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Ice-Edge Eddies in the Fram Strait Marginal Ice Zone

O. M. JOHANNESSEN, J. A. JOHANNESSEN, E. SVENDSEN,
R. A. SHUCHMAN, W. ]J. CAMPBELL, E. JOSBERGER

Five prominent ice-edge eddies in Fram Strait on the scale of 30 to 40 kilometers were
observed over deep water within 77°N to 79°N and 5°W to 3°E. The use of remote
sensing, a satellite-tracked buoy, and in situ oceanographic measurements showed the
presence of eddies with orbital speeds of 30 to 40 centimeters per second and lifetimes
of at least 20 days. Ice ablation measurements made within one of these ice-ocean
eddies indicated that melting, which proceeded at rates of 20 to 40 centimeters per day,
is an important process in determining the ice-edge position. These studies give new
insight on the formation, propagation, and dissipation of ice-edge eddies.

NE OBJECTIVE OF THE MARGINAL

Ice Zone Experiment (MIZEX-84)

program is to better understand
the physics of mesoscale eddies along an ice
edge and the role that eddies play in the
processes of mass and heat exchange and in
controlling the position of the ice edge.
Previous studies in the Fram Strait marginal
ice zone (MIZ) have established the exis-
tence of mesoscale eddies at the ice edge
with scales that range from 5 to 15 km north
of Svalbard (I) to 50 to 60 km in the
western parts of the Fram Strait (2). Baro-
tropic and baroclinic instability mechanisms
have been suggested as eddy-generating
mechanisms. Since the topography of the
central part of the Fram Strait is complex
(with depressions of 4000 to 5500 m and
seamounts up to 1400 m below the surface),
topographic generation and trapping of ed-
dies have also been suggested (3). A two-
dimensional model (4) proposed an eddy
generation mechanism that included differ-
ential wind-induced ice and ocean circula-
tion. This report describes a dedicated eddy
investigation during the summer of 1984
between 77°N and 79°N along the ice edge
of Fram Strait. The study used remote sens-
ing; conductivity, temperature, and depth
(CTD) observations; and ice-drifting satel-

lite-tracked buoys that were suspended with
current meters.

Remote-sensing observations were used
in a near real-time mode for locating eddies
and for guiding the research vessels into the
eddy region. For example, the high-resolu-
tion synthetic aperture radar (SAR) mosaic
on 5 July (Fig. 1) clearly shows detailed
surface structure of an elliptically shaped
eddy El on the scale of ~30 km. Since the
wind was light, the floe-size distribution of
50 to 500 m reflected the upper ocean
circulation. The orbital motion was cyclon-
ic, while the spiral motion of ice toward the
center indicated frictionally driven inward
radial motion. The ice concentration was
more than 80% at the center of the eddy (see
Fig. 1, A and B). This implied that there was
convergence, and that ageostrophic effects
are important and must be included in real-
istic models of these eddies. A second eddy
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Fig. 1. (A) L-band (1.2 GHz) mosaic collected on
5 July 1984 with the X-C-L-band SAR system of
the Environmental Research Institute of Michi-
gan/Canadian Center of Remote Sensing. In the
radar image bright zones represent ice and the
dark zones are ice-free water. The large eddy El is
clearly visible in the data at a resolution of 3 m by
3 m. (B) The interpretation of the SAR mosaic
reveals that large individual floes (a), polynyas
and ice-free ocean areas (b), 30% ice concentra-
tion areas with 10- to 500-m floes (c), 80% ice
concentration areas with 10-m to 1.5-km floes
(d), and 80% ice concentration areas with 10- to
6-km floes (e) are clearly delineated in the image.
The median floe size for the areas marked ¢, d, and
eis 125, 150, and 1000 m, respectively. The dots
in (¢) indicate increased local ice concentration
due to surface currents. Fig. 2. NOAA-7
AVHRR image obtained on 4 July 1984. The left
image is from the visible band, and the right

e is simultancously obtained from the infra-
red (IR) band. The resolution of both images is 1
km. Five eddies (numbered 1 through 5) are
clearly observed in the IR image and three eddies
can be distinguished in the visible band. In the IR
image yellow is the warmest temperature (4°C),
while red, light blue, and black (0°C) represent
decreasing temperatures. [Image processed by K.
Kloster, Christian Michelsens Institute, Bergen,
Norway.]

E2 was seen south of E1 and was centered at
78°05'N and 3°55'W. Slicks and bands of
ice were also identified that indicated inter-
nal wave activity. The area marked “Band of
‘dead’ water” off the ice edge was a distinct
meltwater zone.

The abundance of eddies in this region
(five overall) is shown in an image obtained
with an advanced very high resolution radi-
ometer (AVHRR) aboard the National
Oceanic and Atmospheric Administration
satellite NOAA-7 on 4 July (Fig. 2). Eddies
E1 through E4 strongly interacted with the
ice edge. Analyses of earlier AVHRR im-
ages showed that on 26 June E1 started to
form at approximately 79°15'N and 1°30'W
and was fully developed by 29 June at 79°N
and 2°15'W. This suggested an upper layer
spin-up time of the order of 3 days, during
which time the mean southward advection
of the eddy, deduced from these images, was
approximately 10 km/day. From 30 June to
1 July E1 moved slowly eastward. The spin-
up of E2, which was then 50 km southwest
of E1, occurred during 1 to 4 July.

