘. (4)
Changes of the ice thickness are given by the ice mass
balance equation:
dh;

at

Following Stigebrandt (1985), the dynamics of the
mixed layer depends on which among the following
three length scales is the shortest: 1) the distance to the
upper pycnocline %, 2 ) the Monin-Obukov length and
3) the Ekman length. When % is the shortest length
scale the entrainment velocity is given by the formula:

We = (2m0ui/hw - kB)/g,,

g = g(p(h) = pm)/p(h) (6)

where p( /) is the density just below the pycnocline and
u, is the friction velocity in the mixed layer. When ice

Pi+ Qi/A. (5)
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is present the friction velocity is related to the ice ve-
locity according to the equation:

uz* = CaV? )

where C,; is an ice~water drag coefficient and ¥} is the
ice velocity. There is also a need for a relation between
ice velocity and wind velocity. This relation is taken
from Thorndike and Colony (1982) who fitted a linear
relation between the wind at 10-m height and the ice
velocity.

’

Vi=asW ¥

The constant m in Eq. (6) will be related to a Rich-
ardson flux number R, and the drag coefficient ac-
cording to

mo = R/ VCy. )

Taking R, = 0.05 and C,; = 5.5 X 10> one obtains
my ~ 0.7, which is close to the value 0.6 that Stige-
brandt (1985) calculated using temperature data from
the Baltic Sea. In Eq. (6) B is the buoyancy flux through
the sea surface. When B is positive the entrainment
velocity is suppressed. For negative B there is convec-
tion in the mixed layer acting as an extra energy source
for mixing. Only a fraction of this energy (5%) is as-
sumed to be used for mixing. This behavior of the
buoyancy flux is described by the parameter k: k = 1
when B = 0, k = 0.05 when B < 0. The buoyancy flux
is given by the expression:

B = gB{1QrSm + pQu(Sm — Sp)1/4

19
8= 200

poS
Thus, the buoyancy sources for the mixed layer are:
the freshwater supply, the Berings Strait inflow (if this
water is less dense than the water in the mixed layer)
and the ice production/melting. Due to the fact that
the mixed layer is kept at the freezing temperature, the
heat exchange with the atmosphere is accounted for in
the ice production term.

When the buoyancy flux is large and positive, the
entrainment velocity can formally change sign and be-
come negative. This is not physically possible, conse-
quently Eq. (6) is only valid when w, > 0. When w,
becomes formally negative the shortest of the Ekman
length A, and the Monin-Obukov length #,,, will control
the thickness of the mixed layer:

he= Kuy/f an
hm = 2mou/B (12)

where K is an empirical constant. The value of K has
been estimated to 0.2 by Stigebrandt (1985) using Baltic
data and this value is also used here.

The outflow Q, is assumed to occur as geostrophi-
cally balanced coastal currents with the underlying At-
lantic water at rest. This approach was also used by

— eP{(S, — S}, (10)
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Stigebrandt (1981) in his two layer model for the Arctic
Ocean. According to Stigebrandt there are two main
“geostrophical outlets”: one in the Fram Strait and one
in the Lancaster Sound in the Canadian Archipelago.
The latter area also includes a number of minor chan-
nels. Stigebrandt (1981) estimated the total number of
outlets, v, to be about 2.3. Using recent estimates of
the transports through the different outflow areas it is
however possible to get other values of +. In the present
model the number of such “geostrophical outlets”,
among other things affecting the total outflow (see dis-
cussion below), is described by the parameter A. The
model was run with different A between 0.9 and 2.0.

An estimate of the transport at each level in a geo-
strophical outlet can be obtained by integrating the
thermal wind equation across the flow. The stratifi-
cation in an outflow area is sketched in Fig. 4 where
the coast is located at x = 0. The stratification at the
coast (shown separately in the figure) is assumed to be
the same as in the central Arctic. Far off the coast, at
X = X,, the stratification is absent. A front is located
somewhere at 0 < x < x,. When the density is equal
to the Atlantic density, p,, the water is assumed to be
at rest. The thermal wind equation reads:

o _ g a052)
8z p.f Ox

where v is the coast-parallel velocity in the y direction.
Integrating (13) in the x-direction from x =0tox = x,
gives

(13)

9q(z) _ &

55 = oo (ba = p(2) (14)
where p(z) is the density at the coast and
, s
a@) = [ vax; (15)

g(z) is then the transport per unit depth across the
outflow region. Integrating (14 ) in the z-direction from
z 10 a level H,, (where p = p,) in the Atlantic layer,
and using the requirement that v = 0 when p = p,
gives

T 2 P
a@ ==L [ (o= sz (16)
3, & X
, .
y
3a
z 4

FIG. 4. Schematic sketch of a geostrophic outlet (right).
The density profile at the coast p(z) is shown separately (left).
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By integrating Eq. (16) from z = 0 to z one obtains
the transport Qr(z) above the level z:
o) = [ a2z a7
Integrating over the whole water column to z = H,,
gives the total transport in each geostrophical outlet.
This method to compute the baroclinic flow from a
stratified “pool” was used by Stigebrandt (1987).
The total transport out from the basin above level
z, taking all outlets into account, is obtained by mul-
tiplying Q7(z) with the number of outlets X. The total

outflow from the basin Q, and the outflow from the
mixed layer Q; can then be expressed:

Qp = \0r(z = Hp) (18)
Q: = N0r(z=h) (19)

