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AsstracT. During December 1973, the Naval Oceanographic Office (NAVOCEANQO) and the Naval
Research Laboratory (NRL) conducted a joint remote-sensing experiment over the sea-ice fields off Scoresby
Sound on the east coast of Greenland using NAVOCEANO’s RP3-A Birdseye aircraft, laser profiler, and
infrared scanner, and NRL’s 19.34 and 31.0 GHz nadir-looking radiometers. The objectives of this mission
were: (1) to develop skills for interpreting sea-ice passive microwave data, (2) to expand, if possible, the
two-category capability (multi-year ice and first-year ice) of passive microwave sensors over sea ice, (3) to
compare two frequencies (19 and 31 GHz) to determine which may be more useful in a scanning radiometer
now under development at NRL, and (4) to determine the value of multi-frequency as compared to single-
frequency study of sea ice.

Since, because of darkness and remoteness, no photcgraphy or in situ ground truth were possible for this
mission, it was necessary to rely on the interpretations of the laser and infrared (IR) data to evaluate the
performance of the microwave radiometers. Fortunately, excellent laser and IR data were collected, and a
confident description of the ice overflown was possible.

Five ice conditions: (1) open water/new ice, (2) smooth first-year ice, (3) ridged first-year ice, (4) multi-
year ice, and (5) a higher brightness temperature form of multi-year ice interpreted as second-year ice were
identifiable, regardless of weather conditions, by comparing the average of the two microwave brightness
temperatures at the two frequencies with their difference.

Risumi. Comparaison entre les techniques d’identification des types de glace de mer par radiométrie aerienne passive
double frequence ondes courtes et par laser standard et infrarouge. En décembre 1973, le National Oceanographic
Office (NAVOCEANO) et le Naval Research Laboratory (NRL) ont mené une expérience commune de
télédétection sur les domaines de glace de mer de Scoresby Sound sur la cote Est du Groenland; ils ont
utilisé un avion NAVOCEANO, RP3-A Birdseye, un profileur laser et un scanner infrarouge et des
radiométres NRL dirigés vers le nadir 19,34 et 31,0 GHz, Les objectifs de la mission étaient: (1) développer
la practique de l'interprétation des résultats des capteurs passifs a4 ondes courtes sur glace de mer, (2)
d’étendre si possible les capacités des deux catégories de capteurs passifs onde courte sur glace de mer,
(3) de comparer deux fréquences (19 et 31 GHz) pour déterminer la plus efficace dans un radiomeétre
d’observation en cours de mise au point au NRL et (4) déterminer la valeur d'une étude multi-fréquences
sur la glace de mer par rapport a la fréquence unique.

Comme il n’y avait pas de photographie disponible ou de vérification au sol in situ possible pour cette
mission, il était nécessaire de se rattacher aux interprétations des données laser et infra-rouge (IR) pour
évaluer les performances des radiométres ondes courtes. Heureusement, d’excellentes données laser et IR
ont été recueillies et une description fiable de la glace flottante était possible.

En utilisant deux fréquences, le sondage passif 4 onde courte apparait capable de distinguer entre cing
types ou formes différents d’englacement: (1) eau libre passant a la glace nouvelle, (2) glace lisse de premiére
année, (3) glace A crétes de premiére année, (4) glace vieille de plusieurs années, et (5) une forme a plus haute
température de brillance d’une glace pluri-annuelle interprétée comme une glace de deuxiéme année. En
portant sur un graphique la température moyenne de brillance dans les deux fréquences en fonction de la
différence des températures dans les deux fréquences, il semble possible de donner une description générale,
d’un domaine marin englacé d’aprés les cing catégories énumérées ci-dessus, quelles que soient les conditions
météorologiques.