After 4 July, cloudiness precluded the
continued use of the NOAA satellite for
monitoring the eddies. However, aircraft
microwave observations continued to pro-
vide high-resolution monitoring of the ed-
dies and demonstrated that radar observa-
tions were indispensable for the experiment.
Sequential radar images through 16 July
showed that E1 was nearly stationary. A
northerly wind (2 days’ duration, 15 m/sec)
erased the clear ice convergence signature
within the eddy but did not completely erase
the boundary signature, and demonstrated

SCIENCE, VOL. 236



Fig. 3. Vertical density lce

and were observed in an area of 3 X 10°

Ll ! L L : L L 1 L —

structure in the east-west di-
rection perpendicular to the
ice edge across eddy E1 near
the center of the eddy. The
units on the isopycnals are
in Apz.

e

200 -

Depth (m)

300

400 —

28.0

L e —
e 8 Ty, e e

e N
100 4 L
/\\/\ y //

km?. They transferred heat from the warm
Atlantic water to the ice and thus greatly
enhanced the rates of ice melting. Eddies in
the MIZ may play a more important role in
transfer processes than eddies do in the
temperate oceans. Both short- and long-
forecasting models for range the ice edge
position must include the effects of the
eddies. Because of the close spacing of these
eddies, our observations suggest that realis-
tic MIZ models must include eddy-eddy
interactions.

—

278 ——

Sy

2199 L

28.0
T

that imaging radar can observe ice-ocean
eddies even under high wind conditions.
The ice convergence structure at the center
reappeared when the wind decreased. The
remote-sensing data showed that E1 had a
lifetime of at least 20 days.

Extensive star pattern CTD sections of E1
obtained by the research vessels R.V. Hikon
Mosby and R.V. Kvithjorn during the period
10 to 14 July coupled with the remote-
sensing observations during the same period
give a nearly synoptic three-dimensional pic-
ture of the eddy. A section perpendicular to
the ice edge (Fig. 3) near the center of E1
showed the doming and surfacing of the
isopycnals, and indicated ¢yclonic motion
down to 500 m and confirmed the rotation
that was seen in the radar image. A CTD
section in the north to south direction was
obtained by R.V. Polarstern on 16 July and
extended approximately 2500 m through to
the bottom of E1. This section showed that
El was actually present at depths of 800 to
1000 m. Measurements of current velocity
within E1 (obtained by a satellite-tracked
Argos buoy equipped with current meters)
measured cyclonic orbital speeds of 30 to 40
cm/sec. The subsurface structures of E4 and
ES5 were also confirmed by CTD observa-
tions.

We could estimate the thermodynamic
importance of eddies in determining the ice-
edge position from the AVHRR image
(Fig. 2). The cyclonic motion of each eddy
not only swept ice away from the main ice
pack but also transported warm Atlantic
water (3° to 4°C) bencath the ice. Melt rates
from the bottom of the ice tongue of E1
varied from 20 to 40 cm/day in contrast
with rates of 2 to 3 cm/day when the ice was
in the colder Arctic water. To estimate eddy
thermodynamics, we assumed that half of
the eddy was covered by ice and that the ice
was 1.5 m thick; under such conditions the
observed melt rates could easily account for
the loss of approximately 350 km? of sea ice
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Remote Sensing of the Fram Strait Marginal Ice Zone

R. A. SHUCHMAN, B. A. BUrNS, O. M. JOHANNESSEN,
E. G. JOSBERGER, W. J. CAMPBELL, T. O. MANLEY, N. LANNELONGUE

Sequential remote sensing images of the Fram Strait marginal ice zone played a key
role in elucidating the complex interactions of the atmosphere, ocean, and sea ice.
Analysis of a subset of these images covering a 1-week period provided quantitative
data on the mesoscale ice morphology, including ice edge positions, ice concentrations,
floe size distribution, and ice kinematics. The analysis showed that, under light to
moderate wind conditions, the morphology of the marginal ice zone reflects the
underlying ocean circulation. High-resolution radar observations showed the location
and size of ocean eddies near the ice edge. Ice kinematics from sequential radar images
revealed an ocean eddy beneath the interior pack ice that was verified by in situ
oceanographic measurements.

CENTRAL PROBLEM IN STUDIES OF resolution aircraft synthetic aperture radar

the Fram Strait marginal ice zone

(MIZ) is the definition of those
mesoscale oceanic and atmospheric process-
es that determine the location of the ice
edge, ice morphology, and ice deformation
within the zone as well as the quantification
of the major energy and momentum ex-
changes taking place there (I). Because mar-
ginal ice zones are located in regions that are
either dark or cloudy for most of the year,
microwave aircraft and satellite observations
are the best means of obtaining high-resolu-
tion synoptic surface information. We pre-
sent here an analysis of sequential high-

(SAR) images from a region in the Fram
Strait north of 79°N.

Figure 1 shows an SAR image obtained
on 6 July 1984. This image, collected during
total cloud cover from an altitude of 6.7 km,
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