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ABSTRACT

A laboratory experiment is conducted where hot water is cooled by exposure to air in a cylindrical rotating
tank with a flat shallow outer “continental shelf region next to a sloping “continental slope” bottom and a
flat “deep ocean” center. It is taken to be a model of wintertime cooling over a continental shelf. The flow on
the shelf consists of cellular convection cells descending from the top cooled surface into a region with very
complicated baroclinic eddies. Extremely pronounced fronts are found at the shelf break and over the slope.
Associated with these are sizable geostrophic currents along the shelf and over shelf break contours. Eddies are
particularly energetic there. Cooling rate of the hot water is determined and compared with the temperature
difference between the continental shelf and deep ocean. The results are compared with scaling arguments to
produce an empirical best-fit formula that agrees with the experiment over a wide range of experimental pa-
rameters, A relatively straight trend of the data causes a good collapse to a regression line for all experiments.
These experiments have the same range of governing dimensionless numbers as actual ocean continental shelves
in some Arctic regions. Therefore, this formula can be used to estimate how much temperature decrease between
shelf and offshore will be preduced by a given cooling rate by wintertime cooling over continental shelves, The
formula is also generalized to include brine rejection by ice formation. It is found that for a given ocean cooling
rate, shelf water will be made denser by brine rejection than by thermal contraction. Estimates of water density
increase implied by these formulas are useful to determine optimum conditions for deep-water formation in
polar regions. For instance, shelves longer than the length scale 0.09 fW3/3/ B'/3 (where fis the Coriolis parameter,
W is shelf width, and B is buoyancy flux) will produce denser water than shorter shelves. In all cases, effects of
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earth rotation are very important, and the water will be much denser than if the fluid was not rotating.

1. Infreduction

The densest water in the ocean is found at the bottom
of polar seas. To acquire that density, surface water
experienced either temperature decrease through cool-
ing or salinity increase by evaporation or ice formation.
A recent collection of both oceanographic and mod-
eling studies of the cooling and sinking is contained in
Chu and Gascard (1991). There are two classes of
sinking regions-—deep regions and continental shelves.
An excellent example of a deep region is found during
the winter in the gyre of the Greenland Sea south of
the Fram Strait. The surface mixed layer of the ocean
penetrates deeply into the stratified water lying below
the mixed layer. The deepened mixed layer in the gyre
is surrounded by water outside the gyre without such
a deepened layer. The entire parcel of dense mixed
water presumably sinks by widening at the bottom and
narrowing at the top, where light water flows inward.
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After a suitable time interval, the surrounding lighter
water will completely cover the parcel of cold dense
water. Once the covering process is complete, addi-
tional water of that density will not be formed until
the entire mixed-layer deepening process is repeated.
This may take weeks or years.

Sinking on a continental shelf proceeds in a different
way. Water cooled on the shelf accumulates until pools
of dense water get large enough to seek channels to the
bottom. Water flowing away from the region of for-
mation becomes impeded by fronts with geostrophic
flow at right angles to the pressure gradient. Water
flowing in to replace the outflow of dense water is also
influenced by rotation. The final flux depends on either
bathymetric channels, Ekman layer transport, or eddies
from cross-frontal instability. Once the dense water
crosses the shelf break, it sinks to the bottom along a
density current on the continental slope.

The rate at which water sinks away from the surface
influences both the density change of the water and
the volume of water that has become denser for any
given rate of surface cooling. Although this is obvious
and sensible, little work has been done to quantify these
considerations. Such an attempt is presented here. First,
assume that water with temperature T flows into a
control volume with flux Q. Within the volume, water
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is cooled by a negative surface heat flux H per unit
area over the area 4. Also, assume that temperature
inside the volume is not changing with time. The water
flows out with temperature 7 — AT but still with vol-
ume flux Q. Conservation of energy is

HA = pc,QAT, (1)

where p is density and ¢, is specific heat. Given fixed
H and A, which we assume are determined by both
air-sea interaction and preconditioning, we assume
that in the ocean Q and AT are unknown. Therefore,
they form a hyperbola when plotted against each other.
This simple relation corresponds to an open system.
The same relation holds for other systems as well. For
instance, it is also valid for a closed system where water
in volume V changes temperature by AT over a time
rsothat Q = V/r.

The magnitude of Q in response to some density
difference (as represented by AT') is determined by the
dynamics of the problem under consideration. The dy-
namics can be represented by a second trajectory in Q
and AT space. The intersection of this trajectory with
the hyperbola given by Eq. (1) determines the values
of Q and AT that are expected in each case. If the
dynamic trajectory intersects the hyperbola at a value
of AT that is smaller than the total temperature dif-
ference between top and bottom ocean waters near
where the cooling takes place, the water so cooled will
not be cold enough and hence dense enough to sink
to the bottom. These dynamics lead to water mass for-
mation of intermediate water. Dynamics that produce
larger values of AT produce deep or bottom water.

Such dynamic processes are governed by convective
processes influenced by local conditions such as bottom
bathymetry, local stratification, and shear. One process
that can hold water close to the surface for long periods
of time zarises on shallow continental shelves, where
denser water must flow tens or possibly even hundreds
of kilometers across the shelf before it encounters the
shelf break and deeper water. This tendency to accu-
mulate dense water from wintertime cooling is absent
on many shelves because they are covered with lower
salinity water than the nearby ocean. The “freshness”
from continental runoff generally overcomes the ten-
dency for water in shallow seas to become dense by
cooling in the winter. An excellent example of this is
seen in sections by Beardsley et al. (1985) on the Mid-
Atlantic Bight, where low temperatures from winter-
time cooling are balanced by low salinity of the onshore
shelf water. However, some continental shelves are an
exception (e.g., eastern Barents Sea where freshwater
runoff is small), and either strong evaporation or vig-
orous ice formation in conjunction with local currents
makes them important candidates for contributing
water by sinking to the deep ocean or even to the ocean
bottom itself.

