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13.1 INTRODUCTION

Following the International Geophysical Year (1957
through 1958), a series of large field experiments was
performed, culminating in the Arctic Ice Dynamics Joint
Experiment, AIDJEX (1972 through 1976). These experi-
ments considerably aided our understanding of the growth,
motion, and decay of seaicein the interior of the Arctic Ocean
[Untersteiner,1986; Pritchard,1980; Campbell et al.,1978;
Gloersen et al., 1978]. With these experiments concluded
and coupled nonlinear sea ice dynamic—-thermodynamic
modelsin hand [Hibler,1979; Coon,1980], attention shifted
to the problem of understanding the processes that occur

4 near the open ocean boundaries of polar sea ice covers. The
seasonal ice zone (SIZ) is the crucial region in which the
polar atmosphere, sea ice covers, and oceans interact with

j the bordering atmosphere and oceans. The air—ice—ocean
processes and exchanges that take place there determine
the advance and retreat of the sea ice and profoundly
influence the global climate. These processes also exert a
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significant effect on marine productivity, commercial fish-
eries, petroleum exploration and production, and naval
operations [Johannessen et al., 1984a; Wadhams, 1986;
Sandven and Johannessen, 1990].

Remote sensing is an essential tool in the study of the
SIZ. Some examples of different remote sensing data used
in the study of SIZ processes are shown in Figure 13-1.
Figure 13-1(a) shows the total ice concentration of the
Northern Hemisphere for February 1989, as observed by
the Special Sensor Microwave Imager (SSM/I). These
observations provide daily information onice edge position
and concentration of first-year and multiyear ice with a
resolution of 30 km. They show many regional features
that repeatedly occur in the SIZ: For example, an histori-
cally important feature, the Odden (a region of rapid ice
growth and advance that generally occurs every winter),
can be seen projecting northeastward into the central
Greenland Sea. The long time series of similar images
acquired from the Nimbus 5 Electrically Scanning Micro-
wave Radiometer (ESMR) from 1973 t01976 [Zwally et al.,
1983; Parkinson et al., 1987], the Nimbus 7 Scanning
Multichannel Microwave Radiometer (SMMR) from 1978to
1987, and the SSM/I from 1987 to the present provides a




Fig.13-1. (a) SSM/I image of ice concentration in the Northern Hemisphere on February 18,1989. Yellow indicates concentration above
90% and dark blue is open water. The arrow shows the location of the ice tongue Odden. (b) Airborne SAR image from the Greenland
Sea obtained on March 28 and 29, 1987, showing a (1) vortex-pair, (2) anticyclonic ice-ocean eddy, (3) family of eddies over the Molloy
Deep, and (4) newly formed ice. (c) Airborne SAR image from February 23,1989, of the ice off the east coast of Svalbard, showing (1) land-
fast ice, (2) shear zones, (3) polynyas, and (4) ridges. (d) SAR image of the Barents Sea ice cover showing the curved tracks of grounded
icebergs. The image was obtained on March 23, 1988. (e) NOAA AVHRR image of ice edge eddies (1 through 5) in the Greenland Sea
on July 4, 1984.
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unique 16-year record that is extremely important for SIZ
and global change studies[Gloersen and Campbell 1991 a, b;
Gloersen et al., 1992].

Of all the passive and active microwave sensors, syn-
thetic aperture radars (SAR’s) provide the highest resolu-
tion ice information. Sequential SAR images, with a reso-
lution as fine as 5 m, provide quantitative information
about the growth, motion, and decay of ice edge eddies and
other mesoscale features [Johannessen et al., 1983a, 1987;
Shuchman et al.,1987; Campbell et al., 1987; Johannessen,
1987]in addition to ice concentration, type, and kinematics
[Burns et al., 1987]. The SAR image from the Greenland
Sea acquired during MIZEX’87 on March 28 and 29, Figure
13-1(b), reveals how extremely complex the morphology of
the marginal ice zone can be and how powerful a tool SAR
can be for the study of ice edge structure. On the day this
image was acquired, the surface wind speed waslow and the
air was cold (-10°C); therefore, the ice mirrored the me-
soscale ocean circulation and freezing processes. In this
image, bright signatures derive from various types of ice,
while the dark signatures are from ice-free water. In the
western central Greenland Sea, Figure 13-1(b) shows a
narrow jet shooting out from the ice edge and ending in a
vortex-pair with a scale of 10 to 20 km [MIZEX Group,
1989]. Slightly south of this vortex-pairis a clearly defined
anticyclonicice-ocean eddy with a diameter of about 30 km.
In the northern Greenland Sea in this image, a family of
eddies are centered over the 5500-m depression known as
the Molloy Deep, shown in the location map, Figure 13-2
[MIZEX Group, 1986]. In the southernmost Greenland Sea
in this image, newly formed ice is present at the northern
edge of a large tongue of ice projecting eastward from the
main ice edge approximately at the Greenland Fracture
Zone.

The SAR image from the Barents Sea, Figure 13-1(c),
acquired during the Seasonal Ice Zone Experiment, SIZEX'89
[SIZEX Group, 1989], shows characteristic ice features
along the east coast of Svalbard, such as land-fastice, shear
zones, and polynyas. In the shear zone between the land-
fast and drifting ice, the ice pack converges and forms large
ridges in a belt along the coast. Adjacent to the shear zone,
the transition from very large floes to small to medium floes
is clearly seen.

SAR images can also be used to detect icebergs and
evaluate their effects on the surrounding sea ice pack. For
example, a SAR image, Figure 13-1(d), of the Barents Sea
shows the interaction between grounded icebergs and the
ice pack driven by the strong tidal current and mean ice
advection [Johannessen et al., 1991b]. This interaction can
be seen as tracks cut into the ice cover by icebergs. This is
an important mechanism for fracturing large ice floes.
Tracks are also generated by drifting icebergs due to the
differential motion between the ice pack and the icebergs.
The combined effects of this mechanism and the wave
penetration causes the small size of ice floes in the western
Barents Sea. The tracks left in the ice pack makes the
detection of the icebergs easy.
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On cloud-free days, infrared and visible-channel data
from the Advanced Very High Resolution Radiometer
(AVHRR) onboard the National Oceanic and Atmospheric
Administration INOAA) satellites provideimages with1-km
resolution showing sea surface temperature and ice distri-
bution. These images have revealed ice edge eddies, jets,
and vortex-pairs along the ice edge of the Greenland Sea,
Figure 13-1(e) [Johannessen et al., 1987]. The abundance
of eddies (five overall) in this region show that eddies 1
through 4 strongly interact with the ice cover, while eddy 5
is seen to be an ocean eddy in the infrared image. However,
the frequent occurrence of clouds in the SIZ makes it
difficult to obtain a time series of images that can be used
to study the dynamics of the ice edge region.

The images in Figure 13-1 are examples of an extensive
data set collected in the Greenland and Barents Seas since
1978. In this chapter, we will review the main results
accomplished during a decade of experiments that empha-
sized the use of microwave remote sensing techniques. In
Section 13.2, the campaigns are summarized and the most
important physical processes in the SIZ are presented.
Recent modeling results of SIZ processes are summarized
inSection13.3. Anexample ofregional ice forecasting using
microwave observations is presented in Section13.4, and in
Section 13.5 the role of the SIZ in the climate system is
discussed.