ZUSAMMENFASSUNG. Vergleich von Klassifizierungen des Meereises aus passiver Flugradiometrie mit Doppelfrequenz-
Mikrowellen und mit gewshnlichen Infrarol-Lasermethoden. Im Dezember 1973 fuhrten das Naval Oceanographic
Office (NAVOCEANO) und das Naval Research Laboratory (NRL) ein gemeinsames Fernerkundungsunter-
nehmen iiber den Meereisfeldern vor dem Scoresby-Sund und an der Ostkiiste von Gronland durch, wobei
NAVOCEANO’s RP3-A Birdseve-Flugzeug. ein Laser-Profilgeriit und ein Infrarot-Abtaster, sowie NRL’s
19,34 und 31,0 GHz-Nadir-Radiometer eingesetzt wurden. Die Ziele dieses Unternehmens waren: (1)
Gewinnung interpretatonischer Erfahrungen mit Meercis-Daten von passiven Mikrowellen; (2) Erweiterung,
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soweit méglich, der zweilachen Kategorie-Empfindlichkeit (mehrjahriges Eis und einjihriges Eis) von
passiven Sensoren fiir Mikrowellen aus Meereis; (3) Vergleich zweier Frequenzen (19 und 31 GHz) auf ihre
Brauchbarkeit fiir ein Abtast-Radiometer, das derzeit beim NRL entwickelt wird; (4) Analyse des Wertes
von Untersuchungen des Meereises mit Mehrfach-Frequenzen im Vergleich zu Einzelfrequenzen.

Das fiir das Unternehmen weder Photographien noch Feldvergleiche in situ zur Verfiigung standen, war
es notwendig, die Auswertung der Daten der Microwellen-Radiometer auf die Interpretationen der Laser-
und Infrarot (IR)-Daten zu stitzen. Gliicklicherweise ergaben sich ausgezeichnete Laser- und IR-Daten,
so dass eine zuverlissige Beschreibung des iiberflogenen Eises moglich wurde.

Bei Benutzung von zwei Frequenzen scheint das passive Mikrowellenverfahren zwischen fiinf verschie-
denen Eistypen bzw. -formen unterscheiden zu kénnen: (1) offenes Wasser/neues Eis; (2) glattes einjihriges
Eis; (3) riickenreiches einjihriges Eis; (4) mehrjéhriges Eis; (5) eine Form mehrjihrigen Eises mit héherer
Farbtemperatur, die als zweijahriges Eis gedeutet wurde. Aus der graphischen Gegeniiberstellung der
mittleren Farbtemperatur und der Temperaturdifferenz der beiden Frequenzen scheint eine generelle
Beschreibung der Eisfelder nach den oben aufgefiihrten fiinf Kategorien méglich zu sein. Die Wetterbeding-
ungen sind dabei ohne Einfluss.

I. INTRODUCTION

Sea-ice remote sensing missions in the Arctic are constantly plagued by problems which
reduce the yield of usable data significantly. The most serious of these problems is the
generally poor weather found throughout the Arctic compounded by unreliable weather
forecasts due to lack of weather stations in this remote region. The effectiveness of laser
profilers, infrared scanners, and photographic cameras is especially reduced by inclement
weather in study areas. Microwave systems, on the other hand, are not affected significantly
by poor weather, and for this reason, appear to have the most potential for Arctic use.

Passive microwave instrumentation is simpler and less expensive than its active microwave
counterpart, side-looking radar. The main disadvantage, however, is poorer resolution. In
general, passive microwave remote-sensing techniques are especially attractive for Arctic
sea-ice surveillance because of the minimization of possible sources of error and the provision
of higher-quality quantitative results. The relative transparency of clouds and fog to micro-
waves and the independence of passive microwaves on solar illumination of the terrain, make
passive microwave sensing a night and day, almost all-weather, technique. In the Arctic, the
water-vapor constituent in the atmosphere is extremely low (on the order of 1 gem—2 of
precipitable water compared with 4.5 g cm 2 for the equatorial regions). Such low values of
atmospheric water vapor plus the low value of reflectivity (0.5 to 0.05) of the terrain (excluding
water) makes the correction for the undesired reflected sky brightness temperature a minor
one. Furthermore, extensive cloud cover with high liquid-water densities is not prevalent
in the Arctic, making the corrections for atmospheric liquid water minor as well.

The Arctic terrain is also cooperative for passive microwave observations. The emissivity
characteristics (and consequently the microwave brightness temperature) of the sea, ice, and
snow as a function of frequency and polarization are markedly different at microwave fre-
quencies compared with the infrared and visible regions. Within the microwave spectrum,
the variations of emissivity as a function of frequency and polarization are comparatively
large, and this makes a possible basis for unique identification of terrain features and surface
description. Also, the Arctic sea-ice terrain is generally composed of large, relatively flat,
homogeneous sources, which minimize the disadvantage of the poorer resolution and the
possibility ofimmersing the side and main lobes in totally different ground sources of radiation.