In the Arctic Ocean, for example, Smith et al.
(1990) review the role of polynyas and leads in bottom
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water formation in polar regions. Aagaard et al. (1981)
estimate that between 2.5 and 5 (X 10° m3s™!) of
water with salinity 34.75 psu and a temperature of
—2°C are needed to maintain the Arctic Ocean In-
termediate Water. One of the two hypothesized
mechanisms is the cooling and salt increase by ice
formation of Arctic continental shelf water. The sug-
gested region for dense water formation is the Siberian
shelf. The presence of dense water and the possibility
of subsequent sinking into the Eurasian basin has also
been discussed by Swift et al. (1983), who incorpo-
rated convincing radionuclide evidence that shelf wa-
ter participated in the intermediate water formation
process. Midttun (1985) explained the importance of
the marginal ice zone in the bottom-water formation
process, since near the freezing point ice formation
and subsequent brine rejection changes density of wa-
ter more than thermal contraction. He also showed
summertime sections near Novaya Zemlya in the
Barents Sea that indicated dense water on shelves and
discussed the role of polynyas in forming that water.
Martin and Cavalieri (1989) then estimated the con-
tribution from this region by polynyas. Their results
imply that there is an insufficient volume of cold dense
water produced in the shelf polynyas for the total re-
quired amount, although there is enough to supply a
substantial portion.

There are also studies in the Antarctic region. Fos-
ter and Carmack (1976) showed the importance of
the frontal zone that divides shelf water from offshore
water in the southern Weddell Sea shelf. Using the
observation that salinity change is 0.2 psu and in-
corporating estimates of ice formation, they esti-
mated volume flux at 2 X 10 m? s ™!, Bromwich and
Kurz (1984) report on the presence of a polynya in
western Terra Nova Bay in the Ross Sea and give
estimates of cooling between 500 and 800 W m™2
from katabatic winds. The depth of the bay reaches
1000 m so that this would be a case of formation
over a relatively deep shelf region, but we are not
aware of any oceanographic studies that have ob-
served the dense water. Zwally et al. (1985) also dis-
cuss the distribution and effects of polynyas and leads
in the Antarctic.

It is desirable to develop more quantitative estimates
of the relation between temperature difference and
volume flux for problems of ocean cooling. This paper
reports a laboratory experiment that measures this re-
lation for a model of a long continental shelf. Currently
understood theoretical considerations are summarized
in section 2. The experiment is described in section 3.
A qualitative description of the thermal and velocity
structure is given in section 4. The heat flow measure-
ments are described in section 5. Section 6 discusses
scaling of the results and some interpretation of the
dynamics governing the heat flux. In section 7 the im-
plications and limitations of the results for the oceans
are given.
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2. Previous theoretical studies

Estimates of the rate of flow off the shelf as a function
of temperature difference can be calculated for constant
depth shelves using theoretical models of rotating cross-
shelf transport like those of Stommel and Leetmaa
(1972), Csanady (1976), and Whitehead (1981). In
these models, the dense fluid is removed from the shelf
by seaward flow in the bottom Ekman layer and re-
placed by shoreward flow in the top Ekman layer. Es-
timates of cross-shelf transport rates in the these three
studies were made only for a shelf of constant depth.
Unfortunately, the flows themselves are baroclinically
unstable for most ocean circumstances (Whitehead
1981), so the estimates may be unrealistic. In a com-
puter model by Hsu (1992, personal communication ),
calculations of cross-shelf transport in the Ekman layer
were done for a shelf with sloping bottom. It is not
known whether that flow is unstable to three-dimen-
sional disturbances. The flux was determined for a few
cases. In all cases some estimate of the rate of transport
of the basic states was obtained. It is not known whether
these rates are overshadowed by transport from eddies
or limited by dynamics of the front at the shelf edge.
Another rate-limiting process is found on the front at
the edge of the continental shelf. Killworth (1977) ex-
plored the structure and the downstream consequences
of the front. Models with behavior like the ocean were
produced by adopting appropriate mixing coeflicients.

An experiment and simple theory was conducted by
Sugimoto and Whitehead (1983) for a rotating bay
type of shelf. The tank consisted of a shallow rectan-
gular bay bordered on three sides by vertical walls and
on the fourth by a steep sloping bottom that connected
the bay to a deep offshore basin. The offshore side of
~ the deep basin was a metal wall connected to a ther-
mostatic hot bath. The top surface of the water was in
contact with a Plexiglas lid flushed by cold water, so
the entire basin was subjected to surface cooling. The
heat flow law in the limit of fast rotation was thought
to be provided by the geostrophic flow of the currents
entering and leaving the shallow bay. The currents lean
on the sidewalls that stretch across the model conti-
nental shelf from coast to offshore. Experimental ver-
ification for the functional form of this law was found
but the constant of proportionality was not fully ex-
plained. A numerical study of a cooled rectangular bay
by Killworth (1974) was comprised of two layers with
changing density. The results were plausible, but it was
not conducted over a large range of parameters, so
parametric results cannot be compared with the above
theories.

Studies that ignore rotation apply to smaller estua-
rine regions. Endoh (1977) constructed a model of
cooling of a steplike shelf with both salt and thermal
forcing and found the formation of a thermohaline
front at the edge of the shelf. Kowalik and Matthews
(1983) conducted a numerical study of a nonrotating
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bay type of shelf. They recovered velocity magnitude
of 1 cms~! and a realistic density distribution, but
there was no search through governing parameter space
that would allow the results to be applied to other
problems. Brocard et al. (1977) and Brocard and
Harleman (1980) intended to model flushing in side
arms of cooling lakes. In their theoretical formulation
the flushing mechanism was expressed using a two-
layer formulation where warm surface water flowed
into the cooling lake. It then descended by surface
cooling in a mixed region beyond a singular point
where Froude number u/(g'h,)'/? equaled a given
value and flowed out along the bottom. In this formula,
u is velocity of the water into the cooling lake, 4, is
depth of the layer, and g’ is gravity g times density
difference between the cold water and the warm water,
normalized by average density of the water. The speed
of the flow was limited by turbulent friction. Laboratory
experiments were used to verify the law relating heat
flux with the temperature difference between offshore
and the lake. There was satisfactory agreement between
the law and the observations. A specific formula from
this law subject to one simplifying assumption is given
in section 6 of this paper.

This formula is very similar to formulas arising from
a second group of calculations that ignore friction en-
tirely but limit the speed of the flow by inertia. The
theory used for these calculations has many names,
such as overmixing (Stommel and Farmer 1952a,b;
Bryden and Stommel 1984), lock exchange (Wood
(1970), and maximal exchange (Farmer and Armi
1986). Predictions relating heat flux and temperature
difference between offshore and the deep region can
also be determined using other studies of two-layer
critically controlled flows as given, for instance, by Yih
(1980) or Armi (1986). In most cases there is approx-
imate agreement between the formulas and laboratory
results. These formulas will be used to test the results
for experiments at zero rotation rate and will be dis-
cussed in more detail in section 6.