13.2 CAMPAIGNS

From 1979 to 1989, five major international field experi-
ments were carried out in the Greenland Sea, Fram Strait,
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Fig. 13-2. Map showing the location of the major field experiments
from1979t01989: (1) NORSEX’79, (2)MIZEX'83, (3) MIZEX'84, (4)
MIZEX'87, and (5) SIZEX’89. The arrows show the main currents
and ice motion. The dashed lines indicate the mean ice edge
location in the Greenland Sea during the summer experiments,
and south of Svalbard during the winter experiments.
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and Barents Sea: the Norwegian Remote Sensing Experi-
ment, NORSEX’79 [Johannessen et al.,1983a]; the Marginal
Ice Zone Experiments, MIZEX’83, MIZEX’84, and MIZEX'87
[Johannessen et al., 1983b; Johannessen, 1987]; and the
Seasonal Ice Zone Experiment, SIZEX’89 [Johannessen et
al., 1991a]. The locations of the experiments are shown in

Figure 13-2, and a summary of the experiments’ objectives
and available sensors is presented in Table 13-1. A brief
review of the oceanography of thisregion has been published
by Johannessen [1986al].

The overall objectives of the experiments have been to
improve our understanding of the air—ice—ocean processes

o

TABLE 13-1. Experiment objectives and available sensors.

Campaign Objectives Remote Sensing Observations
NORSEX'79 1) The first study of mesoscale processes Satellite: Nimbus-7 SMMR (every two days)
in the MIZ by combined remote sensing
September—October 1979 and in-situ observations. i
2) Development of a passive microwave Aircraft: CV-990: L-band SAR (two flights)
algorithm for ice concentration, ice types, C-130: passive radiometer and
and ice edge location. scatterometer
Ship: Radiometer
MIZEX’83 1) Pilot study of mesoscale physical and Satellite: Nimbus-7 SMMR (every two days)
biological processes in the summer
June—August 1983 MIZ in the Fram Strait region. Aircraft: CV-990: passive microwave
2) Validation of active and passive microwave imager and radiometer
observation of ice and ocean processes NRL-P3: passive microwave imager
in the summer MIZ. CCRS/ERIM CV-580: SAR
Ship: Radiometer and scatterometer
MIZEX'84 Extensive use of remote sensing techniques Satellite: Nimbus-7 SMMR (every two days)
combined with in-situ measurements to study:
June-August 1984 1) Ocean and ice circulation in the Aircraft: CV-990: passive microwave and
Greenland Sea during summer. imager radiometer
2) Mesoscale ice edge eddies. NRL-P3: passive microwave imager
3) Characteristics of summer ice. and radiometers
4) Boundary layer meteorology. CCRS/ERIM CV-580: SAR
5) Biological activity. CNES B-17: SLAR
Ship: Radiometers and scatterometers
MIZEX’87 1) Demonstrate the importance of daily Satellite: Nimbus-7 SMMR (every two days)
SAR imagery in the study of ice—ocean
March—April 1987 eddies, ice motion, and other MIZ Aircraft: Intera X-band SAR (24 flights,
processes. three in the Barents Sea)
2) Study ice distribution, physical ice NRL-P3: passive microwave imager
properties, water masses, deep water
formation, boundary layer meteorology, Ship: Radiometers and scatterometers
biological activity, and ocean acoustics
in the Greenland Sea in winter.
3) Carry out the first SAR study of the ¢
sea ice in the Barents Sea.
SIZEX’89 Part 1 1) Pre-ERS-1 validation of SAR ice Satellite: DMSP SSM/I (daily) .
parameters: ice concentration, "
(The Barents Sea ice kinematics, and ice types. Aircraft: CCRS CV-580: SAR X- and C-bands
February 1989) 2) Demonstrate use of remote sensing ERIM/NADC P-3: SARX-, C-,
data in ice forecasting. and L-bands
SIZEX’89 Part 2 3) Process studies: eddies, jets, vortex pairs,
fronts, chimneys, deep water formation,  Ship: Radiometers and scatterometers

(The Greenland
Sea March 1989)

and their influence on the ambient noise.




in the SIZ and to develop and validate remote sensing
techniques. During this decade, there has also been a
development from basic research towards application and
operational use of remote sensing techniques in sea ice
monitoring and forecasting in the seasonal ice zone. One of
the aims of this chapter is to present this development.
The concept and the strategy of all these experiments

. were to collect data from a three-level observational sys-
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tem—satellites, aircraft, and in-situ observations. During
these experiments, data were collected from ice-strengthened
vessels with helicopters, from operating inside the ice pack,
from oceanographic research vessels operating in the open
ocean adjacent to the ice edge, from drifting buoys tracked
by the Argos system and bottom-moored buoys, and from
aircraft and satellites. Instruments on these varied plat-
forms acquired a diverse suite of ice, ocean, and atmo-
spheric data.

13.2.1 NORSEX’79

The first remote sensing experiment in this series took
place north and west of Svalbard in September and October
1979. Active and passive microwave instruments were
used to study the location and structure of the ice edge,
distribution of ice types, ice concentration, eddies, and
ice edge upwelling in the seasonalice zoneregion[NORSEX
Group, 1983]. SAR imagery of the area was obtained for the
first time using the NASA CV-990 L-band SAR with 25-m
resolution. Two flights were performed: one on Septem-
ber 19 during easterly winds of 10 to 15 m/s parallel to the
ice edge, and the next on October 1 when calm conditions
had prevailed for the two preceding days (Figure 13-3).

On September 19, the SAR image showed a straight ice
edge with several trailing ice plumes indicating the pres-
ence of a jet along the ice edge [Johannessen et al., 1983al].
Buoys drifting in the jet indicated a speed of up to 0.30 m/
salongtheiceedge. Sections of conductivity and temperature
versus depth (CTD) obtained from the ship indicated up-
welling outside the ice edge. During the calm wind situa-
tion of October 1, the SAR image showed the ice had a
wavelike edge with approximate length scale of 20 to 40 km
and several eddies with horizontal dimensions of 5to 15 km.
Johannessen et al. [1983a] showed that during these wind
conditions the SAR image mirrored the ocean circulation.

Another aim of the experiment was to use the integrated
data sets to develop and test an algorithm for estimating
total and multiyear ice concentration from passive micro-
wave measurements [NORSEX Group, 1983]. This set of
emissivity observations from various ice types and water
was used in the development of an algorithm [Svendsen et
al., 1983] designed for use in the Greenland-Barents Seas
SIZ. Comparison of simultaneous Nimbus 7 SMMR and
aircraft data indicated that the total ice concentration in
the experimental area could be estimated with an accuracy
of £3%, and multiyear ice concentration with £10%. The
geographical positioning of the ice concentration estimates,
including the ice edge location, are accurate to+£10km. The
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Fig.13-3. Two airborne SAR mosaics obtained during NORSEX’79.
The upper image is from October 1,1979, when calm conditions had
prevailed for the two preceding days. The lower image is from
September 19, 1979, when easterly winds of 10 to 15 m/s blew
parallel to the ice edge.

ice in this region varied from newly frozen, thin pancakes to
snow-covered multiyear floes. During the experiment the
snow cover remained dry, making the microwave signature
of first- and multiyear ice clear [NORSEX Group, 1983].