During December 1973, the Naval Oceanographic Office (NAVOCEANO) and the Naval
Research Laboratory (NRL) conducted a joint experiment over the sea-ice fields off Scoresby
Sound on the east coast of Greenland using NAVOCEANO’s RP-3A Birdseye aircraft, laser
profiler, and infrared scanner, and NRL’s 19.34 and 31.0 GHz nadir-looking microwave
radiometers. The objectives of this mission were: (1) to develop skills for interpreting sea-ice
passive microwave data, (2) to expand, if possible, the two-category capability of passive
microwave sensors over sea ice, (3) to compare two frequencies (19 and 31 GHz) to determine
which may be the more useful in a scanning radiometer (imager) now under development at
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NRL, and (4) to determine the value of multi-frequency as compared to single-frequency
study of sea ice.

Earlier work has shown that multi-year ice provides a much lower microwave brightness
temperature than does new or first-year ice (Wilheit and others, 1972; Gloersen and others,
1973: Kunzi and others, in press). However, a variety of conditions can exist within the
instantaneous field of view of the microwave radiometer which can produce modified bright-
ness temperatures of first-year and multi-year ice. It is also known that this response to ice
types is a function of frequency. Therefore, the use of two nadir-looking radiometers at
different frequencies capitalizes on the expected, measurable differences in brightness tem-
perature as a function of frequency and ice types.

II. INSTRUMENTATION
A. Laser profiling system

The basic component of the laser profiling system is the continuous-wave laser altimeter
manufactured by Spectra Physics, Inc., Mountain View, California. Basically, ranges are
obtained by amplitude modulation of a helium-neon laser centered at 6 328 A. The reflected
light is detected and amplified by a photomultiplier and is phase compared with the modula-
tion frequency of the transmitted beam. The phase difference is proportional to the trans-
mission time or range. A Genisco Technology Corporation Reproducer Model 10-286
magnetic tape recorder and a Varian Statos I electrostatic strip-chart recorder were used to
rccord the laser data. Jensen and Ruddock (unpublished) presented a detailed discussion
of the laser profiling system.

B. Infrared scanning radiometer

The infrared (IR) system used in this experiment was modified by and obtained from the
Naval Air Development Center, Johnsville, Pennsylvania. This instrument has a military
designation of AN/AAR-35 and a commercial designation of Reconofax IV, Mark V, Infrared
Scanner, manufactured by HRB-Singer Corporation. In this experiment, a mercury-doped
germanium detector was used which has a spatial resolution of 17 mrad and a theoretical
thermal resolution of o.or K at the nadir. Basically, the thermal map output of this instru-
ment is produced by focusing the collected radiation with a rotating mirror (185 scans/s)
onto the detector, which is filtered to accept wavelengths in the 8 to 14 um region. The
received radiation is then converted to voltages, which, in turn, are amplified and utilized to
modulate the intensity of a crater lamp. The varying intensities of the crater lamp are recorded

on 70 mm tri-x film, which, when developed, becomes the thermal map output (HRB-Singer,
Inc., 1968).

C. Microwave radiometers

The NRL radiometers used on this experiment were conventional crystal-mixed, super-
heterodyne, Dicke-switched radiometers that use an ambient (295 K) reference load in the
switching cycle. The center frequencies were 19.34 GHz and 31.0 GHz with bandwidths of
10 to 300 MHz and 10 to 500 MHz, respectively. The r.m.s. output noise level is 0.3 K with a
onc-sccond integration time. In-flight calibration is achieved by observing a known input
(ambient reference load for both halves of the switching cycle) and by injecting a calibrated
temperature change generated by an argon noise generator. The reference-matched load
temperature is known to within 0.5 K and the argon noise temperature change of 100 K is
known to within 2%, The post-flight calibration, which determines the response of the
receiver and the magnitude of the temperature injected by the argon noise generator, is
performed using liquid nitrogen and ambient dewar-like loads that encircle the antennae.
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A resolution of 38.0 m is achieved at an altitude of 305 m using antennae with beam widths of
7.2°. Beam efficiencies of the antennae are 879%, at 19.3 GHz and 989, at g1.0 GHz.