The advective vertical velocity at level z, w,, inside
the basin is related to the different in and outflows
according to

walz) = {(AQr(z) +Q +eQ)/4,
‘ (\Qi(2) + O + €Q; +Qb)/4,

ZK 2
Z> 2 .
(20)

where z, is the level at which the Bering Strait water is
injected. Finally, below the mixed layer the local rate
of change of the salinity and the temperature are

as S 9’S

Zew,— 4k — 21
a Mt o @h
oT aT ’T

R A= @2

where « is a constant vertical diffusivity. The model is
normally run with ¥ = 0. However, even in this case
there are in fact nonzero diffusive fluxes because the
vertical advection in connection with the model grid
generates “numerical” diffusion. The magnitude of this
is estimated below and is found to be less than, or pos-
sibly of the same order as, the diffusion in the real
system.

The values of the different constants used in the
model are summarized in Table 1. This completes the
mathematical formulation of the model. Given the dif-
ferent imposed fluxes and initial conditions, the above
set of equations can be used to generate time dependent
salinity and temperature profiles.

b. Definition of some test quantities

Having a model that generates continuous salt and
temperature profiles there is need for some integral
quantities when comparing the model results with the
observations. These quantities should describe the ma-
jor features of the profiles but not necessarily all the
details. Four integral quantities describing the state of
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TABLE 1. Values of constants used in the model.

A =09 X 10" (m?

2=9.81 (ms™?

F=143% 107 (s7)
Csi=55%x107
Rf=0.05

K=02

e=0.9

Ct = 4.18 X 10* (J (kg °C)™")
Si = 5§ (%0)

Ss = 34.8 (%)
T,=05(°C)

the system were chosen (cf. Gill and Turner 1976).
The first two are the freshwater content HF and the
heat deficit HD, defined as
H"l
HF —-—fo (S, — S)/Sedz (23)
where HF is the volume of freshwater in the liquid
phase per unit area, or simply the height of the fresh-
water column. The upper integration limit used here
neglects the fact that the uppermost part of the water
column actually consists of ice. The error introduced
by choosing this simplified integration limit is only
about 0.1 meter of freshwater per meter of ice.
Hm
HD = Cip, fo (T,— T)dz 24)
where Ct is the specific heat, and T, is the temperature
in the Atlantic layer. Then HD is the energy per unit
area needed to heat the whole water column, ice not
accounted for, to the temperature of the Atlantic water.
The two quantities above specify only the content
of freshwater and heat, giving no information about
the vertical distribution of the salinity and temperature.
The vertical distributions are roughly described by the
two quantities SM and TM, defined as

Hp
SM = L (Se — 8)/S,zdz (25)

Hp,
™ = J; (T, — T)/T,zdz. (26)

These two quantities can be used in the following way:
if, for example, HF calculated by the model is in agree-
ment with the measurements but the layer with fresher
water is thicker than the measurements indicate, SM
will be too large.

Together with these integral quantities also the mixed
layer thickness 4 and salinity S,,, will be compared with
the data.
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If the density in the system is controlled by the sa-
linity (temperature), SM (TM) will be proportional
to the potential energy PE of the system respectively.
In the Arctic Ocean the density is mainly controlled
by the salinity and PE ~ gpo3S,SM, where p, is the
density of freshwater. PE is interesting in connection
with the total outflow Q, from the system because Q,
is closely related to PE.

3. External fofcing and fluxes
a. Runoff

The annual mean freshwater supply to the Arctic
Basin due to runoff is about 0.1 Sv (1 Sv =1 X 10°¢
m?s~') (e.g., see Andersson et al. 1983). Values of the
mean runoff found in the literature do not vary much.
The seasonal variability is however large (SCOR 1979)
with about ten times higher values during summer
compared to winter. The net precipitation seems to be
rather low compared to the river discharge (SCOR
1979). In the model calculations the mean freshwater
supply was 0.11 Sv, with an annual cycle as shown in
Fig. 5.

It might seem a bit curious to use seasonal variation
in the forcing from the boundaries (e.g., the runoff)
because the seasonal variation caused by this type of
forcing will be very small, or eventually not detectable
at all, in the central parts of the real basin. In order to
generate a seasonal signal in the middle of the basin,
the water from the boundaries must move about 1000
km in a few months, say 100 days. This implies an
advective velocity of about 0.1 m s~!. This seems quite
high for most parts of the Arctic Ocean. However, near
the coasts a large seasonal signal will be seen, and con-
sequently the horizontal mean over the basin must be
seasonal-dependent. This justifies the time-dependent
boundary forcing because horizontal means is just what
a one-dimensional model is able to reproduce.

b. Ice production

Due to the insulating effect of the ice, the ice pro-
duction is largely dependent on ice thickness. Arctic

—p
____Qf

P;.Q¢ } {m/year)

——
-~

-
Lo
1

FIG. 5. The freshwater supply and the ice production (m yr™')
each month of the year used in the model calculations. The mean
freshwater supply is 0.11 Sv or 0.38 m yr™* (based on 4 = 9 X 10°
km?).

VOLUME 19

pack ice is indeed very irregular in thickness, ranging
from zero in leads to maybe 30 m in pressure ridges.
Thus, one can expect large variations in ice production
both in space and time. The various processes that
control ice production are not incorporated in this ver-
sion of the model. Instead, in order to get a reasonable
annual variation of the ice production as input for the
model, monthly values were taken from Hibler (1979).