13.2.2 MIZEX83 and 84

NORSEX led to the creation of a more comprehensive
and international program MIZEX, which consisted of a
series of summer [MIZEX Group, 1989] and winter experi-
ments [Johannessen, 1986b]. While NORSEX’79 focused
on remote sensing and selected ice-ocean processes, the
objective of MIZEX was a much broader attempt toimprove
our understanding of mesoscale air-ice—ocean interactive
processes and the role they play in the climate system. In
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addition to coordinated sea ice, oceanographic, meteorologi-
cal, and remote sensing programs as carried outin NORSEX,
MIZEX included acoustical and biological studies [MIZEX
Group, 1986]. A comprehensive discussion of all aspects of
these experiments is given in the thematic Marginal Ice
Zone issues of the Journal of Geophysical Research [92(C7),
1987, and 96(C3), 1991], and in Polar Oceanography by
Muench [1990].

The remote sensing program obtained sequential synop-
ticimages of the ice morphology and evolution of theice edge
region utilizing a variety of remote sensing aircraft and
satellites. Of great importance in the execution of MIZEX
was the ability to acquire real-time SMMR data from
Nimbus 7, AVHRR data from the NOAA satellites, and
airborne SAR data of the experiment areas. These observa-
tions were used to position the ships for mesoscale mapping.
Remote sensing was also a key element in the oceanographic
program that focused on obtaining a synoptic history of
ocean currents and structure and to assessthe role of fronts,
eddies, and large-scale currents in the movement and decay
of the marginal ice zone (MIZ). These field experiments
were carried out in the Fram Strait—Greenland Sea region
and the Bering Sea, however, emphasis was placed on the
Fram Strait region because of its primary importance for
the exchange of water, heat, and other quantities between
the Arctic Ocean and the world’s ocean.

The first MIZEX in the Fram Strait, which was a pilot for
the main experimentin the summer 0f1984, was carried out
during a two-month period in the summer of 1983. This
pilot experiment consisted of three major parts. The first
was a study of the ice deformation of the interior of the MIZ
[Leppdranta and Hibler,1987]and internal waves[Sandven
and Johannessen, 1987]. The second was a detailed study
of the system of topographically controlled eddies in the
Molloy Deep area[Johannessenetal.,1984b; MIZEX Group,
1986]. In the Fram Strait (Figure 13-4), warm water is
carried northwards along the coast of Svalbard while seaice
and cold water are transported southwards in the western
part of the Strait. In this dynamicregion, eddies frequently
occur and several were observed in the open ocean and along
the ice edge (Figure 13-4). Over the Molloy Deep depres-
sion, asystem of eddies were present. Deep CTD observations
showed that these eddy signatures extended all the way to
the bottom and thus were generated by the topography in
the region. The third part of the experiment was anice edge
dynamics study south of the Molloy Deep based on tran-
sponder data transmitted from drifting ice buoys to the
ship.

MIZEX’84 was the largest research program ever con-
ducted in a marginal ice zone [Johannessen, 1987]. A
multidisciplinary team of more than 200 scientists from
11 countries participated in the two-month experiment,
which utilized seven ships, four helicopters, eight aircraft,
and four satellite systems. A new experimental design,
employed in MIZEX’84, utilized near-real-time remote
sensing data acquired by aircraft and satellites to direct the
ships to interesting ice-ocean features in which to deploy

drifting Argos buoys, some with current meters below, and
to obtain oceanographic and in-situ microwave observa-
tions. Figure13-5(a) shows the aircraft SAR mosaicacquired
onJuly 5,1984. This image was used to direct ships to the
eddy for in-situ observations and CTD profiles that were
used to construct the three-dimensional eddy structure
shown in Figure 13-5(c). An oblique aerial photograph,
Figure13-5(d), acquired at the same time as the SAR image,
shows the surface manifestation of this eddy. Subsequent
interpretation of the SAR image, Figure 13-5(b), shows the
eddy along with other ice edge and ocean features.

The results from the MIZEX’s [Campbell et al., 1987;
Johannessen et al., 1987; Johannessen, J. A., et al., 1987]
show that a number of eddies of 20 to 40 km dominate the
mesoscale circulation in the Fram Strait. The rotational
direction is mainly cyclonic and the maximum orbital speed
is up to 0.40 m/s. Life times of these eddies have been
observed to exceed 20 to 30 days. Some of the eddies
remained stationary due to topographical trapping, while
others propagated 10 to 15 km per day driven by the mean
current. When these eddies propagate along the ice edge,
ice is transported out into open water and warm water is
advected into the ice pack, as accomplished by eddy 1 in
Figure 13-1(e). Thus, the melting of the ice is enhanced and
the ice edge can retreat 1 to 2 km per day due to the action
of the eddies [Johannessen, J. A, et al., 1987].

While the aircraft SAR observations of the experimental
areaprovided detailed information on the ice morphology at
the mesoscale 30 to 100 km, the Nimbus 7 SMMR observa-
tions provided sequential information of the ice edge and ice
concentration variations on a regional scale. A comparison
of the aircraft active and passive microwave and visual
observations with the SMMR ice concentration distribu-
tions indicates that for the summer MIZ the 30% isopleth
correlates best with the actual ice edge position under
diffuse conditions, while the 50% isopleth correlates best
with a compactice edge [Campbell et al.,1987]. Using these
results, a composite of the derived SMMR ice edges for the
experimental period (Figure 13-6) showed that the envelope
ofthe edge variations is quite narrow, on the order of 50 km.
This envelope correlates well with the shelf break south of
79° N, implying a strong regional topographical steering.
Northeast of 79° N, the ice edge location is primarily
determined by the inflow of warm Atlantic water
[Johannessen et al., 1983a].

These results from the summer MIZEX’83 and ’84 show
the ability of active and passive microwave techniques to
observeice-ocean eddies and ice morphology during melting
conditions. Physical processes are significantly different
during the freezing season and one must understand both
seasons to model the interannual variability of the MIZ.
Complementary winter programs therefore took place in
the Greenland and Barents Seas during March and April
1987 (MIZEX’87) and in February and March 1989
(SIZEX’89). SIZEX’89 was also an approved European
Space Agency (ESA) prelaunch experiment for ERS-1
[Johannessen, 1986b].
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Fig. 13-4. NOAA AVHRR infrared image obtained in the Fram Strait during MIZEX’83. Yellow and red indicate warm water at 5° to
6°C, while blue represents a mixture of cold water and ice. The white lines show the bottom contours (for example, 1 indicates 1000 m).

13.2.3 MIZEX87

The winter MIZEX’87 investigations were based on the
need to understand the atmosphere—ice—ocean processes
responsible for the advance of the winter ice edge and to
validate the microwave remote sensing accuracies under
conditions different from those in the summer.

MIZEX’87 was the first field experiment wherein daily
regional SAR images were downlinked to the ship in real-
time, which was essential to the execution of the experi-
ment and efficient ship navigation in the ice. During the
experiment, a total of 24 SAR flights were completed, 13 of
which were on consecutive days in the Greenland Sea and
three in the Barents Sea [MIZEX Group, 1989]. The
previous experiments had shown the importance of having
SAR coverage of the same area every day in order tomap the

rapid changes of the ice edge characteristics [Campbell et
al., 19871.

In Figure 13-7, a unique sequence of 12 images from
March 28 to April 8 is shown for the first time. The salient
feature of this sequence is the extreme structural variabil-
ity of the ice edge at the daily time scale. The cause for this
is the evolution of eddies, jets, and vortex-pairs that are
modified by wind and surface wave variations.