3. The experimental apparatus

Our objective is to investigate relations between
temperature difference (shelf to offshore) and heat flux
for the laboratory equivalent of very long continental
shelves. It was desired to eliminate sidewalls from coast
to offshore since they were seen by Sugimoto and
Whitehead to support cross-shelf geostrophic currents.
To accomplish this, an annular geometry was used. A
cylindrical tank was fitted with a shallow but wide shelf
along its outer perimeter as shown in Fig. 1. The inside
radius of this shelf was 52.7 cm and the outside radius
was 80.25 cm. Bordering the shelf on the outside was
a vertical wall 25-cm high. Bordering it on the inside
was a sloping conical bottom with a 45-deg slope that
descended to a deep flat bottom of radius 25 cm. The
horizontal bottoms of the tank were leveled so that
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FI1G. 1. Sketch of apparatus and layout of thermistors. The therm-
istor locations shown in small numbers are for the exploratory ex-
periments, and those shown by larger numbers are for the final ex-
periments. The gray cover on the top center is Styrofoam. The tank
was insulated on the sides and bottom.

depths were level to better than 2 mm everywhere. The
outside of the tank was covered by one-inch foam ther-
mal insulation to retard conductive heat transfer to the
room through the walls and bottom of the tank. The
tank was mounted on the two-meter turntable at the
Coastal Research Center of Woods Hole Oceano-
graphic Institution. This turntable is capable of angular
rotation speeds: 2Q = fof 0.008 to 1 s7'.

To cool the top of the water, the tank was filled with
warm water with a temperature of approximately 45°C,
which was exposed to air at room temperature. A Sty-
rofoam lid 0.8-cm thick was placed over the central
50-cm radius of the tank to localize the cooling to the
shelf region and to eliminate a large offshore current.
The current was a consequence of the cylindrical ge-
ometry and was felt to be oceanographically unrealistic.
Estimates of heat flux were obtained by recording the
rate of temperature change and multiplying it by vol-
ume of the tank, specific heat of water, and density of
water. Calculations indicate that these are as accurate
as those obtained by Sugimoto and Whitehead with
the Plexiglas lid. The estimates were then compared
with recordings of temperature difference between shelf
and offshore to produce an empirical relation between
heat flux and temperature difference that might apply
to cross-shelf heat flow estimates on continental shelves.

4. Structure of the temperature and flow field

The purpose of this section is to give a qualitative
and crude quantitative image of the temperature and
flow field. (Those interested in the question of heat
flux and temperature difference can skip to section 5.)
A typical temperature section along a radial line from
the outer wall to the center is shown in Fig. 2. In this
experimental run there was no insulation on the top
surface, so surface cooling was constant everywhere.
Depth of the water on the shelf was 10 cm, the rotation
rate f= 1.000 s~!, and the experiment had been run-
ning for about three hours when the section was taken.
One can consult figures showing evolution of the tem-
perature field in the following sections to see that it is
likely that the temperature field had become quasi-
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steady after about two hours. The data were acquired
by thermistor readings at eight vertical lines (stations)
at distances from the outer wall of 0, 10, 20, 30, 35,
40, 60, and 80 cm. Readings were taken at depths of
0,2,4,6,8, 10, 15, 20, 25, 30, and 35 cm or until the
bottom was touched.

Near the center of the tank, Fig. 2 reveals there is a
large region of water with temperature above 32°C.
The temperature decreases only slightly with depth ex-
cept for a region a few centimeters off the bottom where
a sharper decrease is found. Temperature also gradually
decreases as one moves toward the shelf at all levels.
This central region has the lowest temperature gradients
of anywhere, and the isotherms are bowl shaped. Over
the sloping region, a greater temperature gradient
roughly 10 cm above the slope indicates a shelf front.
Dye was injected at two levels in this region near the
break to get a crude measurement of the speed of the
mean alongshelf currents. There is an extremely strong
baroclinic shear, with water flowing toward the viewer
at a speed of about 0.1 cm s™! near the bottom and
away from the viewer at a speed of about 0.5 cm s™!
at the top. Evidence of many eddies around and within
this front was seen in the dye trajectories. This front is
one of the most important features of both the flow
and thermal structure in the experiment. Over the flat
shelf there is a tilt of isotherms like over the slope, but
the isotherms are farther apart. There was a movement
of injected dye away from the viewer with a speed of
about 0.05 cm s,

These velocities are consistent with a thermal wind
balance using

v —gdp
po_ g

2
0z p Ox’ (2)

where z is the vertical direction, x increases from left
to right in Fig. 2, and v is positive away from us. For
the frontal region, using p = po(1 — aT), where «
=2 X 107* °C~! and taking both x and z scales to be
10 cm, we estimate from Fig. 2 that there is a lateral
temperature change of 2°C over 10 cm in the front
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FIG. 2. A temperature section along a radial line from the coast
(left) to the center (right) after cooling for about three hours. Iso-
therms are shown in intervals of 0.5°C. The top mixed layer is above
the dashed line.
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region. This gives an alongshelf velocity change of 0.4
cm s~! over a vertical distance of 10 cm, a value some-
what lower than our observed velocity change of 0.6
cm s~ ! between the top of the shelf break and the bot-
tom. On the shelf a 0.4°C temperature change in 10
cm is reasonable. This gives a predicted vertical change
of velocity of 0.08 cm s~!. Assuming velocity is zero
at the bottom boundary of the shelf, we predict 0.08
cm s~! at the very top of the 10-cm-deep water. This
is roughly the 0.05 cm s~ estimated from the dye,
which was conveyed up and down by convection and
geostrophic turbulence so that it did not apply to any
particular depth.

