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Upwelling: Oceanic Structure at the 

Edge of the Arctic Ice Pack in Winter 

Abstract. Observations taken on an expedition into the Arctic Ocean north of 
Spitsbergen indicated the existence of a region of wind-driven upwelling along the 
edge of the ice pack. Models underestimate the 12-kilometer width of the upwelling 
region. 

In December 1977 aboard the ice- 
breaker M.S. Polarsirkel, we carried out 
an experiment at the edge of the polar ice 
pack north of Spitsbergen. The aims of 
the experiment were to study the upper 
layers of the water column near the ice 
edge in winter and to search for evidence 
of wind-generated upwelling along the 
ice edge. This type of upwelling is similar 
to the well-understood and observed 
phenomenon of coastal upwelling (1). It 
has been discussed theoretically only re- 
cently (2), and no direct observations 
have been reported, as far as we know. 

We chose the region north of Spitsber- 
gen (Fig. la) because it promised a rela- 
tively long, straight, and distinct bound- 
ary between a large area of open water 
and the ice pack. The existence of this 
ice edge was verified prior to our cruise 
both by infrared imagery from the 
NOAA-5 (National Oceanic and Atmo- 
spheric Administration) satellite and by 
observations from the Polarsirkel (3). 
Earlier studies in this region in summer 
(4) have shown that the water column 
consists, in general, of a layer of cold 
Arctic water extending to a depth of be- 
tween 100 and 150 m overlying warmer 
and more saline Atlantic water. 

During the cruise several hydro- 
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graphic sections were made through and 
perpendicular to the ice edge at about 
81?N. Each section consisted of between 
12 and 20 CTD (5) stations separated by 
1 to 5 km. The station positions of one of 
these sections are shown in Fig. lb. The 
stations were taken as close as possible 
to the line 13?E, but in the pack ice the 
ship had to follow the most easily pene- 
trable route and therefore stations 128 to 
131 deviate from this straight line. 

The predominant feature of this sec- 
tion, shown in Fig. 2, is the nearly ho- 
mogeneous region south of the ice edge 
between the surface and a depth of about 
140 m. This water is warmer and more 
saline than the water on either side and is 
bounded on both sides by fronts, one 
coincident with the ice edge and one 
about 12 km away from it in open water. 
The density anomaly (or-) section (6) 
(Fig. 2c) shows that this water mass is 
also more dense than the adjacent wa- 
ters. A comparison of Fig. 2, a to c, 
shows that the temperature, salinity, and 
density fronts coincide. Away from this 
feature, the structure of the water col- 
umn was as expected. 

We believe that this feature is the re- 
sult of upwelling. Figure 2c shows that 
the homogeneous region has a density of 
about 27.86 o-0 units. Water of the same 
density is found only near a depth of 150 
m in the two most undisturbed stations, 
stations 119 and 131. The salinity distri- 
bution (Fig. 2b) is consistent with the 
density distribution, but the temperature 
of the homogeneous region is about 
0.2C? cooler than at a depth of 150 m on 
either side. Since the air temperature 
was -25?C, the water was subject to in- 
tense surface cooling which probably 
caused convection and decreased its 
temperature slightly. The measured heat 
flux from the water surface was suf- 

ficient to have caised this amoult of 
cooling in a fL / days (7). Thus it is prob- 
able that this structure was formed by 
the upwelling of Atlantic water from a 
depth of about 150 m, displacini, the Arc- 
tic water above it. 

The theoretical studies (2) have shown 
that wind blowing in the appropriate di 
rection parallel to a relatively straight 
and t imoving boundary between ice- 
covered and ice-free regions should 
cause upwelling in the vicinity of the 
boundary. The presence of the ice edge 
causes an abrupt change in the effect of 
the wind on the surface of the water. 
This change causes a divergence in the 
wind-driven flow field of the surface 
layer, which in turn causes upwelling. 
Although we were wt rking in a region 
with pack ice, not fast sea ice as sup- 
posed by the theories, the transition 
zone between the ice-covered and ice- 
free regions was usually less than ap- 
proximately 100 m. This distance is 
much smaller than the baroclinic radius 
of deformation (8); thus the zone meets 
the theoretical requirements for an "ice 
edge." 

In order that there be upwelling of wa- 
ter from about 150 m to the surface, the 
theory requires that strong winds blow 
for at least 2 days. Measurements from 
the ship showed winds from the correct 
direction only for the day preceding the 
section. These winds were too weak and 
of too short a duration to have caused 
the observed upwelling. However, 
weather maps show that an intense low- 
pressure region passed north of Spitsber- 
gen in the 3-day period just prior to our 
cruise. There are no actual wind mea- 
surements from the ice edge region in 
that time period, but this low-pressure 
cell certainly could have produced the 
winds necessary to force an upwelling 
event, the results of which we )bserved. 