What follows is a description of each mosaic of the
location and evolution of key ocean and ice events. On
March 28, slightly north of the center of the mosaic, an ice
tongue extended eastwards from the ice edge opposing a
northeasterly wind of 6 m/s. South of this tongue, an
anticyclonic eddy was indicated. Twelve hours later, when
the wind had decreased to 3 m/s from the north, this
anticyclonic eddy was clearly shown with a diameter of
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Fig. 13-5. (a) Aircraft SAR image acquired on July 5, 1984, of a cyclonic ice edge eddy in the Greenland Sea. (b) Interpretat';;aiaéale1 of the
whole SAR mosaic. (c) Three-dimensional structure of the eddy obtained from CTD sections. (d) Oblique aerial photograph of the eddy.
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Fig.13-6. Envelope ofice edge positions observed by SMMR during
the summer experiment MIZEZ’84, ice edge variations are typi-
cally within a 60-km range (hatched area) and during the winter
experiment MIZEX’87 (dotted area).

approximately 40 km. At this time the tongue to the north
ofthe anticyclonic eddy had evolved into a jet with a vortex-
pair less than 20 km. In the northern part of this image, the
system of eddies over the Molloy Deepis clearly seen, as well
as new ice freezing in the southern part of the image. This
image serves as an excellent example of how the ice floes
mirror the complex mesoscale ocean circulation under mod-
erate tolight wind conditions. Such phenomena can only be
observed by sequential SAR images.

During the next several days from March 30 to April 2,
the wind varied from 6 to 8 m/s between the north and the
northeast. In these images, the ice edge was meandering
and was compact due to the on-ice wind forcing and surface
wave radiation pressure. In spite of the on-ice wind forcing
on March 31, a new tongue evolved below the center of the
image and projected eastwards. During the next two days,
this tongue evolved and was advected to the south. Note
that at the extreme end of this tongue a small vortex-pair
was observed on March 31 and April 1. On April 2, in the
center of the mosaic, a cyclonic eddy was present, extending
into the ice pack. In the southern part, a new jet with the
indication of a vortex-pair was present. During the next
four days the wind decreased to 4 m/s, and this caused the
ice pack to relax and once again mirror the mesoscale ocean
circulation. The vortex-pair that was present in the south-
ern part on April 2 evolved into a large anticyclonic eddy
with a diameter of approximately 60 km, which persisted
until April 6.

During this experiment, the smaller eddies and vortex-
pairs clearly seen in the SAR mosaics were also documented
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by CTD observations, which were composed of polar surface
water plumes extending from the ice edge. On April 5, a
smaller tongue of ice projected southwestwards from the
center of the 60-km anticyclonic eddy to form a new vortex-
pair, which was clearly seen on April 6. North of this eddy
several jets and vortex-pairs projected eastwards from the
ice edge on April 6, revealing exceptionally energetic me-
soscale ocean circulation. This condition persisted through-
out the following three days.

Downlinking SAR information enabled us to acquire a
CTD section of this anticyclonic eddy, Figure 13-8. The
fields of salinity and density show this eddy extended to the
bottom. The geostrophic velocity field computed from these
data, Figure 13-8(d), and velocities obtained by drifting
buoys verified the anticyclonic nature of this eddy. This
section across the eddy center indicated a core of warm
Atlantic intermediate water that circulated in the eddy
between 100 and 200 m depth. The generation of this
anticyclonic eddy canbe explained by conservation of poten-
tial vorticity as the East Greenland current passed over a
major ridge, the Greenland fracture zone.

The April 6 image shows the greatest number of eddies,
jets, and vortex-pairs. The entire ice edge, approximately
300-km long, is composed of these energetic mesoscale
phenomena. On April 7 and 8, the ice morphology is
similarly complex but less structured than on April 6. On
April 7 and 8, in the southwest of each image large fields of
ice plumes composed of grease ice and small pancakes
appeared, indicating active freezing. These are potential
areas of convection driven by brine exclusion. In our long
experience of acquiring SAR images during NORSEX,
MIZEX, and SIZEX, the April 6 image is the most complex
we have ever obtained and presents a major challenge to the
modeling community.

In general, the ice edge region is characterized by a 20-
to 30-km wide zone of a bright SAR signature. In-situ
observations established that this zone consists of broken-
up floes of mainly multiyear ice with rough surfaces and
edges that cause high backscatter from the SAR. In this
zone, individual floes cannot be identified. The band pat-
ternisindicative of strong horizontal velocity shear. Inside
the ice edge zone, the most predominant feature is the
occurrence of large multiyear floes of high backscatter that
are broken into pieces. Between the multiyear floes, thin
new-frozenice with low backscatter is found. By comparing
consecutive mosaics, the interior of the pack ice is observed
to drift southwards at a speed of about 20 km per day, while
the velocity of the ice edge is 30 to 40 km per day. This ice
edge jet is caused by the baroclinicity associated with the
East Greenland polar front, the frontal boundary between
the cold, fresh waters of the East Greenland current and the
warmer, more saline Atlantic intermediate water seaward
of the ice edge. This ice edge jet is enhanced during
northerly winds because of the higher atmospheric drag
coefficient over the roughice edge zone [Guest and Davidson,
1987]. Similar jets were observed during NORSEX'79
[Johannessen et al., 1983al.
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Fig.13-8. (a) The vertical section of temperature in degrees Celsius, (b) salinity in parts per thousand, (c) potential density in sigma-theta,
and (d) geostrophic velocity in cm/s across the anticyclonic eddy shown in the SAR images of April 4 and 5. Positive values of the
geostrophic velocity indicate flow into the page, negative values out of the page.

Regional observations of the SIZ were accomplished
with SMMR data. A sequence of nine SMMR images from
the Greenland and Barents Seas from March 1 to April 10
is shown in Figure 13-9. Even at this coarse resolution (25
km), the extremely dynamic nature of the SIZ can be
observed on a regional scale much larger than the me-
soscale ofthe SAR images. Itisinteresting tocompare these
" images with the SAR images presented above in Figure 13-
7. For example, on March 29 the large area of ice plumes in
the southern part of the SAR image (Figure 13-7) appears
in the SMMR image as a tongue of low-concentration ice
projecting from the ice pack eastwards at 77° N. This ice
tongue is most clearly seen in the SMMR data on March 31.

This sequence of SMMR images also serves toillustrate how
different the ice edge morphologies in winter are from those
in summer. For example, from March 1 through 31 alarge
area ofice projected eastward towards Svalbard with the ice
edges far east of those found during the summer, as can be
seenin the comparison of the winter and summer envelopes
of ice edge positions shown in Figure 13-6. By comparing
these envelopes with the bathymetry, it can be seen that the
winter ice-edge positions are not forced by the bottom
topography as are the summer positions. Rather, the
eastern extent of the ice edge during winter is determined
by the location of the polar ocean front in the Greenland Sea
[Johannessen, 1986al].
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Fig. 13-9. A sequence of SMMR images of the Greenland and Barents Sea obtained during MIZEX’87 from March 1 to April 10. The

vertical bar gives the color code for the derived ice concentrations.