For most runs the flow was very irregular, charac-
terized by baroclinic eddies superimposed on the drifts
estimated above. Starting from offshore, the density
current descended to the bottom of the tank where it
tended to break up into irregular blobs. Above these
blobs was intense cyclonic eddy activity, similar to that
described by Whitehead et al. (1990). The cyclones
were so strong that dimples were often easily seen on
the top free surface of the water. On the shelf itself
there were two eddy scales as shown in Fig. 3. The
larger of the two consisted of circular conical blobs of
cold water that had accumulated from surface cooling.
These blobs were surrounded by wisps of dye in Fig.
3. They tended to move around. It was not possible to
identify individual blobs for a long enough time to see
whether they gradually got to the shelf break and fell
off the edge before changing their shape or whether
instead they changed many times before the cold water
found its way to the edge of the break. The second
scale was from convection cells. These consisted of in-
verted plumes of cold surface water sinking to the bot-
tom. They are revealed as white circular holes in the
dye in Fig. 3. This figure was taken from an experiment
with the relatively rapid rotation rate of f= 1.000 s™!
Although the two scales seem similar in size, for slow
rotation rates the baroclinic eddy scale was much larger
than the convection scale. The overall pattern of flows
is similar to that described in Sugimoto and Whitehead.
When the internal Rossby radius of deformation was
as large as the width of the shelf, there tended to be
large baroclinic eddies on the shelf. These possessed
patches of convection cells in preferential regions.
Around these eddies, sinuous jetlike fronts often ap-
peared to wander from the inner wall to over the shelf
break. They are similar to those seen in annulus ex-
periments (Fulitz 1961; Hide and Mason 1975). The
dye revealed that fronts (both on the shelf and over
the shelf break ) generally penetrated from surface to
bottom, so the eddies had a strong barotropic com-
ponent in addition to their baroclinic nature. Only
when rotation was very slow did the eddies of dense
water appear to be bottom trapped and surface water
top trapped. The measurement of eddy scale was be-
yond the scope of this project, so no information is
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F1G. 3. A photograph of a pool of dye lying on the bottom of the
laboratory model of the continental shelf. The wisps of dye extending
to the right surround circular baroclinic eddies that consist of conical
blobs of clear cold water. The holes in the dye denote the sinking
centers of convection cells.

available as to the scale of eddies as a function of the
experimental parameters.

Figure 4 shows streak photographs of surface flow
in experiments with no Styrofoam lid. In the central
“deep ocean” region is a circulation that is rapid and
relatively steady. Standing in the laboratory, we saw
that the flow had almost no rotation. Thus, in the ro-
tating frame the flow is anticyclonic. This circulation
arises because of the upwelling of warm water in the
deep basin since it is being replenished from below by
cooled water from the shelf and is flowing onto the
shelf at the surface to replace that cooled water. This
very rapid offshore current is undesirable since oceans
do not have them (it is a consequence of the smallness
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of the deep basin of the apparatus). Moreover, circu-
lation is clearly associated with the bowl-shaped iso-
therms in Fig. 2 since fluid in the deeper regions of the
central “deep ocean” is less retrograde (because it is
not flowing onto the shelf) and thus is less divergent.
These isotherms made it difficult to decide where the
offshore edge of the front was. There is also a sharp
lateral shear in the surface region 5-15 cm offshore of
the shelf break. At the inshore side of the shear the
flow has considerable eddy activity, which is also seen
farther onshore. Over the shelf itself there is a much
smaller velocity, which is again retrograde.

Some of the above flow may be driven by air drag.
Consider that drag of air D, on the surface of the water
at radius r is approximately

Da = [.LaQr/deaa (3)

where pu, is the viscosity of the air, Qr is the differential
speed between the air and the water, and d,, is the
Ekman layer thickness [=(v,/f)/?], where », is the
kinematic viscosity of the air. This equals the Ekman
drag on the bottom of the water on the shelf of mag-
nitude u,, U/d,,,, Where u,, is the viscosity of water, U
is the drift velocity that is to be calculated, and 4., is
the thickness of the Ekman layer of the water
(vw/f)? where v, is the kinematic viscosity of the
water. Equating these two leads to the formula

U = (patta) l/ZQ"/(/’WIA"W)I/Z; (4)

using the values p, = 1.205 X 1073 gcm™>, u, = 1.81
X 10™*gem™ s, p, = 0.998 gcm ™, and p,, = 1072
g cm ! s [ from appendix I of Batchelor (1967)], this
is approximately =0.005Qr.

Equation (4) gives drift velocity of 0.13 cm s™! for
f=1s""and r = 50 cm. For all the observations in
this study, this wind-driven velocity is much smaller
than the observed velocities at the front near the shelf
break. However, it is a little larger than the magnitude
of the velocity on the shelf, and the drift current on
the shelf is probably influenced by air drag.

5. Heat flow measurements

To calculate heat flux, use was made of the transient
nature of the experiment. Exploratory runs were con-
ducted with thermistor locations shown by small num-
bers and final runs had locations shown by large num-
bers in Fig. 2. Depth of water on the shelf was either
5, 10, or 20 cm. Details of the development of the
observation scheme are discussed in a technical report
(Whitehead 1993).

To obtain data over a wide range of rotation rates,
experiments were conducted for =1, 0.5, 0.25, 0.125,
0.063, 0.032, 0.016, 0.008, and 0 s~'. Each run lasted
for approximately eight hours. Data were recorded ev-
ery 15 minutes. The records for all nine thermistors
were digitized, so a view of the cooling in all the regions
could be obtained. Temperature everywhere exhibited
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FIG. 5. Temperature as a function of time for a typical experiment.
For the preliminary locations shown in Fig. 2, Tn denotes the therm-
istors: (a) centerline temperatures; (b) shelf temperatures.

almost the same cooling curve. Figures 5a,b show typ-
ical records of all nine thermistors in the initial con-
figuration as their temperature slowly decreases during
an experiment. The gradual change of the mean tem-
perature with time is obvious. The records appear to
exhibit exponential cooling in some cases; unfortu-
nately, not all cooling curves were close enough to ex-
ponential to use the characteristics of such behavior
for the analysis of the experimental results.

The heat flow (henceforth to be called H,) from the
shelf to the deep basin across the shelf break was esti-
mated from the data of temperature at location »
(henceforth to be called T,) versus time using the for-
mula H, = pc,VdT,/dt, where p is density of water,
¢p is heat capacity, and V is volume of the basin from
the shelf break to the center. Using p = 1 gcm™; ¢,
= 1 cal/g °C; V = 186 960, 230 585, and 317 835
cm? for the 5-cm, 10-cm, and 20-cm deep containers,
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respectively, and approximating 87,/dt = 67,/900
where 67T, is the change in temperature in 900 seconds,
the formula for heat flow becomes

H,= CyT,cal s}, (5
where the constant Cy = 207.73, 256.19, and 353.14
cal/s °C s defined for the three depths. This calculation
to estimate heat flux was performed on the entire set
of readings of an individual thermistor for the duration
of the experiment. Since the time derivative was found
using the exact differences between sequential readings,
the estimates of cooling versus time were much more
irregular than the original temperature records. Thus,
the heat flux data were smoothed with a three-point
running mean to restore the heat flow data to the
smoothness of the original temperature series as a
function of time. Figure 6 shows heat flow calculated
as a function of time. The numbers exhibited scatter
of roughly 50% around a mean value, with a trend
toward lower values with time.