The annual cycle of ice production is shown in Fig,
5. The growth rate is largest in February 2 m yr™')
and the melting is largest in July (—4.8 m yr™'). The
annual mean is P; = 0.46 m yr !, corresponding to an
ice export of 0.13 Sv (based on 4 = 9 X 10% km?).
Among other estimates of the ice export, one may
mention 0.16 Sv (Vinje and Finnekasa 1986), and 0.08
Sv (Rudels 1987). In the model calculations, the ice
production was varied by adding a constant to the ice
production curve in Fig. 5 so that the associated ice
export varies between 0.07 and 0.17 Sv.

¢. Bering Strait inflow
The magnitude of the inflow through the Bering

Strait has been estimated to be between 1.5 (Aagaard

and Greisman 1975) and 0.6 Sv (Aagaard et al. 1985).
In the model calculation, the Bering Strait inflow was
varied between 0 and 1.8 Sv. The flow rate was set
constant during the year because the uncertainty of the
actual magnitude of this inflow do not justify a time-
dependent flux.

The salinity and temperature in the Bering Strait
water can be considered to be known more accurate
than the volume flux. Figure 6 shows monthly means
of salinity and temperature for all stations taken after
1950 in the Bering Strait area 64°~65°N, 166°-173°W
(from the NODC hydrographic database). The salinity
shows an annual variation with high values during the
spring and low during the autumn. For the model
computations this salinity and thereby density variation
is quite important because the inflow will influence the
properties in the basin over a much wider depth range
than a single density inflow would do.

The number of observations for each month (indi-
cated in the figure) varies a lot-during the year with a
large number in the summer and no observations at
all in December and January. Therefore, the reliability

-of the mean values also varies. The values in Fig. 6

were however used to estimate the mean salinity
(32.2%0) and the ampiitude of the annual variation
(0.6%¢). A sine curve with this mean value and am-
plitude was adopted (dotted line in the figure), as input
for the model computations.

The freshwater fraction of the Bering Strait inflow
is about 0.075Q;, using S, = 34.8%o as reference salinity
and S; = 32.2%.. For the largest Q,-values used in the
model computations, this source of freshwater is as
large as the runoff.

The temperature of the Bering Strait water shows
also a seasonal cycle with values near the freezing point
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during winter and higher during summer. Traces of
this summer water can be seen in the Beaufort Sea area
(Treshnikov and Baranov 1973) as a warmer layer at
about 100 m depth, but the temperature is still be-
low —~1°C,

The Bering Strait water will certainly lose part of its
summer heat both to the atmosphere and to ice melting
during the travel across the wide Chukchi shelf. The
amount of heat actually lost is however hard to esti-
mate. The model predictions of the temperature max-
imum caused by the Bering Strait summer water will
therefore be rather uncertain.

However, the mean summer temperature on the
Chukchi Sea side of the Bering Strait (68°-72°N, 165°~
175°W) is generally about 1°C lower than on the Be-
ring Sea side. The observed mean summer temperature
is probably also biased because most measurements
are probably taken during especially warm summers
with light ice conditions allowing ship traffic. Therefore
a maximum summer temperature of 2°C was adopted
as representative for the Bering Strait. The temperature
forcing used in the model for the whole year is shown
in Fig. 6.

d. Wind forcing

The wind data was taken from NCDC Pilot Chart
data file, which contains monthly means for several
cli. 1ate parameters in so-called Marsden squares. The
parameters used for the mixing wind calculations are
W: mean windspeed, SDA: standard deviation and N:
number of observations. The mixing wind is dependent
on W and SDA and is estimated in the following way:

Wy = (W3 + 3W (SDA)?)!/3, 27

The Arctic mixing wind for each month was then
calculated, taking the mean value of all the estimates
of the local mixing wind in Marsden squares 263-288
and 901-936 for which N was greater than 50. The
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FIG. 6. The salinity S, and temperature 7, in the Bering Strait
area (64°-66.5°N, 166°-173°W) each month of the year. Spatial
means from the NODC data bank. The number of observations as-
sociated with each mean value is also shown. The dotted sine curve
and the crosses shows S, and 7}, values used in the model calculations.
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FI1G. 7. The mixing wind W), and the air-ice velocity parameter
ao, each month of the year, used in the model calculations.

annual cycle of the mixing wind is shown in Fig. 7
together with the parameter g that is used in the re-
lation between wind speed and ice speed. This param-
eter is larger during the summer when there is more
open water and the pack ice has lower internal stress
(Colony and Thorndike 1982).

4, Time dependent and steady state behavior of the
model

The model was run for different combinations of Q;,
O, and A simulating 100 years. The time step was one
day, and the vertical resolution 2 meters. During the
model run, the annual means for HF, HD, SM, TM,
Sm, h and @, were calculated. The system reaches
steady state after about 30 years (e-folding time scale).
Thus, a 100-year long simulation seems to be sufficient.