During the winter, the western Barents Sea is primarily
divided into a warm and cold part, separated by the Bear
Island polar front located at the shelf break near Bjgrngya
(Figure 13-2). This division is caused by the inflow of warm
Atlantic water and the outflow of cold polar water along the
shelf between Hopen and Bjgrngya [Johannessen and Fos-
ter, 1978]. When cold polar air flows southward, rapid
freezing of new ice occurs over large areas. When warm air
is advected in from the south by rapidly moving low pres-
sure systems, this new ice is destroyed by melting and wave
action. Some of these rapid advances in ice growth can be
seeninthe sequence of SMMR images showninFigure13-9,

especially during March. The southern limit of the ice edge
in the Bjgrngya region coincides with the warm boundary of
the Bear Island polar front. When the ice is forced across
this front, it will quickly melt in the warm Atlantic water.
The first SAR mosaics of the Barents Sea were obtained
during MIZEX’87 (Figure 13-10) starting on April 9, 1987 ~
[Sandven and Johannessen, 1992]. They provided detailed
information on the ice edge morphology and processes, as
well as ice floe distribution, ice concentration, and ice
motion. A pronounced feature in the mosaics is the rapid
growth of an ice jet that developed into a vortex-pair near
the southern tip of Svalbard. This information, coupled
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Fig.13-10. Three SAR images obtained in the Barents Sea during MIZEX’87 on (a) April 9, (b) April 10, and (¢) April 11. For each SAR
image, the ice concentration is estimated using the algorithm proposed by Sandven et al. [1991b] is shown to the right of the image. White
indicates ice concentration above 90%, orange from 70% to 90%, and light blue from 50% to 70%.
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with that from the Greenland Sea, suggests that similarjets
and vortex-pairs are common features on shelfbreaks of the
world’s oceans [Fedorov and Ginsburg, 1986; Johannessen,
J. A., et al., 1989; MIZEX Group, 1989]. Thus the SAR
images of the seasonal ice zones and infrared images from
other parts of the world’s oceans have been very instrumen-
tal in focusing our attention on this phenomenon.

Ice concentration is a fundamental parameter for both
heat budget calculations and ice navigation. An algorithm
for determining ice concentration from SAR mosaics based
on the thresholding technique hasbeen developed [Sandven
et al., 1991b]. This algorithm has been applied to the SAR
images and the results are shown adjacent to each image in
Figure 13-10. The resolution of the ice concentration
images has been averaged to 1 km. In order to validate this
technique, a comparison was made between ice concentra-
tions derived by the SAR algorithm and by SMMR data
using the NORSEX algorithm [Svendsen et al., 1983],
which has an accuracy of less than +3% for winter
conditions in the MIZ. Since the resolutions of SAR and
SMMR are very different, a common pixel size of 12 km was
used. A comparison between the two algorithms, shown in
Figure 13-11, indicates that the SAR ice concentration
estimates have an accuracy on the order of 20%. These
results are promising for the application of SAR ice concen-
trations in operational ice monitoring and forecasting, but
need to be improved for heat flux estimates in climate
studies.

13.2.4 SIZEX89

The SIZEX program was accepted by ESA as a key ice
validation program for the first European Remote Sensing
Satellite (ERS-1). A prelaunch experiment, SIZEX’89, was
carried out in the Barents and Greenland Seas during
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Fig.13-11. Two images of ice concentration from April 10,1987, in
the Barents Sea, are superimposed on a bathymetric map, and
displayed by a gray-scale ranging from black (10% to 20% concen-
tration) to white (>90% concentration). (a) Ice concentration
derived from the SAR image, averaged to a resolution of 12 km; (b)
ice concentration derived from SMMR data using the same resolu-
tion as above; and (c) a scatter diagram of the two estimates. J

February and March 1989. It was the first major seasonal
ice zone experiment in a shallow water region with strong
tidal currents.

The ERS-1 SAR C-band was simulated by flying the
Canadian Centre for Remote Sensing X- and C-band SAR
onboard the CV-580 every third day, which was the ERS-1
repetition cycle for the ice phase from January 1 to March
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31,1992 [SIZEX Group, 1989]. Figure 13-12 shows the ex-
periment area, the ice edge positions derived from SSM/I
and AVHRR, selected buoy tracks, current vectors near the
ice edge, and ship tracks where oceanographic data were
obtained. :

The four mosaics from February 17, 20, 23, and 26, which
covered the ice edge region from about 18° E to 23° E,
provide detailed information about ice features, bands,
tongues, and eddies (Figure 13-13). In general, there are
characteristic differencesinice edge conditions between the
western Barents Sea, from Bjgrngya to Spitzbergen, and
the area east of Bjgrngya. East of Bjgrngya the ice edge
region usually consists of fairly compact ice, except for a few
nautical miles near open ocean. Outside the main ice edge,
relatively cold water, which is favorable for freezing in
winter, is present. This cold water is, however, usually
confined to the shelfregion shallower than 100 to 200 m and
limited by the Bear Island polar front, which inhibits
freezing south of the slope of the Bjgrngya Channel and the
shelf break between Bjgrngya and Spitzbergen, as dis-
cussedin Section13.2.3. Between Bjgrngya and Spitzbergen,
the ice that drifts towards the open ocean, as shown by the
Argos buoys drift (Figure 13-12) and SAR-derived ice kine-
matics, rapidly melts when it comes in contact with the
warmer Westspitzbergen current. Some of the ice is trans-
ported northwards along the west coast of Spitzbergen
where it eventually melts.

In this section we describe and quantify some of the
characteristic ice features observed in these SAR images.
The results have been presented by Sandven et al. [1991a]
and are summarized in Table 13-2. The most pronounced
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Fig. 13-12. Map of the SIZEX’89 experiment area in the Barents
Sea during February. The ice edge positions from NOAA AVHRR
and SSM/I are shown in bold dashed and dotted lines, respectively,
the trajectories of two drifting ice buoys (5057 and 5073) are shown
for the period from February 16 to 25. Two bottom-moored current
meters are indicated with vectors illustrating the mean current at
100 m (mooring D) and 100 and 375 m (mooring C).

TABLE 13-2. Quantification of ice features.

Reference in Orientation/ Time scale,

Feature Figure 13-13 Length, km Width, km Location days Motion

Bands outside the 1 5-30 0.2-5 Mostly N-S <3 Propagating

ice edge meanders

Zones of reduced ice 2 5-30 0.5-5 Mostly N-S 1-5? Westward

concentration inside meanders 10 km/day

the ice edge (leads)

Bights 3 20-50 20-50 E of Bjgrngya Permanent? Stationary

NW of Bjgrngya Permanent? stationary

Tongues 4 20-50 10-20 NS at23° E ? Stationary
. NS atl19° E 2-5? - propagating

Eddies 5 5-15 5-15 Around Bjgrngya 1-2? Propagating
) 23° E ? ?
.Polynyas 6 20-30 20-30 Hopen area 10 Westward propagation

Tracks produced by 7 10-50 0.100-0.200 Ellipses from 1-3 Propagating

grounded icebergs Bjgrngya to Hopen

Fronts 8 >20 =0.100 NE along the Permanent Stationary

Bjgrngya Channel,
S and W of Bjgrngya
Internal waves 9 Wavelength 1-3 E of Bjgrngya <3 Propagating
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(b)

February 20

Fig.13-13. SAR mosaics obtained during SIZEX’89 on (a) February 17, (b) February 20, (c) February 23, and

(d) February 26.

features are bands ofice outside the main edge, indicated by
the number 1 in the mosaics of Figure 13-13. East of
Bjgrngya these bands extended out from the ice edge and
were oriented normal tothe wind direction. West of Bjgrngya
the bands were also normal to the wind direction, but along
theice edge. None of the ice bands observed on February 23
could be recognized three days later. In spite of moderate
winds during this period, the ice bands changed rapidly,
implying that their life times were less than three days. The
typical length of the bands was from 5 to 30 km and the
width varied from 100 m to 2 km.