Besides being used for the heat flow estimate, the
array was also used to determine a typical temperature
difference between the shelf and offshore. Figure 6 also
shows readings of this difference between two locations
with time. As with the heat flow estimate, they exhibited
scatter of roughly 50% around a mean value, with a
trend toward lower values with time.

Experiments were conducted with two different in-
sulating lids that covered the deep part of the tank. The
purpose of the lids was primarily to localize the cooling
to only the shelf and thereby to increase accuracy of
estimates of heat flow from shelf to offshore. Second-
arily, the lids were meant to decrease the intensity of
the bowl-shaped isotherms in the deep basin that con-
fused the location of the outer edge of the front. One
lid was the Styrofoam cover over the deep basin already
described. The other lid was identical to the first but
it also had eight radial flow baffles spaced every 45°
underneath. These were made of a perforated alumi-
num sheet, 15 cm deep and extended from the center
to a line 5 cm above the shelf slope; they eliminated
the large bowl-shaped isotherms in the deep water that
were associated with anticyclonic circulation from up-
welling in the deep portion of the tank. This made the
offshore water stagnant (or at least with a velocity
smaller than the shelf flushing velocities studied here)
and therefore more like a typical ocean. The baffles
also conducted heat vertically so that isothermal water
covered the top 15 cm. They did not, however, elim-
inate the front over the shelf break, which by virtue of
its persistence—even with the baffles—was found to
be a major percentage of the overall shelf to offshore
temperature drop.

The final thermistor array was designed to produce
a more accurate picture of the offshore front (Fig. 2).
The considerations in Whitehead and Frazel (1993)
resulted in using data from thermistors in the new lo-
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FIG. 6. Measurements in the preliminary experiments of heat flow
(solid dots) at location 4 with time and temperature difference be-
tween locations 8 and 9 (open squares) with time. Shelf depth 4
=5cm, f=1.000s",

cations 4 and 9 to calculate two values of heat flux,
and using the differences between locations 4-9 and
5-9 (henceforth the difference between location » and
T will be called D,) to give two estimates of temper-
ature difference between “shelf and ocean.” Choice of
these locations resulted from the recognition that more
than 50% of the shelf to offshore temperature change
happened at the offshore front. This is illustrated in
the temperature records shown in Fig. 7. This is also
illustrated in Fig. 8, which shows that the data with a
baffled experiment are almost identical to those without
the baffle. Finally, to eliminate some of the scatter
shown in Fig. 6, groups of nine consecutive readings
were averaged. Since each experiment had roughly 28
intervals of 15 minutes each over the 8-hour period,
this yielded three independent values of temperature
difference and heat flux for each data string. Since two
measurements were made of heat flux and two of tem-
perature difference, each run resulted in 12 numbers.

The data of heat flux versus for D, are shown in Fig.
9 for all the rotation rates that were used and for fluid
depths of 5 cm, 10 cm (using both baffled and non-
baffled lids), and 20 cm (with a nonbaffled lid). Clearly,
temperature differences systematically increase both
with increasing heat flow and with greater rotation rate.
This is half the dataset. The figures for D5 are similar
to Fig. 9 except that values of temperature were a few
percent smaller, so they were not shown. Thus, the
absolute value of temperature difference depends on
position of the thermistor with respect to the offshore
front, but the effect is less than 20% as big as that from
changing rotation or fluid depth. Tabulated values and
more detailed figures are given in Whitehead and Frazel
(1993).



2420

50
B T
- T2
T3
iggg‘:’ﬂﬂua : T4
faafi;. "o ' TS5
) 40j Saaang¥y. Bﬂm s T6
. o®ue, M¥E. %o, a7
§h CIL N 15§ FTORL s T8
S Og, "u, A‘lx:¥'*.uﬂun o T9
& Yo, "un lll *g Beg,
E og l...: l‘; if;
g 307 meua, i 41
ﬂnnn ;:I
o
20 1 T
0 10000 20000 30000
t (s) (@)
50
- T2
xs s x T3
+§‘ + T4
PR A 1 T - TS
© - ¥y = TG
& LTI TP
§ l.... !¥¥§¥*!
> an - -' ..
E. -...l *¥¥¥¥f*
& 301 e,
Lo |
20 T T
0 10000 20000 30000

t(s) (b)

F1G. 7. Temperature versus time for final thermistor placement:
(a) All 9 thermistors and (b) thermistors 2 through 6, which lie
offshore of the front and maintain close to the same value in com-
parison to thermistor 9. Shelf depth # = S cm, f= 1.000s™".

It was not obvious how to further analyze the data.
Fits to power laws were attempted without useful re-
sults. Slopes were found for all data but there was wide
scatter between values of slope and the information
was of limited value. However, there were some clear
trends. First, at rotation rates of roughly 0.032 and less
the heat flux as a function of temperature difference
approached a log-log power law of 3/>. Second, the
fastest rotation rates had a clearly greater power law,
possibly up to a power of 3, although scatter is great.
These trends were visible both with 10-cm and 20-cm
experiments.

A better view was found by first noting that all results
had heat flow of approximately 100 cal s™! for the first
time interval. Assuming that these results have fixed
heat flow, temperature difference at the first time in-

. terval can be plotted as a function of /. An example is
shown in Fig. 10. It illustrates the effect of rotation on
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the temperature difference for fixed heat flow. At low
and zero rates of rotation as shown to the left, tem-
perature difference has a constant value that is unaf-
fected by rotation. For approximately f > 0.1s7!,
temperature difference increases with f. At the largest
value, the slope of temperature difference with f gets
close to 1 on a log-log plot.

Inspection of all the data in Fig. 9 revealed that there
was consistency with the notion that temperature dif-
ference is inversely proportional to depth %, propor-
tional to heat flux to the 2/3 power for low rotation, to
the 1/3 power law for fast rotation, and may be ap-
proaching a power law of /! for fast rotation. Motivated
by this, a test was developed to determine whether heat
flux data can be used to predict a temperature difference
(henceforth called A7}) by the relation

a(HY?) | ef (HY?)

