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Abstract

Synoptic views of the entire polar regions of Earth
have been obtained free of the usual persistent cloud
cover using a scanning microwave radiometer operating
at a wavelength of 1.55 cm on board the Nimbus-5 satellite. Three different views at each pole are presented
utilizing data obtained at approximately one-month
intervals during December 1972 to February 1973. T h e
major discoveries resulting from an analysis of these
data are as follows: 1) Large discrepancies exist between
the long-term ice cover depicted in various atlases and
the actual extent of the canopies. 2) T h e distribution of
multiyear ice in the north polar region is markedly
different from that predicted by existing ice dynamics
models. 3) Irregularities in the edge of the Antarctic sea
ice pack occur that have neither been observed previously nor anticipated. 4) T h e brightness temperatures
of the Greenland and Antarctic glaciers show interesting contours probably related to the ice and snow
morphologic structure.
1. Background

T h e Electrically-Scanning Microwave Radiometer
(ESMR) used for obtaining the measurements to be described here has been discussed in detail elsewhere (Wilheit, 1972). It consists of a Dicke-type radiometer (Dicke,
1946) with a temperature sensitivity of 2 K fed by a
phased-array antenna which step-scans across the subsatellite track in 78 beam positions by means of ferrite
phase shifters contained in the antenna elements. T h e
total swath covered is ±50° from nadir. T h e radiometric
data are telemetered orbit-by-orbit, along with internal
calibration data, and are computer-processed into the
format presented in this paper. Approximately one day's
data are accumulated for one polar projection; redundant data in a given map cell, resulting from orbit
swath overlap, are averaged for that time period. Brightness temperatures, which are directly proportional to the
received radiometric power since the Rayleigh-Jeans
approximation applies, are assigned various colors so as
to produce a false-color image. T h e resolution cell size in
the processed image is 32 km. One example of such
images for each pole is shown in the cover photo and
Fig. 1.
T h e brightness temperatures observed with the ESMR
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in general depend on the physical temperature and
emissivity of the surface and the opacity and temperature
profile of the intervening atmosphere. However, the
atmospheric contributions in the polar regions are generally negligible due to the low humidity and near absence
of liquid water droplets in these regions (Wilheit et al.,
1972). T h e cloud cover generally consists of low-altitude
stratus clouds, whose liquid water content is too small to
affect the microwave emission. T h e ice crystals contained
in cirrus clouds are quite transparent to the 1.55-cm
radiation.
T h e surface emissivity variations rather than physical
temperature changes account for the largest signal contrasts observed in the polar regions. At 1.55 cm, the
emissivity of sea water is about 0.4, for first-year sea ice
it is about 0.95, and for multiyear ice it is about 0.8
(Wilheit et al., 1972; Gloersen et al, 1973). Thus, in the
presence of first-year ice only, the fraction F of unresolved open water in a given resolution cell may be
determined from the following expression:
F = (T - ET )/(T - ET )
where T is the integrated brightness temperature of the
ice and the unresolved water observed at 1.55 cm, T is
the thermodynamic temperature of the ice surface, T is
the brightness temperature of smooth open water, and E
is the emissivity of first-year sea ice at a wavelength of
1.55 cm, assumed here to be 0.95 (Gloersen et al., 1973).
T may be assumed to be the seasonal average ±10 K
and 7V is 131 ±5 K (Wilheit et al., 1972). If T is measured to within 2 K, the uncertainties in T and T lead
to an accuracy of the determination of the fractional
open water, F, to within 6 percentage points.
It has been suggested that the assumed emissivity for
first-year ice (0.95) may not be correct for temperatures
within 10 K of the melting point of the first-year sea ice
(Edgerton et al., 1971). However, radiometric data obtained from aircraft flights over Arctic sea ice in the
summer (Wilheit et al., 1972) are consistent with an
emissivity of 0.95 for first-year ice, based on encounters
with surface temperatures within 2 K of the melting point
as determined with an onboard infrared radiometer.
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2. Ice pack boundary measurements