a. Time dependent properties of the model

Superposed upon the steady state, the system has an
annual cycle which is most pronounced for salinity. In
order to visualize this cycle, bimonthly salinity and
temperature profiles are shown in Fig. 8 for the case
(Q;:, Qp, N) = (0.1 Sv, 1.0 Sv, 1.5). As it appears from
this figure, the mixed layer is fresher and thinner in
summer than during winter. This seasonal variation is
mainly caused by variations in the buoyancy flux B,
When B turns positive early in the summer (because
of large fresh water supply from land and ice melting)
the mixed layer retreats quickly, and a new halocline
is created at a more shallow depth (the Ekman depth).
This thin mixed layer receives all of the freshwater,
which decreases the salinity there. When B turns neg-
ative again in the autumn the mixed layer starts to
deepen and the salinity increases due to entrainment
of saltier water from below and ejection of sait from
the growing ice. A behavior of the mixed layer prop-
erties similar to that displayed in Fig. 8 has been ob-
served in the Arctic. Figure 9 shows the mixed layer
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F1G. 8. Profiles of salinity and temperature every second month
of the year as a result from model calculations, for the case (Q;, Q»,
A) =(0.18v, 1.0 Sv, 1.5).

thickness and salinity during one year in the Beaufort
Sea (from Lemke and Manley 1984 ). Note the rapid
decrease of the mixed layer thickness in the early sum-
mer and the slow increase during winter.
" The temperature maximum (minimum ) in the up-
per parts of the water column are generated by the
Bering Strait summer (winter) water, respectively. It
is interesting to note that a realistic halocline structure
(i.e., temperature near the freezing point at depth far

below the mixed layer) is produced by the winter water.

The profiles in Fig. 8 therefore strongly indicate that
at least the winter water coming from the Bering Strait
is capable of maintaining a part of the halocline struc-
ture in the Arctic Basin.

The temperature maximum for the case shown in

Fig. 8 is unrealistically high considering that temper-.

atures above —1°C are hardly ever observed even in
the Beaufort Sea, which is close to the heat source. The
temperature maximum is, as will be shown below, very
sensitive to the maximal mixed layer density. In the
case shown in Fig. 8 nearly all Bering Strait summer
water is injected below the maximum depth of the
mixed layer. Most of the summer heat is then stored
in the water column. If the maximal mixed layer den-
sity is greater than the density of the Bering Strait sum-
mer water, some of the summer water will be entrained
into the mixed layer during autumn-winter and that
heat will be lost.

The four integral quantities HF, HD, SM and TM
show small variations during the year. For example,
the annual variation of HF is only 0.6 m for a realistic
parameter combination.
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b. Steady state response of the model to variations in
Oy, O; and N

Before making a quantitative comparison between
model results and field data it seems valuable with a
brief discussion of the response of the system when
varying the different imposed fluxes and A. Figures 10-
12 show annual means of HF, HD, SM, TM, §S,,, A,
and Q, for different values of Q;, @, and \. Although
the lowest estimate of Q, found in the literature is about
0.5 Sv, the case @, = O is also shown. « is always zero
if nothing else is told.

Starting with the A\-dependence Fig. 10 shows that
HF, HD, SM and TM all increases with decreasing A.
When A is changed from A = 2 to A = 1 the outflow
decreases for a given upstream stratification. The po-
tential energy (proportional to SM) must then be larger
in order to establish balance between the volume fluxes
into and out from the system. A larger SM will also be
reflected by a larger HF. When HF and SM become
larger the generally low temperature Bering Strait in-
flow will be injected further down in the water column
and thereby increasing both HD and TM.

The freshwater content HF (Fig. 10a) increases with
O, because of the low salinity of the Bering Strait inflow.
When Q; increases, more freshwater is removed as ice
and HF decreases. For sufficiently low values of @, and
high Q,, HF vanishes since the inflow of freshwater is
less than the outflow as ice. In this regime the model
breaks down because the mixed layer thickness will be
infinite. Figure 10a shows clearly that the Bering Strait
inflow has a large buffering effect on the system when
increasing Q;. The system can sustain much larger ice
export when @, is for example 0.5 Sv compared to the
case @5 = 0. The heat deficit (HD) (Fig. 10b) is strongly
dependent on @, due to the generally low temperature
of 'this inflow. HD increases with increasing Q; since
the water column will be denser causing interleaving
of Bering Strait summer water closer to the surface
where a larger part of it will be entrained during the
autumn-winter mixed layer deepening. The first mo-
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FIG. 9. Mixed layer salinity and depth each week during one year
from measurements in the Beaufort Sea (from Lemke and Manley
1984). The numbers shown are week number.
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A = 2 and lower curve A = 1. For @,, only A = 1.5 is shown,

ment of salinity and temperature SM, TM (Fig. 10c,
d) shows generally the same behavior as HF and HD.

The annual mean of the mixed layer depth 4 and
salinity S,,, (Fig. 11) increases with increasing Q; as can
be expected. The variations in mixed layer depth are
. not so large with respect to @, because the inflow from
the Bering Strait mainly enters below the mixed layer.
The mixed layer properties are therefore only affected
indirectly by Q,. Also shown in Fig. 11a is the annual
maximum of the mixed layer depth. The mixed layer
salinity shows an interesting behavior, namely that S,
increases with Q, for low values of Q; and decreases
with increasing Q,, for high values of Q,. This is due to
the fact that for low values of Q; the Bering flow acts
to make the pycnocline less sharp so that the mixing
can reach further down, increasing S,,. For large O,
the buffering effect of Q, starts to act and S,, becomes
lower when increasing Q.