AT, = P + P (6)

Theoretical justification for the values of the two ex-
ponents in Eq. (6) will be discussed in the next section.
Values of ¢; were found by least-squares fit for each
individual series of runs with the same depth, so that
the three values of temperature at zero rotation agree
with AT},. Values of ¢, were 0.186 for both D, and Ds
with 5-cm depth, 0.18 for both D, and D; for the baffled
cases with 10-cm depth, 0.21 for D, and 0.22 for Ds
for the nonbaffled cases with 10-cm depth, and 0.08
for both D, and' Ds with 20-cm depth. Note that the
values for the first six cases are close to 0.2. In contrast,
the experiment with 20-cm depth had a significantly
different constant of ¢, = 0.08. However, for that depth
the ratio of width to depth is 1.5, which is small. More-
over, most of the runs were in the rapidly rotating limit,
so we believe the coeflicient value of 0.08 is less well
established than the others. The value ¢, = 5 fits all
data nicely.
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FiG. 8. Heat flux versus D, (right-hand cluster) and Ds (left-hand
cluster) for the baffled results (open squares) and nonbaffled results
(solid squares).
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few percent smaller.

Using Zq. (6), values of AT}, were calculated using
¢ = 0.2, ¢; = 5, and values of H,,, f, and / for each
run. These are plotted against D, and Ds in Fig. 1la
and as log-log plots in Figs. 11b,c. All reveal a linear
relation between the prediction and measurement, so
there is surprisingly close agreement between Eq. (6)
and the measured temperature difference. The corre-
lation coefficients are more than 0.99, and the slope of
the log-log best fit is within 1% of 1.0. In Fig. 11b the
two values of D, and Ds are visible as two elongated
trends in the data that are offset by less than 20% over
a range of more than a factor of 10. This implies that
the choice of the exact location of the thermistor off-
shore of the front is not central to this comparison,
since the offset is small compared to the span of the
entire results. Figure 11c shows only the D, data but
each depth has different symbols. It reveals that the 5-
and 10-cm results lie along the same line and show

considerable overlap, but the 20-cm runs have slightly
bigger values of AT},

To demonstrate that each of the terms in Eq. (6) is
insufficient alone, Fig. 12 shows the values of each of
the two terms (along with their sum) in comparison
with the measured value of temperature. This calcu-
lation is done for the 10-cm-deep experiments. It is
clear that neither term alone has satisfactory compar-
ison with the measured data over the entire range of
rotation rates.

Equation (6) almost collapses the data to a line over
the entire range of rotation rates, for all three values
of h used, and over a range of a factor of 2 for heat
flux. The data with depths of 5 and 10 cm form the
best trend that lends strong confirmation to Eq. (6).
The data for 20-cm overlap the left-hand end of the
dataset but alone would not be consistent with a slope
of one. Although the value of the constant ¢, for 20
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FIG. 10. Temperature difference versus rotation rate for experi-
ments with heat flux of approximately 100 cal s'.and depth of 10
cm. The triangles identify nonbaffled experimental data, the squares
indicate baffled data, and the x shows the middle heat flux reading
from the nonbaflled experiment. (a) Close-up of the result in log—
log space. (b) The same data compared to a line with a slope of 1.

cm was less than half the value for the other depths,
this fit was not strongly effected for ¢, over most of the
range. Therefore, in view of the wide range of rotation
rates, depths, and heat fluxes, and the small aspect ratio
for the 20-cm data, it seems that Eq. (6) agrees with
the data quite well. This is the principal result of the
experiment.

6. Scaling of the results

In this section, the theoretical considerations that
are responsible for the scalings that were selected in
the last section are reviewed, and then Eq. (6) is con-
verted into a more physically meaningful formula.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 23

Brocard et al. (1977) and Brocard and Harleman
(1980) found agreement with the formula g, = (Bh*/
Jo)!/3 [their Eq. (28) with Ay = 1/2 and « = 1], where
go = Voh/2 is the volume flux per unit length. This
reduces to the following relations for density scale g’
and velocity scale vy:

gl = B2/3va(l)/3/h4/3 (7a)
vo = 2(Bh/fp)'7, (7b)

where symbol f stands for the friction coefficient that
was assigned a value of 0.02, % is shelf depth, W, is
width of the shelf, and B is buoyancy flux per unit area,
given for our experiment as

B = gaH,/pc,n(r{ — r3), (8)

with units length?/time>. They applied this to finger
lakes rather than continental shelves, but the approx-
imations were two-dimensional, so the results should
carry over to shelves. This balance also resembles a
frictional balance for a freshwater estuary solved by
Long (1975).

A second relation called “overmixing” (Stommel
and Farmer 1952a,b) can also be used. The result is
derived using inertial hydrodynamics and is very sim-
ilar to the result for lock exchange flow (Wood 1970)
(although some of the physical arguments used to de-
rive the governing equations differ). Using the same
notation, density difference and velocity are given by

g ~ (4BW)*3/h (92)
vo ~ (BW))'. (9b)

The width W, in (9b) replaces 4 in (7b), and f; is
eliminated because the velocity is controlled by inertia
here rather than by turbulent drag. The constant of
proportionality for velocity that is required to make
Eq. (9a) an equality has been the focus of considerable
study by Bryden and Kinder (1991), Farmer and Armi
(1986), and Yih (1980). It ranges from under 1/4 to
1/, depending upon geometric details. Velocity is con-
trolled here by inertia rather than turbulent drag.

Equations (7) or (9) constitute two possible balances
between density difference and buoyancy flux that are
valid for zero rotation. For large rotation rate, we expect
that if temperature difference is proportional to Coriolis
parameter fand if it is inversely proportional to shelf
depth 4, dimensional considerations dictate that the
temperature difference will be given by

g ~f(BW)'P/h.

This has the form of the extreme right-hand relation
in Eq. (6). Velocity scale is

vo ~ 2B} fW /3.

(10a)

(10b)

This is found from Eq. (10a) using the buoyancy flux
relation
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This relation is comparable to the conservation of en-
ergy that was discussed in the Introduction and given
in Eq. (1).

These relations can be derived from Eq. (10b) in
Whitehead (1981) with surface velocities U, V' = 0. In
the limit of small Ekman number, it reduces to

H,  pc,g%a’ Prd*(3T/dr)?

413 ’
where Pr is Prandtl number and r is the radius on the
shelf. If one assumes that d7/dr equals temperature

difference from shelf to offshore divided by W, this
reduces to

11
271"'2 ( a)

g =2f(BW?3/Pr)!3/h, (11b)

which is proportional to our Eq. (10a). This theory
was produced from the Stommel-Leetmaa solution
(Stommel and Leetmaa 1972; Csanady 1976; White-
head 1981) for flow over a continental shelf with flat
bottom where heat flux is provided by flux in the Ek-

man layers down the temperature gradient. That it
should apply in detail to the temperature drop in this
problem (which is principally across the front at the
shelf break) is not clear. A preliminary interpretation
is that the flow on the flat portion of the shelf is baro-
clinically unstable (Whitehead 1981) and thus trans-
ports heat more effectively than the aforementioned
law but that at the shelf break the slope stabilizes the
flow and requires this Ekman layer mechanism of
buoyancy flux through the front. Future work is
planned to investigate this interesting possibility.