While ice bands outside of the edge of the pack are a
prominent feature in these mosaics, elongated zones of
reduced ice concentration were observed inside the mainice
edge, denoted by the number 2 in the mosaics of Fig-
ure 13-13. These zones are identified by darker signatures,
indicative of areas with lower ice concentration or thin ice,
and had a prevailing north—south orientation with consid-

erable meanders. Their length scale was similar when
compared to the bands outside the ice edge, while their
widths were larger. Two of the larger zones observed on
February 23 can be recognized three days later. They had
moved about 30 km westwardsin three days. Suchice zones
can also reflect some of the ocean circulation in the area,
such as tidal currents and eddies.

"A characteristic feature in all the mosaics is a bight of
open water with scatteredice bands to the north of Bjgrngya,
located by the number 3 in the mosaics of Figure13-13. This |
bight has a horizontal scale varying from 20 to 50 km. A
second bight is found east of Bjgrngya on February 17 and ’
20, with a diameter of 50 to 60 km. In the two last mosaics,
this bight becomes less pronounced. The bights are associ-
ated with submarine troughs, which are filled with warmer
water. The bights are therefore stationary and probably a
permanent feature when the mean ice edge is located in the
same position asin February 1989. These bights, which are
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Fig.13-138. SAR mosaics obtained during SIZEX’89 on (a) February 17, (b) February 20, (c) February 23, and (d) February 26. (Continued)

essentially like polynyas, are important elements in deter-
mining the heat flux from the ocean to the atmosphere in
this region, and they demonstrate the usefulness of SAR
observations for climate studies on regional and global
scales.

Another characteristic feature of all the mosaics is a
tongue of ice projecting out of the ice edge, with a typical
scale in the range of 20 to 40 km, which is located in the
mosaics by the number 4. A tongue of ice is advected
southwards on the eastern side of Bjgrngya, and is present
in all four mosaics, especially in Figures 13-13(c) and (d); a
second tongue is located approximately 100 km east of
Bjgrngya. On February 17, observations from the ship
showed that this tongue was made up of pancakeice. Three
days later the tongue was less pronounced, but in the
images it becomes clearly defined. The ice tongues are

associated with a southerly extent of cold water. In many
cases they are associated with the occurrence of eddies,
located on the mosaics by the number 5. For example, on
February 26, two eddies are clearly seen within a tongue. In
the second tongue, several eddy features and meanders
develop. The time scale of the tongues and eddies is
estimated to be a few days. It is possible that the features
can propagate, but the data set does not give an indication
of a propagation speed.

Polynyas are also conspicuous in these mosaics and are
located by the number 6. The 50-km polynya, which was
observed in the mosaics of February 23 and 26 west of
Hopen, changed its shape as it moved westwards. Greater
ice speed on its northern side compared to its southern side
caused a stretching and rotation of the polynya as it propa-
gated westward. For the three-day period between the SAR
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images, the polynya propagated westward at 10 to 20 km
per day. The thin ice within the polynya, which can clearly
be seen from the fracture patterns in the images, appears to
grow thicker during this three-day interval, as indicated by
an increase in the radar backscatter. These images show
how useful sequential SAR observations can bein observing
and quantifying the growth of thin ice.

The Barents Sea ice cover is exposed to frequent and
large swell penetration generated by storms in the North
Atlantic and the Norwegian Sea. These swells propagate
deep into the ice pack and are a major mechanism for
fracturing floes, resulting in the small floe size west of
Hopen. An example of this swell penetration is seen in the
SAR image acquired on February 23 (Figure 13-14). The
swell patternsin the ice cover are clearly visible throughout
the entire image. These observations and two-dimensional
fast Fourier transform (FFT) analysis indicate that the
typical wavelength is 200 m. The swell propagates in a
northeasterly direction and the waves refract around
Bjgrngya. Another important mechanism for the produc-
tion of small ice floes in this region is the fracturing of large
floes by icebergs, as shown in Figure 13-1(d) [Johannessen
et al., 1991b]. These combined mechanisms produce the
small floe-size distribution in the Barents Sea west of
Hopen. East of Hopen, where the ice floes consistently have
large sizes, on the order of tens of kilometers, this combined
effect is absent.

13.3 MODELING SEASONAL ICE ZONE PROCESSES

The series of experiments discussed above has demon-
strated that the processes in the seasonal ice zone are
complicated and not fully understood. The results of these
experiments have provided quantitative information on
which to base new models. The NORSEX results that
showed upwelling along the ice edge prompted Rged and
O’Brien [1983] to simulate this process with a coupled
nonlinear model. This model included internal ice stress,
had a variable ice concentration, and was forced by wind
stresses ontheice and ocean. The model demonstrated that
winds blowing along the ice edge and to the left when facing
the ice cause upwelling along the ice edge. The same model
was used by Smedstad and Rged [1985] to study ice edge
breakup and banding. These studies emphasized the sen-
sitivity of the response of the coupled system to wind
direction and drag coefficients. Hikkinen [1986a, b] ex-
tended Rged and O’Brien’s work by including nonlinear
ocean dynamics. The width of the upwelling zone is deter-
mined by the baroclinic Rossby radius of deformation. The
jet associated with upwelling is more stable than the one
generated in a downwelling situation.

The field programs have also shown that mesoscale
eddies are an important feature and dynamical component
of the SIZ, e.g., Figures 13-1, 13-3, 13-4, and 13-7. This
prompted many investigators to model eddy generation,
evolution, and decay. Hikkinen [1986b] showed that a
spatial variation in the ice cover together with uniform

wind forcing can lead to pycnoclinic changes similar tothose
generated by a small travelling storm system. Shedding of
eddies from the ice edge, with the dominance of cyclonic
eddies towards the open ocean, and dissipation of anticy-
clones underneath the ice cover was also demonstrated in
this study.

Smith et al. [1984] studied topographic eddy generation
near the Molloy Deep in the Fram Strait using a two-layer
primitive equation model for the ocean coupled to a free drift
ice model. Hikkinen [1987] used a similar, but linearized,
ice—ocean model in a study with a smooth shelf break ridge
or canyon. For low wind situations, the bottom topography
generates both trapped and travelling ice edge features,
which do not always correspond directly to oceanic me-
soscale features below. Winds that generate downwelling
enhance ice edge meanders, while the ice edge stays com-
pact during upwelling conditions, even in the case when a
strong baroclinic vortex is developed underneath the ice.
The vortices generated in this modeling study always had
strong vertical shear. The combined presence of anice cover
and topographical features were thus shown to be a possible
cause of baroclinic instability with subsequent mesoscale
variability in the ocean. Smith et al. [1988] performed a
systematic parameter study to determine the relative im-
portance of various terms in the ice momentum equation for
ice adjustment to evolving eddy—jet interaction. An inter-
esting result from this model is that when the wind blows
along the ice edge with the ice on the right, anticyclonic
eddies rapidly dissipate. This agrees with the field observa-
tions from MIZEX’84 when northerly winds dominated and
12 out of 14 observed eddies were cyclonic [Johannessen, J.
A. etal.,1987]. Smith and Bird [1991] continued this study
by simulating the interaction of an ocean eddy with an ice
edge jet. There are many other modeling studies of SIZ
processes, including Tkeda [1986, 1989] who developed
models for the Labrador Shelf SIZ, and Kantha and Mellor
[1989] who included tides and thermodynamics in a model
of the Bering Shelf SI1Z.