In Fig. 12 the total outflow Q, is shown as function
of Q;, Oy and \; O, is almost unchanged when varying
" the outflow parameter A, because the outflow just bal-
ances the net inflow to the system. Instead Q, is closely
related to the strength of the Bering Strait inflow, with
values just a bit higher than Q,. Remembering that
the freshwater supply and the ice export nearly cancel,
the near “‘equality” between Q, and Q; indicates that
upward mixing (and inflow) of Atlantic water within
the system is rather small. The explanation for this is
that the mixing in the system mainly is between the
mixed surface layer and the Bering Sea water in the
halocline. Thus, the water coming from the Bering
Strait acts as a barrier between the surface and the At-
lantic layer. This can be seen in Fig. 8 where the deepest
mixing never reach down to the Atlantic layer. Theo-
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retically, the upward mixing of Atlantic water should
be exactly zero when « = 0 and the mixing does not
reach down below the Bering Strait water. However,
the numerical diffusion makes the inflow of Atlantic
water become nonzero.

The Atlantic inflow Q, can be calculated using the
continuity equation for the whole system in steady
state:

et et Qo+ Qs+ eQi=0. (28)

The flows here are the annual mean values. In Fig. 12
Q. is plotted (negative values). As can be seen in the
figure, Q, is less than 0.1 Sv for the larger part of the
parameter regime.

Using the calculated mean salinity gradient below
the mixed layer (see Fig. 8) and the computed salt flux
due to Atlantic inflow, it is possible to obtain an esti-
mate of a “numerical” diffusion coefficient «,. With
Q. = 0.1 Sv, AS = 1.5%0, Az = 100 m and using «,
= 0,S,/(4AS/Az), one obtains x, ~ 2 X 10~° m?
s~!. Comparing this value with estimates of diffusion
coefficients in real systems «,, one finds that it is lower
than, for example, values in the ocean thermocline
where k, =~ 1 X 107* m? s™! (see Broecker 1981).
However, assuming x, ~ N~! (N: the buoyancy fre-
quency) data published by Broecker (1981) indicate
thatk, =~ 1 X 107* m?s™' when N? =~ 1.5 X 10™*s72,
This is the N2 value one obtains using the above value
of AS/Az. The numerical diffusion may thus be of the
same order of magnitude as the diffusion in the real
system.

S. Comparison with measurements

In order to compare the model stratification with
field data, the seven stations shown in Fig. 1 were used.
Horizontal means were calculated where each station
was weighted with a representative area. The values of
the integral quantities for each station together with
the weighted means are presented in Table 2. In further
discussion, error ranges for the integral quantities are
needed. These were obtained by varying the represen-
tative areas of stations 6 and 7 between likely limits.
Stations 6 and 7 were chosen because the difference in

TABLE 2. Values of HM, HD, SM and TM at each of the seven
stations in Fig. 1 and weighted horizontal means with error ranges.

HD SM ™
Station HF (m) X10°Im™? (X10?m?)  (X10*m?)
1 6.97 1.63 4.71 7.75
2 9.21 1.77 6.33 8.53
3 10.62 1.76 8.56 9.14
4 11.91 2.05 9.38 11.9
5 8.32 1.63 3.65 5.1
6 4.68 1.88 323 112
7 15.29 1.95 12.2 11.2
Mean 9.5 £0.5 1.8 £ 0.1 7204 10.0 = 0.5
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TABLE 3. Model results for different Q; when the total ice export
Qi =0.158v, @, = 1.0 Sv and A = 0.9. The Q; and Q;, are presented
as percentage of the total ice export.

o O O O @ HF HD SM ™
S %) ®) (v v m m?H (@) (m?)
00 100 0 10 006 90 14-10° 6.5-10* 4.7-10°
05 81 19 1.0 005 9.1 16-10° 6.6-10° 6.8-10°
10 56 44 1.0 004 92 18-10° 6.7-10*° 8.6-10°
1.5 21 79 10 004 9.1 20-10° 6.8-10° 9.7-10°

HF is largest between these two. The error range in HF
was estimated to be 0.5 m or about £5%. The same
percentage error was then used for the other integral
quantities. These ranges can be thought of as estimates
of how well the actual state in the Arctic Ocean is
known.

The difference between model and “observed” values
of the four integral quantities should be within the error
ranges of the observed quantities if this type of model
could be said to simulate successfully the conditions
in the Arctic. The mixed layer salinity and depth are
not straightforward compared with field data because
of the annual cycle of these properties. Many more
stations from all seasons would be needed to establish
monthly horizontal mean properties of the Arctic
mixed layer. The result for the mixed layer will there-
fore be discussed in a more qualitative way.

Using the error ranges it is possible to construct areas
in the Q;, O, parameter plane where the model results
are in agreement with the data. Such areas are shown
for HF in Fig. 13, for A = 1 and A = 2. As can be seen
in the figure the result is largely dependent on the out-
flow parameter A. A X value appropriate for the Arctic
Ocean must therefore be chosen.

Here X is assumed to depend on the number of
“geostrophical outlets” v and a slope parameter 6 (de-
fined below) such that A = 8. Stigebrandt (1981) es-
timated v to be 2.3 assuming one full “geostrophical
outlet” in the Fram Strait and one in Lanchaster Sound.
The other channels in the Archipelago were estimated
to represent 0.3 outlet together. A value of ¥ = 2.3 was
found to fit in a two layer model but it is not sure that
the value is the same in this continuous model. Cal-
culating the total outflow using a mean profile of the
seven profiles in Fig. 2 and using vy = 2.3 gives O,
= 2.4 Sv.