A comparison between the satellite-determined boundaries of the polar ice packs and those shown in atlases
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FIG. 1. False-color polar projection map of 1.55-cm microwave radiometer data obtained on
16-18 December 1972 from the Nimbus 5 satellite in the vicinity of the South Pole. The white
area enclosed in the upper right corner of Antarctica is open water in the Ross Sea between the
Ross Ice Shelf and the sea ice pack.
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(e.g. Daniel, 1957 and 1958) for three different time
periods is given in Figs. 3-8. The boundaries depicted in
the atlases were based on available ship and aircraft reports; for Antarctica, the information is substantially the
same in several atlases published both in the Soviet
Union and in the U.S.A. In comparing our actual measurements of the ice boundaries with those in the atlases,
it is of course recognized that there are trends in the
state of the ice cover that cannot be covered in the atlases
and that the boundaries shown in the atlases are based
upon long past seasons. The purpose of the comparison
is to illustrate that large differences exist between the
actual ice edge and the long-term average boundaries.
In the Arctic, probably the most striking observation
is that during the 1972-3 season much more ice cover
was observed in the East Greenland Sea than is estimated
in the atlas. Off northern Greenland, the ice extends
more than 4° longitude farther eastward than expected
for two of the three time periods illustrated. On the
other hand, the seas north of Svalbard and southeast of
Greenland are shown as ice-covered in the atlases but
are actually open, as shown in the microwave images.
Finally, freezing of the waters in the Northern Baffin Bay,
the White Sea, the Chukchi Sea, Bering Strait, and the
Bering Sea occurred later during the 1972-3 winter than
is depicted by the atlases.
The differences noted in the Antarctic between
climatic data and the 1972-3 observations are even more
striking, particularly in the Ross (75S, 180E) and Weddell
(75S, 50W) Seas where the observed ice cover is consistently less concentrated than shown in the atlas. For
instance, none of the atlas charts show the Ross Sea completely open to the South Pacific. Observations on both
11 and 30 January show that the ice cover is less than
15% at the Ross Sea-Pacific boundary. In mid-December,
there is considerable open water off the Ross Ice Shelf,
(80S, 180E) when the atlas would lead one to expect
a 50-80% cover at that time. Such disparity between the
synoptic observation via Nimbus 5 and the statistical prediction of the atlases aptly illustrates the need to observe
sea ice distribution over large space scales at small time
scales in order to develop and test dynamic rather than
statistical models for more accurate forecasting. It is also
interesting that the minimum ice cover that is climatically
expected for the shore along Coats Land (77S, 25W) is
greater than 50%, whereas it was observed to be less
than 15% on 30 January 1973. Perhaps the most obvious
(and not surprising, although previously unobserved)
difference between the observed ice boundaries of the
Antarctic and those depicted in the atlases is that the
observations, especially for mid-December, show large irregular perturbations around the ice edge in contact
with the smooth seasonal averages shown in the atlases.
So far, all of these observations are, of course, just for
one particular season of one year.
As of this writing, Nimbus 5 and the ESMR have
been in operation for one full year so that we will be
in a position to map short term ice changes for at least

F I G . 3. Comparison of the E S M R data for 1 6 December 1 9 7 2
with boundaries depicted in the USN Polar Atlas (Daniel,
1 9 5 8 ) . The outer edge of the ice pack (less than 0 . 1 ice concentration) was used in both cases.

one complete seasonal cycle. Perhaps much more accurate
statistics can be derived from similar observations in
future years.
3. Ice pack density and ice dynamics observations

In Antarctica, there are two features of particular interest. First, the long finger of ice, less than 50%
cover, that stretched out from the Palmer Peninsula
(60S, 60W) and almost closed off the Weddell Sea on 16
December 1973, drifted about 8° towards the equator by
11 January and reached latitudes lower than 60° by 30
January. The second interesting feature is the nature of
the opening of the Ross Sea and the shoreline along
Marie Byrd Land (76S, 130W) and the Ellsworth Highland (76S, 90W). A distinct impression of a tearing
away of the ice pack from the continent is given as the
amount of open water progressively increased along the
shoreline in the ESMR images for 16-18 December (Fig.
1), 11 January and 30 January (not shown). In the case
of the Ross Sea ice pack, the displacement of the jig-saw
puzzle-like edge of the pack from the shoreline is suggestive of a shearing induced by a prevailing local wind.
Although surface wind observations on the Ross Ice
1445
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F I G . 4 . Comparison of the E S M R data for 1 1 January 1 9 7 3
with boundaries depicted in the USN Polar Atlas (Daniel,
1 9 5 8 ) . The outer edge of the ice pack (less than 0 . 1 ice concentration) was used in both cases.