The field investigations showed that ice bands are a
common feature in the SIZ, e.g., Figures 13-7, 13-10, and
13-13. As a result, they have been modeled by many
investigators. Wadhams [1983] used wave radiation pres-
sure to generate bands parallel to the ice edge, under off-ice
wind conditions. Muench et al. [1983] proposed a model
where internal waves generated surface divergence and
convergence zones that resulted in ice band formation. In
the ice breakup and ice band model by Smedstad and Rged
[1985], the formation of ice bands takes approximately 12
days because the ice breakup depends on the development
of strong, alongice-edge velocities in the ocean. Chu[1987a]
used thermally generated surface winds blowing fromice to
water (ice breeze) to force the drift of ice floes. Ice bands
resulted from changes in the surface temperature gradi-
ents. Another model takes into account the effects of the
ocean, so the three media are linked through the surface
temperature gradient and the interfacial stresses [Chu,
1987b]. All of these band models use different physics but
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Fig. 13-14. SAR image of the Bjgrngya area obtained on February 23, 1989, illustrating swell propagation in a northeasterly direction
around Bjgrngya.
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generate similar results, which indicates the need for more
detailed observations and model development.

Leads and polynyas have previously been treated in
large-scale studies of the interior Arctic [Campbell et al.,
1984] and in the Antarctic [Zwally et al., 1983]. The SIZ
field experiments have shown that leads and polynyas are
also a common mesoscale phenomena, e.g., Figures 13-7
and 13-13. Lead and polynya formation results from the
complex interaction of many of the processes that occur in
the SIZ. Smedstad and Rged [1985] have proposed a model
that simulates ice divergence in the ice-edge region. Ikeda
[1985, 1991] has developed wind-driven models for ice
motion, including the generation of shore leads and eddy-
like features. However, no existing model adequately
explains the formation of leads and polynyas within the
seasonal ice zone. .

The results from the SIZ experiments show that the
structure of the seasonal ice zone is fundamentally different
from that of the interior ice packs. Compared to the interior
ice pack, the SIZ ice pack contains relatively more new ice
types and smaller ice floes, is subject to stronger divergence
and convergence, undergoes wave penetration, and re-
ceives greater snowfall. All presently known SIZ models
rely on the continuum hypothesis, which states that all
state variables (ice velocity, thickness, etc.) should be con-
tinuous functions of position on scales down to the model
resolution, e.g., Hibler [1979]. This criteria is not satisfied
for SIZ models with resolutions on the order 1 km because
of the large variations in floe sizes found in the East
Greenland and Barents Seas, as shown in Figures 13-7 and
13-10. None of the models that have been described take
specific account of floe size distribution nor try to predict it.
However, in an idealized collisional rheology [Shen et al.,
19871, the internal ice stresses depend quadratically on the
floe size.

Based on the SAR images obtained during the cam-
paigns since 1979, a conceptual SAR model for the seasonal
ice zone has been formulated to identify the different ice
edge processes (Table 13-3). In this scheme, the ice edge
configurations from SAR images have been classified and
related to atmospheric and ocean conditions [Johannessen,
J. A., et al., 1991]. This conceptual SAR model provides
useful guidelines for further numerical modeling of the
seasonal ice zone. A realisticice model should be coupled to
the ocean both dynamically and thermodynamically.
Thereby the ice can be influenced by ocean currents and
waves and melting/freezing can take place. Internal ice
stress should be parameterized in a way that is relevant for
the SIZ. The wind forcing should act on both ice and ocean,
using drag coefficients that depend on ice roughness and
concentration. It is not practical to include all these effects
in a model at the same time. A useful approach is to divide
the overall modeling problem into subproblems that are
studied separately and can be verified by SAR observations.
Such subproblems could include: developing an ice rheol-
ogy based on variations in floe size, ice concentration, ice
type, ice motion, ridging and rafting, and wave penetration;

determining the temporal and spatial aspects of the ice edge
variability; observing melting and freezing events and
using them to develop a realistic thermodynamic model;
and improving modeling of ice bands.

13.4 REGIONAL FORECASTING USING MICROWAVE OBSERVATIONS

The Barents Sea is an important region for fisheries, as
well as oil exploration. Ice forecasting is therefore a needed
service for these industries. The Hibler—Preller ice model
for the Barents Sea has been implemented at the Nansen
Center for operational use in the Norwegian Ocean Moni-
toring and Forecasting System with a spatial resolution of
20 km [Hibler, 1979; Preller et al., 1989; Skagseth et al.,
1991]. The model is initialized using ice concentration
estimates from SSM/I data transferred from the Civilian
Navy Ocean Data Distribution System in Monterey, Cali-
fornia, to the Nansen Center in near-real time. The model
predicts ice motion and concentration for 2 to 5 days with
wind forecasts as the driving force. The 24- and 48-hour
forecast of ice concentration is compared with updated
SSM/1 observations. Every 48 hours, the model is restarted
with updated ice concentration data from SSM/I. An ex-
ample of the ice forecast is shown in Figure 13-15. This
forecasting scheme represents a considerable improvement
compared to running the model without SSM/I data. With
a 20-km resolution, the model is not capable of resolving
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Fig. 13-15. Ice forecasting model for the Barents Sea using real-
time ice concentration from SSM/I. The fully drawn line is the
observed ice edge, represented by the 30% isoline for ice concentra-
tion. The dashed line is the 24-hour forecast for this line. The
24-hour wind forecast is indicated by arrows. The predicted ice
motion is 10° to 20° to the right of the wind vectors (indicated by
some V-shaped twin vectors inside the ice edge).




TABLE 13-3. Conceptual SAR model for the seasonal ice zone.

SAR Image SAR Ice Edge lce Edge Atmospheric Upper Ocean
Example Configuration Process Conditions Conditions
Straight Upwelling Parallel Strong Along Ice Jet and
to Moderate Divergent
Wind Ekman Flow and
Convection
Meandering and Ice-Ocean Moderate to Ocean Eddies,
Eddies Eddies Calm Wind Precondition,
Convection
Ice Jet Momentum Moderate to Shallow Upper-
Perpendicular Pulse, Ice Jet, Calm Wind Layer Ocean Jet
to the Edge and Vortex-
Pair
Ice Freezing Calm or Off-lce Salinity and
(Winter) Wind Density
Low Backscatter Increase,
off the Ice Edge Convection
and in Leads
Ice Melting Sun Radiation Fresh Water,
(Summer) Increased
Stratification
Wave Pattern Wave On-lce Wind Wind Waves and
and Compact Propagation, Swell
Small Floes Refraction, and Propagating
Attenuation Towards the
lce
Ice Banding, Ice Bands Off-lce Wind or Convergence,
Streamers, and and Internal Varying Wind Divergence,
Internal Waves Waves Internal Waves
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mesoscale processes, however rapid changes of ice edge
position due to wind forcing or freezing/meltingis simulated
reasonably well by the model. The microwave observations
have proven to be indispensable in operational monitoring
and forecasting on a regional scale. At present, SAR data
from ERS-1 is implemented in the ice monitoring scheme at
the Nansen Center and will also be assimilated into me-
soscale models.