Rudels (1987) cal¢ulated the transports of different \

water masses in Fram Strait and the Archipelago using
measurements in Fram Strait together with continuity
constraints for volume and salt, solving the inverse
problem. These calculations gave 0.9 Sv through Fram
Strait and 0.7 Sv through the Archipelago. The total
outflow is then 1.6 Sv. Comparing this value with the
2.4 Sv above indicates that v = 2.3 may be too large.
Using Rudels transports and assuming one full outlet
in the Fram Strait one obtains v = 1.8. This lower
value of 4 will be adopted here because some facts are
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known about the conditions in the Archipelago (men-
tioned below ) that favors a smaller v than was suggested
by Stigebrandt.

The water flowing through the Archipelago enters
the Baffin Bay where the salinity is about 1% lower -
than in the Norwegian /Greenland Seas (Rudels 1986).
This makes the density difference between the out-
flowing water and the reference density lesser in the
Archipelago than in Fram Strait. The transport in a
“geostrophic outlet” must then be lower there than in
Fram Strait. Other factors suggesting that v should be
rather low is that the sill depth in Lanchaster Sound is
only 125 m and land-fast ice is present in all channels
during the larger part of the year. Stationary ice induces
friction at the upper water surface which must reduce
the transport.

Another important fact is that, when applying this
model to the real system, the properties in the Arctic
Ocean varies horizontally (see Fig. 2). The outflow
parameterization is sensitive to this because the outflow
from the Arctic Ocean must be driven by the density
stratification in the outflow area and not by the hori-
zontal mean stratification. This is accounted for by a
slope parameter 8. In section 2 it was shown that the
outflow is nearly proportional to SM. If station 5 is
chosen to represent the properties in the outflow area
it is the SM value at station 5, SMs, that forces the
outflow. Then # can be defined as

9 = (SM + SMs)/SM =~ 0.5 (29)

where SM is the weighted mean of the seven stations.
Choosing v between 1.7 and 1.9 and using § = 0.5 one
obtains 0.9 < A < 1.1. Thus, the area representing A
= 1 in Fig. 13 seems to be the one that is correct for
the Arctic Ocean. Figure 13 can then be used to de-
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F1G. 13. The parameter areas for Q;, Q that fulfill the condition
HF = 9.5 £0.5 m, for A = 1 and 2. Also shown is the area (shadowed)
where the total outflow of freshwater from the system is greater than
the supply.
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termine if a certain Q;, Q, combination gives a “cor-
rect” HF. All combinations within the A = 1 area give
HF in the range of 9 £ 0.5 m obtained from field data.
For example, Q;, @, = (0.1, 1.5) Sv is not possible
because this combination results in much too high
freshwater content.

Looking at the other integral parameters (Fig. 10)
for the case A = 1, having in mind that Q;, @, should
be in the A = 1 area, it is evident that SM will also fit
the data if Q;, Q5 is about (0.16, 1.3) Sv. However the
situation does not look so good regarding the temper-
ature parameters HD and TM. The HD will be too
low unless Q is greater than 1.5 Sv, which seems un-
realistic considering that the largest estimate found in
the literature is 1.5 Sv and the latest investigations point
towards @, less than 1 Sv. The situation is even worse
looking at TM, which is totally impossible to get to
agree with the measurements. The largest TM values
generated by the model are only half of the values ob-
tained from the measurements.

In order to test if the incorrectly low values of HD,
SM and TM are caused by the relatively low diffusion
below the mixed layer, a case with greater diffusion
was tested. The greater diffusion was obtained by using
nonzero « in Egs. (19) and (20). The result is shown
in Fig. 14 where a case with small diffusion is shown
together with a “large” diffusion case. For the Q;, Q,,
A combination used here all of the Bering Strait sum-
mer water has been entrained into the mixed layer re-
- sulting in no temperature maximum at all. The esti-
mated diffusion coefficients are about 2 X 10> m?s™!
(only numerical diffusion) and 2 X 10™* m? s™!, re-
spectively. Also shown are weighted mean temperature
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FIG. 14. Model generated (March) and observed (weighted hori-
zontal mean of the seven stations in Fig. 2.) temperature and salinity
profiles for a small diffusion (only numerical) and a larger diffusion.
(Q;i, Os, A) = (0.15 Sv, 1.0 Sv, 0.9).
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and salinity profiles from the seven stations in Fig. 2.
This test shows quite clearly that increasing the diffu-
sion is not the way to solve the problem. The larger
diffusion increases the upward transport of heat making
the temperature unrealistically high between about 75
and 250 m.

This discrepancy between the model results and the
data shows clearly that some important process or pro-
cesses are missing in the model. The obvious candidate
here is the hitherto omitted shelf circulation.

6. Model results when including shelf circulation

Both theoretical investigations and measurements
have shown that the shallow Arctic shelves are able to
produce water with high salinity and at freezing tem-
perature (Aagaard et al. 1981; Melling and Lewis
1982). This water is then advected along the bottom
into the central basin where it is interleaved at its ap-
propriate density level.

This process will induce an internal circulation
within the system, drawing surface water on to the shelf
and returning more saline water at greater depths. In
order to test how this type of circulation will influence
the stratification in the basin, an experiment was run
where a hypothetical shelf circulation was included in
the model.