Passive microwave radiometry provides quantitative results, but the quality of the data
depends to a large extent on the nature of the calibration techniques as well as the quality of
the equipment. The r.m.s. statistical error can be controlled fairly well by the selection of the
r.f. components of the radiometer. The error in absolute measurement for the Dicke radio-
meter employed is dependent, in part, on the degree to which the observed source temperature
differs from the temperature of the internal load used for reference. When these are equal,
effects of the error inherent in the uncertainty of the injected argon calibration signal are
minimized. In the case of Arctic ice, the temperature is displaced from the internal load by
about 50 to 70 K. The systematic or bias error due to calibration error, error in load tem-
peratures, and reduction errors is on the order of 2 K.

Although the data were recorded on both magnetic tape and analog strip charts, noise
pick-up on the magnetic tape signal lines produced recordings of poor quality; consequently,
only the analog data from the strip charts were used for analysis. The data were analog-
recorded using a 0.25 s time constant or less with recorder chart speeds of 0.1, 0.5, and 1.0
inches per second (2.5, 1.27, and 25.4 mms~'). A Benson Lehner Oscar k data reader was
used to digitize the analog data automatically for computer reduction to brightness tempera-
ture. These calculations took into account the calibration data, reference-load temperature,
beam efficiency as a function of antenna angular extent, expected response from the ground
source as a function of angle, and atmospheric corrections as a function of incidence angle.
Surface temperature provided by a weather station in Iceland was (—20+2)° C which is
consistent with the accuracy of the temperature recorded outside the aircraft over the site
of (—27+2)° Crecorded at 1 525 m and of (—20-+2)° C recorded at 150 m. This tempera-
ture is also consistent with that expected for lat. 70° N., based on an Arctic model atmosphere
for winter.

ITI. REesurts

Since there were no i situ ground-truth measurements made during this experiment, the
key to meeting the mission’s objectives was the ability to identify accurately several different
ice types using remote sensors other than the passive microwave radiometers. Since light
conditions were insufficient to allow photographic imaging of the sea ice, it was necessary to
rely solely on laser and infrared data for this identification. Fortunately, these two systems
provided excellent data allowing the identification of six distinct ice types (based on age) or
ice forms (based on surface roughness) with a high degree of confidence; they are: (1) open
water/new ice, (2) young ice or thin, smooth, first-year ice, (3) thick, smooth, first-year ice,
(4) ridged first-year ice, (5) smooth multi-year ice, and (6) rough multi-year ice. In most
cases, the young ice and thin, smooth, first-year ice of (2) above could be differentiated on the
basis of the amount of reflection of the laser signal from the ice surface, but, the difference was
not as obvious as with the other categories. To illustrate the typical laser/IR signatures of
these ice types, Figures 1 through 4 are presented. On these, and in subsequent illustrations
where infrared imagery is presented, lighter shades of gray represent warmer surface tempera-
tures with respect to the surrounding ice conditions. Since water is the main source of heat
for the ice at this time of year, thinner ice types are usually warmer than thicker ones and thus
appear lighter. The laser profiler is an active system measuring the reflected laser beam,
hence surface reflectivity is an important key for proper interpretation. The low reflectivity
of thin ice and open water results in a low signal-to-noise ratio, and a relatively noisy profile
is obtained from these surfaces. On the other hand, first-year and older ice usually has a
snow cover, and the associated high surface reflectivity produces a sharp, low-noise profile.
The distinction between first-year ice and multi-year ice can easily be made using the charac-
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teristics of their profiles. First-year ice is typically ilat, broken by periodic steep-sided pressure
ridges. Multi-year ice, on the other hand, has undergone two or more summers of melt and
the steep-sided pressure ridges have been eroded so that an undulating terrain results.
Ketchum (1971) and Ketchum and Wittmann (1966) present complete descriptions of laser
and IR interpretation techniques of Arctic sea ice.

Figure 1 presents a section of open water/new ice. This ice type is extremely thin and
appears very warm on the IR image. The laser profile is very flat and noisy. (Aircraft
motion has not been removed from the laser data presented in this paper. Therefore, some
long-wave curvature may be present in the profiles.)