Shelf are not available for this period, sufficient studies
have been made (Rubin, 1959) to reveal a close correlation between the katabatic winds draining seaward off the
shelf and the observed winds at McMurdo Station. These
katabatic winds can be strong, with average wind speeds
of about 25 kt for periods as long as several days to a
week. During December 1972 and January 1973, the
surface isobaric charts and wind records indicate that
several periods of intense katabatic activity occurred on
the Ross Ice Shelf. It appears that the katabatic winds
strip the ice away from the shelf edge and transport it
northward. The prevailing surface wind flow on the
Ross Sea during December 1972 was from the east. Thus,
the ice distribution in the Ross Sea shown in Fig. 1
results apparently from a combination of the southerly
katabatic winds flowing off the shelf and the prevailing easterly winds acting on the ice north of the
shelf. The U.S. Navy Atlas (Daniel, 1957) shows such a
prevailing wind for November, but data were not available for December and January. Similar drifts have been
observed also using visible infrared sensors on board the
NOAA-2 and ERTS-1 satellites under cloud-free conditions and have been attributed to polar ocean currents
(DeRycke, 1973).

FIG. 5. Comparison of the ESMR data for 10 February
1973 with boundaries depicted in the USN Polar Atlas
(Daniel, 1958). The outer edge of the ice pack (less than 0.1
ice concentration) was used in both cases.

The Arctic ice canopy, especially in the shear zones, is
subject to large variables in the concentration of the
pack. The periods of these variations have been observed
to be shorter than a season during the winter of 19721973 in the East Laptev, Beaufort, and Bering Sea. The
changes in concentration of the pack off the eastern shore
of Greenland is readily seen in the cover photo. The data
indicate that at a latitude of 72N, the ice concentration
is nearly 100% along the shore (yellows and greens in
the cover photo). Following 72N eastward (cover photo),
the image indicates that the concentration varies between about 80% (blue) to about 85% (light blue) to the
edge of the pack. Along the eastern edge of the pack,
the concentration varies also, as indicated by the dark
blues (about 65%), dark greys (about 50%), and light
greys (about 40%). The accuracy of the concentrations
determined directly from these false-color images is approximately ±6% points for values greater than 35%
based on the assumption that the bulk of the ice is
first-year. Multiyear ice in this area injected by the
Trans-Polar Drift Stream could affect these estimates, but
the amount of multiyear ice so injected is unknown and
assumed to be small.
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4. Distribution of multiyear ice in the Arctic

Probably because of drainage of sea water from entrapped brine pockets which progresses with age of the
ice, the emissivity of multiyear sea ice (0.85) is generally
less than the emissivity of first-year sea ice (0.95—Wilheit
et al., 1973; Gloersen et al., 1973). However, the similarity of the average brightness temperature for multiyear ice and first-year ice with 20% open water on the
cover photo and Figs 1 and 2 makes it difficult to determine the extent of multiyear ice coverage on a prima
facie basis. Ultimately, when the images for a full year
will be analyzed, this task will become easier, since the
ice that persists through a summer is by definition
multiyear ice, and boundaries can be tracked with time.
For the time being, we speculate on the basis of some
very limited aircraft (Gloersen et al., 1973; Campbell
et al., 1973) and surface data (Hibler et al., 1973) accumulated over the Beaufort Sea and some qualitative
knowledge of the ice dynamics in the Beaufort Sea. Perhaps the most surprising result is the apex of multiyear
ice that apparently extends south to about 72N in the
Eastern Beaufort Sea (132W). Such a southward extension
of the multiyear ice was not expected on the basis of
most current ice dynamics models (Rothrock, 1973). Support for these observations has been obtained recently
also from ERTS-1 imagery (Campbell et al., 1973).
5. Continental ice