Practically, the inclusion of the shelf circulation was
done by introducing a box (see Fig. 15) representing
the shelf, which is allowed to exchange water with the
original model. Mixed layer water enters the box and
is transformed by ice production. The outflow from
the box ¢(.S) is specified regarding temperature (at the
freezing point) and the volume flux of water of different
salinities. The outflowing water is interleaved in the
main basin at its appropriate density level. The inflow
to the box, Q.., and the ice production in the box, Q;;,
is calculated by continuity constraints for volume and
salt to fit the prescribed outflow. .

The outflow ¢g(S) is specified as a function of salinity
according to Fig. 15. It seems realistic that most of the
water produced on the shelf has a salinity that is slightly
greater than S,,, and that just smaller amount of high
salinity water is produced. The simplest g(.S) distri-
bution that fulfills these specifications is linear, starting
at S,, and decreasing towards higher salinities, becom-
ing zero at some salinity S;. The total volume flow
from the shelf Q; is then:

s
Q= fs q(S)ds (30)
and the total outflow of salt ¢ is
S;
¢ = fs q(S5)Sds. 31)

The continuity constraints for volume and salt then
gives the inflow to the shelf Q,, and the amount of ice
needed to be produced Q;:
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FIG. 15, Definition sketch of the hypothetical shelf.
The outflow function g(s) is also shown.

Qm = (QsSi — )/ (Sm — S) (32)

1
Qi = P (& = QsSm)/ (Sm — Si). (33)
This process is assumed to occur during the entire year
with no seasonal variation. The ice produced on the
shelf is added to the ice export from the interior basin
such that the total ice export Q;, is

Qi = Qi + Ois. (34)

The experiment was run for S; = 34.55%. and several
different values of Q. For each Q, different combi-
nations of A, Q; and Q, were tested. In order to obtain
correct freshwater content the Q,;, 0, combination was
held approximately within the A = 1 area in Fig. 13;
A was varied between 0.9 and 1.1. This result was then
compared with the weighted mean temperature and
salt profiles from the seven stations in Fig. 2 and the
integral quantities. The best fit was obtained for A = 0.9
and Qi, O, = (0.15, 1.0) Sv. The result in this case is
shown in Fig. 16 for Qs equal to 0, 0.5, 1.0 and 1.5 Sv.
It should be noted that the total ice production is kept
constant while the relative fraction of ice produced on
and off the shelf will change according to Eq. (33).
The model results show that the shelf affects the sys-
tem in several ways. Concerning the salt distribution,
Fig. 16 shows that increasing Q, makes the mixed layer
fresher, the salinity just below the mixed layer increases
and the salinity below about 150 m decreases. The be-
havior above 150 m is caused by the decrease in net
ice production off the shelf and the increase in ice pro-
duction on the shelf when Q; increases. The salt supply
to and the salinity of the mixed layer decreases when
increasing Q;. The salt that comes from the shelf ice
production is injected below the mixed layer making
this water more saline. Thus, the shelf causes a wider
vertical distribution of the salt that comes from the
total ice production. The percentages of the ice export
that comes from the interior basin and the shelf re-
spectively for different Q; are presented in Table 3.
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Most of the salt in the shelf outflow is injected close
to the mixed layer due to the choice of the outflow
function g(s). About 75% of the salt flux in the shelf
outflow occurs in the lower half (S,, — Ss/2) of the
salinity range. An increase in Q; will then tend to
sharpen the halocline just below the mixed layer.

The decrease in salinity below about 150 m with
increasing Q; is caused by the temperature difference
between the incoming cold shelf water and the sur-
rounding water at that level. Due to its lower temper-
ature the shelf water is injected at a level where the
surrounding salinity is greater than in the shelf water.

The temperature is not affected by the shelf circu-
lation above about 100 m because the temperature of
this water is already at the freezing point. Below 100
m the temperature decreases with increasing Q; and
accompanying increasing injection of low temperature
shelf water.

The case O, = 0 (no shelf circulation), is a case
where the surface salinity is greater than the salinity of
the Bering Strait inflow during part of the year. When
Q. is larger than about 1 Sv the water coming from the
Bering Strait always enters below the mixed layer. It is
injected in a narrow (about 30-45 m) depth interval.
A consequence of this behavior is that the Bering Strait
inflow contributes very little to the generation of the
cold halocline when the shelf circulation is present.

Using Fig. 16 and the integral quantities (also in
Table 3) it is now possible to estimate the magnitude
of the shelf circulation in the Arctic Ocean. The best
fit between the calculated curves and the profiles based
on measurements seems to occur when Q; is between
1.0 and 1.5 Sv. When Q; is less than 1.0 Sv the tem-
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F1G. 16. Model generated and observed temperature and salinity
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perature at low levels is too high and when Q; is 1.5
Sv, or larger, the salinity just below the mixed layer is
too high. The integral quantities (Table 3) shows a
successively better agreement with increasing Q;. The
best fit here seems to be for Q; = 1.5 Sv although HD
in this case is slightly greater than the range obtained
from the data. An estimate of the percentage of ice
produced on the Arctic shelves can be obtained using
a model result from Hibler (1979) showing the net ice
production in the whole Arctic Basin. One finds that
about 55% of the ice is produced on the shelf. In the
present model calculation 44% of the ice is produced
on the shelf when Qs = 1 Sv and 79% when Q; = 1.5
Sv. If Hibler is correct, the high percentage of ice pro-
duced on the shelf by the present model for the case
O, = 1.5 Sv indicates that Q; should be less than
1.5 Sv.