To produce an equation with the form of Eq. (6),
terms in Egs. (9a) and (10a) were multiplied separately
by unknown proportionality constants; then the prod-
ucts were added together. Using the experimentally
observed ¢; = 0.2 and ¢, = 5, with values for the lab-
oratory experiment of g = 980 cms™?, o = 3
X 107*°C!', p=10gem™3, ¢, =1.0cal./°Cg, and
W = r, — r, cm along with Eq. (8), we produce an
empirical relation between heat flow H per unit area
[=H,/#(r?—r%)]and temperature difference between
shelf and offshore:
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1 HW,\
AT = — [7.4(g“—~5)
gah PCy

1/3
+O.6fWS(M) ] (12)

pC,

This equation is a best fit to the data from the ex-
periments. Both scaling constants differ from their
counterparts in the ideal theories. The value 7.4 differs
from 42/3/2 [ from Eq. (9a)] by a factor of 6, and 0.6
differs from 2 [ from Eq. (11b)] by a factor of 0.3. The
difference is. not surprising in view of the significant
differences between the ideal, Cartesian, slowly varying
laminar theories and the complicated real geometry
with turbulent flows and extra stresses.

Note that both viscosity and thermal conductivity
have small contributions in the final formulas. It is
difficult to be precise about their contribution in any
single run through simple scaling. A spindown time
scale d/(»,.f)'/? ranges from a quite small value of 50
s(ford =5cmand f=1s7!)to values of over hours.
However, this scale applies to a homogeneous fluid
and might not be important in this experiment. A ther-
mally stratified fluid has a time scale that might be as
large as the viscous time scale d?/v,,, which ranges from
42 minutes upward. For small rotation, the agreement
of the lock-exchange scaling and the disagreement with
the turbulent friction scaling of Brocard et al. indicates
that friction is not too important. Viscosity could,
however, decrease the flux and lead to the fact that the
empirical constant is larger in the experiment than in
theory. Without doubt, a useful guide concerning fric-
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tion and diffusivity comes from the fact that the Stom-
mel-Leetmaa solution recovers the same scaling as
these laboratory experiments.

7. Implications and limitations of the results

The insertion of test values into Eq. (12) will give
some insight into how much temperature deficiency
accumulates on a shelf before the cross-shelf exchange
prevents the further lowering of the temperature. Tak-
ing valuesof g= 10ms™2, a = 107*°C~, f=10%s"",
a large value of heat flux H = 1000 W m~2, W, = 100
km, p = 10°kgm™, ¢, =4 X 10%J (kg °C)™', and A
= 100 m, Eq. (12) shows that the left-hand (nonro-
tating, lock-exchange) term gives a temperature de-
crease of 6.3°C and the right-hand term gives a decrease
of 17.5°C. Thus, under these extreme ocean cooling
conditions, water becomes roughly three times colder
and denser on shelves due to rotational hydrodynamic
effects. The two terms add up to a predicted temper-
ature decrease of 23.8°C. This is a huge value and is
possible only under extreme conditions of high winds
and subzero air temperatures, and of course, nonlin-
earities in the equation of state would be important.
Such conditions would be in existence only for a few
days at most. Conditions averaged over a winter, and
with greater shelf depths, might be many times smaller.
Taking, for example, a value of heat flux four times
smaller reduces the nonrotating component to 2.5°C
and the rotating one to a value of 11.0 for a total of
13.5°C. Taking a shelf three times deeper as well re-
duces the nonrotating component to 0.8°C and the
rotating one to a value of 4.5°C for a total of 5.3°C.

The volume flux associated with this temperature
difference and cooling rate is found from Eq. (1). Flux
is linearly proportional to the length A of the shelf.
Taking A = 1000 km, and a temperature difference of
25°C (a value close to the value 23.8°C found above),
we get @ = 1.3 X 10% m> s™!. Aagaard et al. (1981)
estimate a magnitude of 2.5 X 10® m?®s™! of dense
water feeds into the polar basin. This is greater but of
the same order of magnitude as our number. However,
the agreement with our number is not very significant
at this stage since we use arbitrary (and very large)
values of cooling rate and ignore salt effects that surely
are important.

The results can be put into more general form using
reduced gravity g’ = gaAT and buoyancy flux B
= gaH/pc,in Eq. (12):

gh="14(BW,)*?+ 0.6st(BWS)”3. (13)

The conditions for rotational effects to dominate over
nonrotational effects are found by requiring the first
term on the right in Eq. (13) to be less than the second.
This means that (BW,)!/3 < 0.08 f W,. One could call
the parameter group (B/W 2f?) a heat flux Rossby
radius. Note that shelf depth 4 is not present. Using
above values of W, and f, H < 21322 W m™2 for ro-
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tational effects to dominate, which is immense, so the
criterion is certainly met. However, for a narrower 10-
km-wide shelf, H < 213 W m~2, which is a reasonable
wintertime cooling, so either rotational or nonrota-
tional dynamics might apply. One can also use Eq.
(13) in the limit of rapid rotation to show that (g’h)'/?/
f<0.317, for the rotation-dominated case. This states
that for rotational effects to dominate, the Rossby ra-
dius is less than 0.31 times the width of the shelf. This
result is expected and indicates that the theory is sound.

The results can also be compared with the results of
Sugimoto and Whitehead (1983) for cooling of a bay.
Their results were that g'h = 2(fBW,L)'/? (approxi-
mately, there is a poorly understood constant of pro-
portionality) in the limit of rapid rotation where L is
the alongshelf length of the bay. This formula would
be valid for bay lengths that make this result less than
our formula 0.6 /W (BW,)'/3, in which case L
< 0.09fW3/3/B'3 Using the foregoing numbers, L
< 279 km. This gives a length to width ratio of ap-
proximately 3 as the criterion for whether long (the
present) or short (Sugimoto and Whitehead ) shelf dy-
namics dominates. It would be hard to make L much
greater since W is already large and B is calculated
using a very large heat flux value. Moreover, B is raised
to only 1/3 power. For smaller W, for instance, 10 km,
L < 6 km so the bay is less wide than it is long. Thus,
for shelves with aspect ratios of roughly order 1 or
greater, long shelf dynamics as measured here can be
expected to flux the cold water off the shelf more ef-
fectively than a geostrophic current leaning on a coast.
An implication of this scaling is that if spacing of to-
pographic features (such as canyons, banks, peninsulas)
is significantly greater than shelf length, their effect on
shelf to ocean transport rates might be less than the
transport rates measured here. This important possi-
bility may warrant further study.