INFRARED IMAGE:

APPROXIMATE
LASER
TRACK

LASERPROFILE
1

OPEN WATER /NEW ICE

METERS
(=]

i P A i g

100 METERS

Fig. 1. Infrared image and laser profile for open water[new ice.

Figure 2 presents the three forms of first-year ice identified on this study using laser and
IR data. On the left is thick, smooth, first-year ice. The IR image of this ice is fairly dark in
tone due to its thickness with some darker lineations due to snow drifts and some infrequent
ridges. Since this ice type does have a snow cover, the laser profile is not noisy, and because
the ice is smooth, the profile is very flat. The middle portion of Figure 2 shows thin, smooth,
first-year ice or young ice. The IR image shows the ice to be thinner (lighter in tone) than the
thick first-year ice to the left, and the laser profile is flat (undeformed) and noisy (no snow
cover). The deformed first-year ice on the right of this figure is easily identified on the laser
profile by the number of spikey-looking pressure ridges or blocks of broken ice. The IR image
is similar to the thick smooth ice except that the ridged ice has a more mottled appearance.
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Fig. 2. Infrared images and laser profiles, for thin, smooth firsi-year ice, thick, smooth first-year ice, and ridged, thick first-year
iwe.

Figure g presents a section of relatively smooth multi-year ice. The laser profile is typical
for multi-year ice; i.e. high signal-to-noise ratio and undulating terrain with periodic broad-
based hummocks and pressure ridges. The IR image is dark in tone and generally nondescript
with the exception of some lineations due to pressure ridges and some mottling due to
hummocks.

The rough multi-year ice presented in Figure 4 has a similar laser profile to the smooth
multi-year ice, but upon closer examination it is quite apparent that this ice has many more
hummocks and ridges than the ice shown in Figure 3. In addition, the features have steeper
sides. The IR image is more mottled than that for smooth multi-year ice.

Several hundred kilometres of data were collected on this mission. From this large amount
of data, five small sections (ranging from 7 to 26 km cach) were selected for detailed study.
Each of these five sections comprised one or more unique features, such as large areas of
homogeneous first-year ice, large multi-year ice {loes, large open-water/new-ice areas, recently
deformed, highly broken ice, etc. Since the three data forms (laser, IR, and passive micro-
wave) had a common time base, it was a simple matter to correlate the three for comparison.

Comparison of the dual-channel passive microwave results with the laser/IR results
indicate that multiple, identifiable surface responses other than the expected, simple bimodal
response exist. Description of the surface can be expressed using the average of the results
at the two frequencies plotted against their difference at the two frequencies (e.g. Iig. 5).
Such plots can be used to identify first-year, multi-year, and open water/new ice. The plots
also show, however, that there is a wide range of responses for ice surfaces that is well beyond
system variations. There appear to be two regions of first-year ice, a region of higher bright-
ness temperature (245 K) and a region of lower brightness temperature (approximately
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INFRARED IMAGE"
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Fig. 3. Infrared image and laser profile for smooth multi-year ice.

235 K). The former could usually be correlated with ridged first-year ice and the latter with
smooth first-year ice. Also, two forms of multi-year ice were observed using the passive
microwave radiometers, a region of higher brightness temperature (generally above 190 K)
with smaller temperature differences between frequencies (about 20 K) and a region of lower
brightness temperature (less than 19o K) with larger temperature differences (about g0 K).
Although no direct remote-sensing or ground-truth proof exists, the higher temperature form
is interpreted as second-year ice and the lower temperature form as multi-year ice.

It appears that dual-frequency passive microwave techniques may have possible use in
identifying five ice types and/or ice forms: (1) open water/new ice, (2) smooth first-year ice,
(3) ridged first-year ice, (4) multi-year ice, and (5) a higher radiometric temperature form of
multi-year ice hypothesized as second-year ice.

On Figure 5 the general location of each of the five ice types is indicated on an idealized
diagram of average brightness temperature at the two frequencies versus the difference in
temperature between the two frequencies (that at 19.4 minus 31.0 GHz). Open water/new ice
stands alone with a relatively cool radiometric temperature and a large negative temperature
difference due to the strong negative response by the longer wavelength 19.9 GHz radiometer.
This result has been observed by previous investigators.