From this experiment one can draw the conclusion
that an inflow of shelf water between 1 and 1.5 Sv, and
with a linear salinity distribution as shown in Fig. 15
seems to give good agreement with the conditions in
the real system. The calculated profiles and integral
quantities are then close to field data. The percentage
of ice produced on the shelf is in agreement with the
result from Hibler’s (1979) ice model. Furthermore
the value of the ice export, 0.15 Sv, in this case is very
near the most recent estimate by Vinje (1986), and
the 1.0 Sv Bering Strait inflow also agrees with other
estimates. Note also the quite realistic temperature
maximum resulting from the Bering Strait summer
water.

Also the mixed layer properties in this case seems
to be in accordance with the data. The maximum
mixed layer thickness is about 30 m and the minimum
thickness is about 10 m. The mean salinity in the mixed
layer is about 31%. with a maximum of about 32% in
winter and a minimum of about 30% in summer.
These values seem to agree well with the data in
Fig. 2. .

The total outflow in this case is about 1.0 Sv (Table
3). It is hard to decide if this outflow is correct or not
by comparing with figures obtained by other investi-
gators because, for obvious reasons, these figures vary
a lot. For example, Rudels (1987) obtained 1.6 Svand
Stigebrandt (1981) obtained 3.5 Sv.

It is certainly possible to refine this experiment fur-
ther by, for example, varying the shape of the shelf
outflow curve to obtain a nearly exact agreement with
the measurements. However the actual state of the
Arctic Ocean is not known well enough to justify a
more sophisticated “curve fitting”. It is also possible
that part of the halocline structure is maintained by
cooled and freshened inflowing Atlantic water from
the Barents Sea instead of water participating in the
shelf circulation. Rudels (1987) estimates that about
1.2 Sv of Atlantic water of salinity between 34.4 and
35%0 and temperature between +1° and —1.8°C enters
via the Barents Sea.
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7. Discussion and future outlook °

~ The present model seems to explain several of the
observed features of the Arctic Ocean. However, many
problems still remain that deserve further investigation.
For instance, the processes that generate the shelf cir-
culation are not described at all in the present model.
To do this, a separate shelf model is needed that gen-
erates the shelf outflow characteristics for a given
forcing.

The chosen shelf outflow function, where the flow
with the lowest salinity is interleaved just below the
mixed layer, seems however to be quite realistic. In-
trusions just below the mixed layer of shelf water at
the freezing temperature have been observed in the
Beaufort Sea (Melling and Lewis 1982). Concerning
the shape of the outflow function it seems realistic that

. just small amounts of highly saline water can be pro-

duced on the shelves of the contemporary Arctic Ocean.

For creating a water mass of very high salinity, -sev-
eral conditions must be fulfilled: The initial salinity
must not be too low. The water depth must not be too
large. And last, the ice production over the water mass
must be large during a sufficiently long time. It seems
unlikely that all these conditions are fulfilled very often .
or in great areas on the shelf. The probability to create
a water mass only slightly more saline than the mixed
layer seems to be much larger,

By including a separate shelf model it would also be
possible to describe the modification of the underlying
Atlantic water by deep-reaching dense plumes from
the shelves. This would make the Atlantic water active
in the model. Thus, the model would in effect comprise
the whole water column down to greatest depths. The
present model only handles that part of the Atlantic
water circulation that goes into the halocline by upward
mixing ( ~0.04 Sv from the model). It is known that
the total circulation of Atlantic water is much larger.
Rudels (1987) estimates the total inflow of Atlantic
water to about 1.2 Sv from the Barents sea and 1.9 Sv
in the west Spitsbergen current. By extending the pres-
ent model to include the whole water column it would
be possible to study the whole circulation of Atlantic
water as well as the deep and bottom water formation
by very dense water coming from the shelf. Aagaard
et al. (1985) show that the deep water in the Arctic
Ocean appears to be a mixture of dense shelf water
mixed with intermediate waters.

As mentioned earlier, a part of the cold halocline
may be sustained by cold Atlantic water flowing across
the Barents Sea. This inflow could easily be included
in the model in the same way as the Bering Strait inflow.
This extra source of cold water may provide an op-
portunity to increase the diffusion (and the outflow)
with the cold halocline preserved. In order to distin-
guish between different origins of the water in the hal-
ocline, tracer data (for example, the oxygen isotope
ratio '*Q/'¢0) may be useful. '
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Another problem that needs further analyses is the
influence of the internal circulation in the basin on the
outflow parameterization. In the Beaufort Sea a large
gyre exists. The freshwater content in this anticyclonic
gyre is larger than in the rest of the system (see station
7 in Fig. 2). This low salinity gyre water contributes

greatly to the relatively low #-value. It is quite possible -

that the stratification to a large extent within this gyre
is maintained by its own circulation and does not re-
spond directly to the outflow from the system. A way
of dealing with this is to exclude the Beaufort gyre area
when calculating horizontal means and #.

In the present model, only the mass and salt budgets
are considered. A logical next step in the modeling is
to include the heat budget. The model should then
include some parameterization of the heat fluxes to the
atmosphere, whereby the ice production can be cal-
culated instead of just being prescribed. In connection
with the heat budget, it will also be important to analyze
the heat flux from the Bering Strait.

Finally, it would be interesting to study the mixing
below the mixed layer more in detail trying to achieve
a better understanding of the involved mixing processes
and their influence upon the state of the whole system.
One process of particular interest here seems to be the
mixing caused by entraining dense gravity currents
coming from the shelves.
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