13.5 TuEe SIZ N THE CLIMATE SYSTEM

Seaiceis animportant part of the global climate system.
The two key aspects of the complex and dynamic sea ice
covers are ice extents and the area of open water within the
ice. The sea ice extent affects the amount of solar radiation
absorbed in its hemisphere and alters the atmosphere—
ocean exchanges of heat, moisture, and momentum. Ice-
free oceans generally have an albedo of 10 to 15% [Lamb,
1982], whereas sea ice albedos average about 80% [Wash-
ington and Parkinson, 1986]. Because of this great contrast
between ice and ocean albedos, the presence of sea ice
considerably reduces the amount of solar radiation ob-
served at the Earth’s surface. Since sea ice covers such a
large area of the Earth’s surface, a number of investigators
have studied the variations of the ice extent of the polar
regions for evidence of climate change. Theyhave examined
the existing satellite record of ice extents of both the
Antarctic sea ice cover [Zwally et al., 1983] and the Arctic
sea ice cover [Campbell et al., 1984; Parkinson et al., 1987;
Gloersen and Campbell, 1988; Parkinson and Cavalieri,
1989]. The sea ice extent extrema were first studied on a
global scale by Gloersen and Campbell [1988] for both
ESMR and SMMR. Recently, Gloersen and Campbell
[1991a, b] have extended the SMMR analysis using the
corrected data set.

While theice extent is determined by SIZ processes, open
water occurs in varying amounts throughout the whole ice
cover [Campbell et al., 1984; Parkinson et al., 1987]. The
area of open water within the ice pack, small even compared
with the ice extent, is critically important because the
fluxes of heat and moisture through a given area of open
water are 2 to 3 orders of magnitude greater than through
the same area of sea ice [Maykut, 1978]. The multispectral
and dual-polarized observations with the SMMR allow
determinations of ice extent and open water with greater
accuracies than those obtainable with earlier satellite sen-
sors [Gloersen and Campbell, 1991al].

In this section, we present the SMMR results for ice
extent and open water amounts and variations for the
Arctic and Antarctic ice covers and for the Greenland and
Barents—Kara Seas. Gloersen and Campbell [1991b] used
a band-limited regression technique [Lindberg, 1991] to
obtain ice extent trends of the Arctic and Antarctic ice
covers for the almost nine-year-long SMMR record. The
time series of the SMMR records for each hemisphere and
their trends are shown in Figure 13-16. These data show
that the trends of the polar ice extents were not in phase:
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Fig.13-16. Time series ofice extent derived from SMMR data from
the (a) Arctic and (b) Antarctic [Gloersen and Campbell, 1991b].
The solid line for the Arctic ice extent shows the statistically
significant decline of approximately 2%. The dashed line for the
Antarctic ice extent indicates no statistically significant trend.

The Arctic had a statistically significant negative trend of
~2%, whereas the Antarctic had no significant trends.

The Greenland Sea SMMR records of ice extent, annu-
ally averaged ice extent and trends, and open water amount
are shownin Figure13-17 [Gloersen et al.,1992]. There are
anumber of noteworthy features in the oscillatory record of
the sea ice in these figures. The amplitude of the annual
cycle varies by an average of 50% during the nine-year
period, with the smallest peak in ice extent occurring in
1984, the only year in which the Odden was absent. The
area of open water is 2 to 4 x 105 km?2, about one-third of the
ice-covered area. There is generally more open water
during the winter than in the summer because the winter
ice extent is greater and the pack undergoes divergence due
towinter storms. Significantly large amounts of open water
occur during all seasons. The SMMR record of the annually
averaged ice extent in the Greenland Sea shows a negative
trend of ~4%. ‘

The SMMR records for the Barents and Kara Seas are
shown in Figure 13-18 [Gloersen et al., 1992]. In this
combined region, the ice extent undergoes even larger
annual variations than in the Greenland Sea, expanding
from about 0.7x106 km2 in September to about 1.9x 108 km?
in April. Similar to the Greenland Sea, the Kara and
Barents Seas region exhibits strong interannual difference
in both the summer and the winter months [Gloersen et al.,
1992]. The SMMR record of the annually averaged ice
extent for the Barents and Kara Seas reveals a large
negative trend of ~14%. The SMMR record of open water
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Fig. 13-17. (a) Time series of SMMR data from the Greenland Sea

ice extent, (b) annually averaged sea ice extent, and (c) open water
within the ice pack [Gloersen and Campbell, 1991a].

1986

amounts in the Barents and Kara Seas shows that gener-
ally more open water occurs in the summer than in the
winter.

During the SMMR years, the negative trend of the
annually average ice extents that occurred in the Greenland,
Barents, and Kara Seas occurred in only one other Arctic
Sea, the Sea of Okhotsk. Positive trends occurred in the
Arctic Ocean, Bering Sea, Hudson Bay, Baffin Bay, Daris
Strait, and Labrador Sea. But the combined effect of these
positive trends was not sufficient to cancel out the negative
trends of the other seas [Gloersen et al., 1992]. Therefore,
the negative trends of the Greenland, Barents, and Kara
Seas played a dominant role in determining the overall
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1986 1988

negative trend in ice extent of 2% for the entire Arctic
during the SMMR period.

The dominantretreat of seaice in the passive microwave
data record occurs in the region of the Atlantic approach to
the ArcticOcean. Many different mechanisms may contrib-
ute to such variations. It may be part of a self-sustained
interdecadal cycle involving changes in the atmospheric
circulation, surface freshwater flux, and deep water forma-
tion [Dickson et al., 1988; Mysak et al., 1990; Tkeda, 1990;
Johannessen et al., 1991al. Subtle changes in the compli-
cated mesoscale processes discussed in the previous section
may contribute to this kind of variability.
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Recent results from global ocean—atmosphere climate
models [Stouffer et al., 1989; Manabe et al., 1990, 19914, b;
Cubasch et al., 1991] show a large sensitivity of the present
climate in this region to increased greenhouse gas forcing,
as previously indicated in the ice~ocean model by Semtner
[1987]and discussed by alarge number of authors. Numeri-
cal models that both resolve the in- and outflows to the
North Atlantic [Oberhuber, 1990] and include proper sea
ice dynamics are needed to investigate whether these sen-
sitivities are realistic.

The present time series of passive microwave observa-
tions from satellites is obvicusly too short to distinguish
between natural variability and anthropogenic change. It
is also too short to make any definitive statement of a
climate trend. However, the quality of the data offers
unprecedented possibilities for model testing. Figure13-19
shows ice concentrations in the Northern Hemisphere from
an ice—ocean model [Oberhuber, 1990] and SSM/I observa-
tions for the month of February. More detailed model-data
comparisons should at least allow a proper assessment of
the quality of present large-scale models.

Continuous, accurate monitoring of sea ice variations
from passive microwave instruments will be able to deter-
mine future fingerprints of an anticipated global warming.
Use of these data in large-scale numerical models, which
include parameterizations of the smaller scale processes
discussed previously, will be crucial to achieving a better
understanding of the role of regional climate processes in
the global system. Both active and passive microwave data
can therefore be expected to play a major role in climate
research in the future.
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