On this experiment it was possible to subdivide first-year ice into two categories based on
surface roughness as mentioned above. Previous studies have shown first-year ice to be

https://doi.org/10.3189/50022143000034390 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000034390

232 JOURNAL OF GLACIOLOGY
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Fig. 4. Infrared image and laser profile for rough multi-year ice.

frequency independent. This independence was also observed here as indicated by the near-
zero value for temperature difference. Adjacent sections of smooth first-year ice of different
thicknesses (as determined from IR data) were found to have the same brightness temperature.
Therefore ice thickness, or age of first-year ice, did not appear to affect microwave radiometric
temperature.

Probably the most surprising result of this experiment was the ability of passive microwave
to distinguish two distinct forms of multi-year ice. Surface roughness did not appear to have
any effect on the brightness temperature of the two multi-year ice forms. It is more likely that
internal structure is responsible for this delineation. The air-bubble argument of Poe and
others (1974) states that multi-year ice should have larger air bubbles than second-year ice,
hence it will have a larger correlation length and a lower emissivity.

Another feature which Figure 5 emphasizes is the large variations in temperature and
temperature difference possible for both forms of multi-year ice for any one floe. Figure 6
presents a radar image of such a floe collected by the U.S. Coast Guard in the summer of
1969. From this figure, it is clear that a multi-year ice floe is far from homogeneous, but rather
a conglomerate of many smaller pieces of ice of varying ages and thicknesses, re-frozen melt
ponds, and drainage patterns formed from summer melt.

Figure 5, as stated above, is an idealized diagram representing typical values for homo-
geneous or near-homogeneous sections of ice. The sea-ice canopy, especially in the marginal
ice zones, is extremely dynamic, leaving only a small number of uniform ice sections. What
happens to a diagram of the kind idealized in Figure 5 over more complex ice conditions
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Fig. 5. Idealized diagram depicting the general areas of homogeneous ice forms delineated by dual-frequency passive microwave
radiomelry.

depends on what types of ice are in the beam spot (38.0 m) at any one particular time. There-
fore, beam-smoothing or averaging can produce data points anywhere along the perimeter
of the dashed triangle. For example, should the terrain be a combination of first-year ice and
open water, (i) temperature differences will tend toward the negative because the radiometric
temperature of water at 19.3 GHz is much lower than it is at 31.0 GHz, and (i1) average
temperature will fall somewhere along the line joining first-year ice and open water/new ice
depending on the percentage of each type within the beam spot. The concept of Figure 5
can be used to provide an all-weather method of describing an ice field with respect to ice

type and roughness.
section, which is approximately 22 km long, had significant areas of all of the five ice types

distinguishable by passive microwave radiometry except open water/new ice. Many data

Figure 7 presents data for one of the five sections selected for detailed analysis. This
points stray from the perimeter of the triangle, however, the density of data points in various

areas clearly indicate the predominant ice forms present.
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3

Fig. 6. U.S. Coast Guard side-looking radar image depicting inhomogeneity characteristic of multi-year ice-floe.
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Fig. 7. Plot of average brightness temperature versus temperature difference for 22 km section.

https://doi.org/10.3189/50022143000034390 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000034390

SEA=-ICE IDENTIFICATION USING PASSIVE MICROWAVES 235

Figure 8 was compiled from a short run (11 km) comprised mostly of ridged first-year ice
and second-year ice. Two well-defined, dense areas appear on Figure 8 corresponding to
rough first-year and second-year ice as shown on Figure 5 above.

Figures g, 10, and 11 present specific examples of passive microwave responses to various
changes in ice. Figure g, which shows three types (smooth first-year, multi-year, and second-
year ice) is presented primarily to show the difference between second-year and multi-year ice.
Multi-year ice is characterized by lower temperatures and greater temperature differences
than those found for second-year ice.
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Fig. 8. Plot of average brightness temperalure versus temperature difference for 11 km section.

Figure 10 shows the subtle difference in microwave radiometric temperature between
smooth first-year and rougher first-year ice (the roughness being determined from the laser
profile). Both frequencies respond in a similar fashion, but radiometric temperature shows a
definite response for the very smooth ice sensed by the radiometer.