Brightness temperatures measured over Greenland and
Antarctica are lower than over any surface on Earth

F I G . 6 . Comparison of the E S M R data for 1 6 December 1 9 7 2
with boundaries depicted in the USN Polar Atlas (Daniel,
1 9 5 7 ) . The outer edge of the ice pack (less than 0 . 1 ice concentration) was used in both cases.

except for open water. They range from 130 to 160 K
over the interior of Antarctica and from 155 to 200 K
over Greenland.
In Antarctica, the brightness temperature patterns are
related strongly, although not entirely, to the horizontal
distribution of physical temperatures in the upper layer
of the continental ice sheet, as determined from climatic
records. This is not the case for Greenland, however,
where the lowest brightness temperatures (155 K) are
measured over the northern and southwestern portions.
In those regions, the elevation of the ice sheet is lower
(and the surface temperature is therefore probably
higher) than the center of the ice plateau where about
40 K higher brightness temperatures are observed.
The emissivities inferred from these measurements
over Greenland and Antarctica and from climatic records
of upper layer temperatures range from 0.65 to 0.75,
except for some Antarctic glaciers, especially the Lambert Glacier (73S, 68E) and the Amery, Ross and Filcliner
Ice Shelves which have an emissivity of about 0.8. An
emissivity of 0.75 was obtained over the South Cascade
Glacier in the North Cascade Mountains, Washington
(Schmugge et al., 1974) from airborne radiometer measurements at 1.55 cm and surface temperature measurements in March 1971. The low values and large variations of these emissivities cannot be explained by the
bulk dielectric properties of snow or glacier ice. Rather,
we hypothesize that they must be attributed to varying
crystalline forms, amounts of entrapped air, and depth
and frequency of fissures in the ice.

F I G . 7 . Comparison of the E S M R data for 1 1 January 1 9 7 3
with boundaries depicted in the USN Polar Atlas (Daniel,
1 9 5 7 ) . The outer edge of the ice pack (less than 0 . 1 ice
concentration) was used in both cases.
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of the sea ice characteristics as a function of time. The
ESMR images are already being used operationally as an
aid to navigation in polar waters (Ellinghausen, 1973).
More analysis will be done when a larger data base
has been acquired. Work in progress includes a more
precise determination of the actual extent of the multiyear ice pack in the Arctic, observations of the ice pack
motion on a longer time scale using smaller time intervals, a study of the open water distribution as a
function of time, and finally a test of the consequences
of utilizing the open water distribution information in
a global weather model study. It is hoped that the early
results presented here will inspire others to conceive still
other applications of these data.
1

i Private communication.
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F I G . 8 . Comparison of the E S M R data for 3 0 January 1 9 7 3
with boundaries depicted in the USN Polar Atlas (Daniel,
1 9 5 7 ) . The outer edge of the ice pack (less than 0 . 1 concentration) was used in both cases.

A preliminary analysis of the Antarctic and Greenland ice sheet emissivities derived from the ESMR measurements shows that they are practically constant for
the period from December 1972 to July 1973. We conclude, therefore, that this invariance of emissivities with
seasons is a further indication that they are correlated
primarily with structural rather than with temperature
variations in the ice.
6. Concluding remarks

We have shown here some of the early results from the
data acquired by the ESMR on board the Nimbus-5
satellite. We draw four main conclusions from these results: 1) Large discrepancies exist between the longterm ice cover depicted in various atlases and the actual
extent of the canopies. 2) The distribution of multiyear
ice in the north polar region is markedly different from
that predicted by existing ice dynamics models. 3) Irregularities in the edge of the Antarctic sea ice pack occur
that have neither been observed previously nor anticipated. 4) The brightness temperatures of the Greenland
and Antarctic glaciers show interesting contours probably related to the ice and snow morphologic structure.
It is clear that imaging thermally-emitted microwaves
with satellites is a powerful tool for studying sea ice
coverage, type, and distribution in the polar areas of
Earth. The independence of this technique from cloud
cover in the polar regions will permit a detailed study
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