Throughout this study the Boussinesq approxima-
tion (Spiegel and Veronis 1960) is used and temper-
ature increase is taken to be linearly proportional to a
decrease in density. Other more general constitutive
relations could also be dealt with but will not be dis-
cussed here except for the effect of ice formation. For-
mula 13 can be altered to express forcing by brine re-
jection from ice formation. Consider the action on 1
cal of cooling on 1 g of seawater close to 0°C. Density
of this water will change about one part in 10* from
this cooling. If that calorie were acting on seawater that
is already at its freezing temperature, about !/goth of
the water would become ice (since the latent heat of
fusion of ice is close to 80 calories per gram). Assuming
the ice retains 10% salinity, the seawater would increase
from 35 to 35.32 psu. This would increase density of
the water approximately 3 X 104, which is three times
greater than the increase due to thermal expansion for
1 g of water cooled by 1 cal. Thus, cooling that results
in ice formation and brine rejection increases density
approximately three times more than thermal cooling.
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This is quantified using Eq. (13) by setting buoyancy
flux B = gBSH/pL,, where §is salt density coefficient,
S 1s salinity difference between ocean and ice, and L,
is latent heat of fusion of ice so that

2/3 W. 1/3
/:E(gﬂSHWs) +06f s(ggSHWs) ‘

g h oL, oL,

h
(14)

This can be used to predict g’ for an ocean shelf whose
density is increased by ice formation and brine rejec-
tion. Taking the values of H, W, and h used at the
beginning of this section and using 8 = 0.77, .S = 0.03,
and L, = 3.3 X 10° J kg~!, we get a contribution to
g' from the left-hand term in the brackets of 0.012
(equivalent to a density change from temperature
change of about 14°C) and from the right-hand term
in the brackets of 0.022 (equivalent to a density change
from temperature change of about 22°C). Thus, for
the same rate of cooling, the increase in density is
greater from ice rejection than it is from the lowering
of temperature. The volume flux is found by modifying
Eq. (1) to read

BA = Qg'. (15)

Using the above values of B, 4, and g’, a volume flux
of about 2.3 X 10° m*® s ! is predicted. These numbers
are also “‘reasonable” for the ocean situation.

We note, however, that there is still uncertainty
about some previously suggested values for the Arctic
Ocean. MacDonald and Carmack (1991) show that a
proposal by Aagaard et al. (1985), that the excess salt
in the Canada Basin comes from the surrounding con-
tinental shelves, is not supported by oxygen, tritium,
or nutrient balances. Instead deep water in that basin
may be old and have little present renewal. In contrast,
the possibility of active convection on the Barents Sea
still seems viable.

The model by Hsu (1992, private communication )
appears to have dynamics with some differences and
some similarities from the cross-front exchange mea-
sured here. He has conducted a numerical study of
response of the polar shelf water to dense water for-
mation. The results are influenced by rotation, and
density is removed by flux through a bottom Ekman
layer similar to the density flux in the Stommel-Leet-
maa shelf model. A counterpart to the front seen here
is found in the model, and detailed comparison be-
tween laboratory, theory, and numerical computations
may be possible in the future.

The lid used to cover the deep basin has a direct
ocean counterpart where sea ice covers the deep ocean
but not the shelf. This applies to candidate sites of dense
water formation in the Arctic and Antarctic. In these
regions, offshore winds push the ice away from the
coastline and produce polynyas. We emphasize, of
course, that the ice edge does not exactly lie above the
edge of the shelf break as in the experiment. In the
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Arctic, Martin and Cavalieri (1989), from satellite mi-
crowave data, identify polynyas on the shelves next to
Svalbard, Franz Josef Land, Novaya Zemlya, and Sev-
ernaya Zemlya. In the Antarctic, Foster and Carmack
(1976) showed the importance of the frontal zone that
divides shelf water from offshore water in the southern
Weddell Sea shelf. Bromwich and Kurz (1984) re-
ported on the presence of a polynya and gave estimates
of cooling between 500 and 800 W m™2 from katabatic
winds in western Terra Bay in the Ross Sea. Zwally et
al. (1985) also discuss the distribution and effects of
polynyas and leads in the Antarctic.

It is important to keep in mind the limitations of
the experimental results. Although the lid used to cover
the deep basin has a direct ocean counterpart where
sea ice covers the deep ocean but not the shelf, other
situations have no counterpart for the lid. Can the ex-
periments with the lid be applied to such a situation
in the ocean? Recall that the lid was required because
if it was absent, there would be immense offshore cur-
rents in the laboratory experiments. In the case of an
ocean without ice cover, cooling happens over both
deep ocean and shelf. Brocard et al. conducted exper-
iments with cooling over both places and found little
effect from the cooling over the deep region. The mixed
layer offshore simply became deeper than the shelf and
behaved like a fluid of constant temperature. There is
no reason for us to expect the ocean behaves otherwise.
In addition, section 1 shows how dynamics of deep
water formation is dominated by cross-shelf exchange
that produces temperature differences larger than those
associated with offshore stratification. Moreover, the
section shown in Fig. 2 shows that the offshore front—
where most temperature change happens—is present
without a lid just as it is with a lid (Fig. 5). Also, the
baffled and nonbaffled measurements had very little
difference. These considerations are all consistent with
the notion that, although the lids were a necessary
compromise to eliminate the large current in the deep
basin that resulted from the cylindrical geometry, they
had a minor influence on the quantitative data.

The direct application of the results to an oceanic
shelf cannot be done with any more precision than this
since the laboratory model omits numerous features
of real shelves such as transient and uneven cooling,
sloping and irregular bottom, wind stress, upstream
and downstream ends to the shelf, turbulence, ice cov-
erage in the shelf, surface waves, and offshore currents.
A strongly wind-driven laboratory experiment would
provide a useful comparison to the present results. Nu-
merical studies would also be useful. The present con-
siderations provide at best some approximate estimates
for magnitudes for the real ocean. It is hoped that these
quantitative results will stimulate further efforts toward
direct measurement of cross-shelf exchange in the
ocean.
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