Figure 11 is an example of the response of passive microwave to open water/new ice.
This signature has been reported by previous investigators (e.g. Gloersen and others,

1973)-
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Fig. 9. Infrared images and passive microwave profiles for possible second-year ice, multi-year ice, and smooth firsi-year ice.
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Fig. 10. Infrared images and passive microwave profiles for smosth first-year ice and ridged first-year ice.
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Fig. 11. Infrared images and passive microwave profiles for first-year ice and open water|new ice.

SUMMARY

Using two frequencies, passive microwave appears capable of distinguishing between five
distinct ice types and forms: (1) open water/new ice, (2) smooth first-year ice, (3) ridged
first-year ice, (4) multi-year ice, and (5) second-year ice. Delineation between the first-year
ice forms (2) and (3) above, seemed to be independent of age or thickness, but to depend
rather on surface roughness. The broad-based ridges and hummocks of multi-year ice on the
other hand, did not appear to influence brightness temperature by any significant amount;
rough multi-year ice was observed to have the same radiometric temperatures as smooth
multi-year ice. Instead, internal structure (specifically air bubbles) may be responsible for the
delineation of a higher-temperature multi-year ice form hypothesized as second-year ice.

The 30 K range in brightness temperature observed for multi-year ice is probably attri-
butable to the inhomogeneity of multi-year ice caused by its make-up of ice of various ages
and from surface irregularities created by summer melt.

By plotting average brightness temperature versus temperature difference, it appears
possible to describe the ice field generally in terms of the five categories listed above regardless
of weather conditions.
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A mixture of first-year and multi-year ice within the beam spot can produce the observed
deviations, but other mechanisms not discussed in this paper might also be responsible:

(1) Patches of surface temperature in excess of the 253 K used in reducing brightness
temperature,

(2) Heating differentials due to patches of snow cover,

(3) Heating differentials due to the insulating effects of cloud cover, and

(4) Temperature differentials due to undetected areas of thin ice.

However, the consistency of the microwave values for any one floe, and the uniform and
consistent weather experienced during the flight, appear to preclude the above list from
serious consideration. Instead, most variations of the data points from the areas indicated
on Figure 5 are probably due to beam smoothing at the boundaries of differing ice types.

Since microwave systems are not affected significantly by poor weather conditions, they
appear to have a high potential for Arctic use. The relative transparency of clouds and fog
to microwaves, and the independence of passive microwaves of solar illumination or artificial
illumination of the terrain, make passive microwave sensing a night-and-day, almost all-
weather, technique. Furthermore, the relatively inexpensive instrumentation, and simple
requirements for data interpretation, make passive microwave attractive on an operational
basis.
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DISCUSSION

P. Groersen: Two questions on your suggested sub-categories for first-year and multi-year
ice. (a) The example shown for first-year ice seemed to have an open lead running along the
aircraft track. Could this account for the slightly lower Ty observed? (b) Is it possible that
the two sub-types of multi-year ice might correspond to different snow accumulations on the
two floes?

5. G. Tooma: (a) I admit that the example shown was a poor choice. There are small thin
ice areas present which could account for the drop in temperature. However, there are many
other areas which do show the same drop in temperature without thin ice being present.
(b) Yes, it is possible.
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A. W. ExcLaND: How thick was your “open water/new ice’?
Tooma: About 5 cm.

Encranp: Your data are consistent with the results from our theoretical modelling. For open
water/new ice, the longer wavelength ““sees™ through the ice and the colder-seeming water
results in colder (longer wavelength) brightness temperatures. First-year ice contains brine
causing strong {requency-independent absorption. The brightness temperature will be the
same at both wavelengths. The brine has drained from multi-year ice so that the absorption
is lower and there is greater penetration. The empty brine pockets act as scatterers affecting
preferentially the shorter wavelengths. Therefore, scattering, older ice will appear darker at
shorter wavelengths.

W. F. WeEeks anp J. F. Nye: How hopeful are you of using this type of system to distinguish
different classes of thin ice? The reason for the question is that in current models of the
mechanical behaviour of pack ice it is the thickness distribution of thin ice that is the im-
portant parameter that we must measure.

Toowma: I realize the importance of the thickness distribution, but I am not hopeful at this
time that we will be able to distinguish many different classes of thin ice.
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