The present theories of ice edge up- 
welling are analytical and as such require 
many assumptions which limit their ap- 
plicability. Our observations show a situ- 
ation that the theories do not adequately 
describe. The si 'ttified model predicts 
the baroclinic ra . is to be the horizontal 
scale of the upwelling. Based on a two- 
layer approximation of our density pro- 
file data, this radius is about 3 km, simi- 
lar to that of the frontal zones on either 
side of the homogeneous region but 
greatly underestimating the 12-km width 
of the upwelling feature. However, our 
observations showed that the ice edge 
was not stationary as the theories as- 
sumed but moved a number of baroclinic 
radii in a period of a few days. Such 
movement could serve to distort the up- 
welled region. Examination of the den- 
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Fig. 1. (a) The location of the polar ice pack relative to Spitsbergen (called Svalbard in 
gian) as drawn from a NOAA-5 satellite image taken in late November 1977. The sha( 
represents the area covered by more than 6/8 pack ice. The small rectangle at about 81' 
is the area discussed in this report. (b) An enlargement of the small rectangular arn 
showing the locations of stations 119 to 131, used to create the sections shown in Fig 
shaded area is ice-covered. 
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13?30'E sity profiles in the middle of the homoge- 
neous region shows much fine structure 
and regions of negative density gradient, 
an indication that the region is under- 
going active convection. This mecha- 

- nism may serve to completely mix a re- 
129.| gion whose stability has already been 

I 1i:2 weakened by the upwelling process and 
2o hence cause an apparent broadening of 

the upwelled region. 
During the day after the completion of 

this section, we measured the surface 
water velocity with surface drogues. 
They showed a mean current directed 
southwest, away from the ice edge. This 
direction of water movement could in- 
dicate the surface divergence necessary 
for upwelling at the ice edge. 

There is a strong enough resemblance 
between our observations and the theo- 
ries to suggest that the mesoscale struc- 
ture in the vicinity of the ice edge was at 
least initiated by the mechanism of ice 
edge upwelling. We report elsewhere a 
more complete analysis of the phenome- 
non (9). 

Norwe- Ice edges in the world's oceans extend 
ded area for many thousands of kilometers. Thus, 'N, 13?E 
ea in (a) if the theories and our interpretation of 
. 2. The the observations are essentially correct, 
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Fig. 2. Sections of properties drawn from CTD casts made at the sta- 
tion locations shown in Fig. lb. Positions have been projected into the 
line 13?E. (a) Temperature (in degrees Celsius). (b) Salinity (per mil). 
(c) Density in units of cr0. All these measurements were made in a 12- 
hour period on 3 December 1977. 
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this hitherto unreported phenomenon 
may be quite widespread. In a manner 
similar to other forms of upwelling, this 
mechanism should be a means of creat- 

ing oceanic fronts and for bringing nutri- 
ents to the surface waters where they 
will enhance biological productivity in 
these ice edge regions when the sunlight 
conditions allow. In raising the deeper, 
more saline waters to the surface where 

they will be cooled and made denser, ice 

edge upwelling is a mechanism for deep 
and possibly even bottom water forma- 
tion. This process could be important for 

removing heat from the ocean's depths 
and hence may be important in determin- 

ing the world's climate. 
J. R. BUCKLEY,* T. GAMMELSR0D 

J. A. JOHANNESSEN 

O. M. JOHANNESSEN, L. P. ROED 

Geophysical Institute, University of 
Bergen, Bergen, Norway 
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Thermoclines: A Solar Thermal Energy Resource for 

Enhanced Hydroelectric Power Production 

Abstract. The solar thermal energy stored in hydroelectric reservoir thermoclines 
is very large and greatly exceeds the gravitational hydroenergy of the surface water, 
even after limitations arising from the second law of thermodynamics have been 
taken into account. Greatly enhanced power production can be obtained at present 
hydroelectric facilities if heat engines are adapted to exploit this large thermal ener- 
gy resource. 
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hydroelectric facilities if heat engines are adapted to exploit this large thermal ener- 
gy resource. 

We suggest here a technique for in- 
creasing the power output of convention- 
al hydroelectric plants. The freshwater 
thermoclines behind normal hydro- 
electric plants contain thermal energy 
greatly in excess of the gravitational hy- 
droenergy. Even after one takes into ac- 
count the Carnot efficiency and the re- 
duction below Carnot efficiency for real 
heat engines, the convertible energy ex- 
pressed in equivalent "head" can ex- 
ceed the average dam height in the 
United States by a factor greater than 4. 
The presence of power-conditioning 
equipment and power transmission lines 
makes present hydroelectric facilities 
ideal locations for heat engines that oper- 
ate on the large freshwater thermocline 
energy source. Furthermore, there 
should be no negative environmental fac- 
tors associated with power production 
by the application of heat engines to hy- 
droelectric dam thermoclines. Thermo- 
cline data taken from three western res- 
ervoirs (Lake Mead, Lake Shasta, and 
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Vast quantities of absorbed solar ener- 
gy are stored in the form of freshwater 
thermoclines behind hydroelectric dams. 
The mechanical equivalent of the ther- 
mal energy stored in water at a temper- 
ature difference AT can be expressed 
conveniently in terms of head if one sets 
the gravitational potential energy of the 
head, h, equal to the thermal energy 
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or 778 feet per degree Fahrenheit. This 
value is very impressive when compared 
to the average head deliverable by a dam 
in the United States, which is only -40 
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Fig. 1 (left). Equivalent head of converted 
thermocline thermal energy plotted as a func- 
tion of the temperature difference between so- 
lar-warmed surface water and cooler deep wa- 
ter. The parameterf is the fraction of the max- 
imum theoretical heat conversion efficiency 
(Carnot) at which a heat engine is to oper- 
ate. Fig. 2 (right). Seasonal variations in 
the thermocline temperature difference in 
three western reservoirs: A, Lake Mead; x, 
Lake Shasta; and 0, Clair Engle Lake. 
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