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Foreword

The Winter Navigation Research Board presents report no. 16:4. This re-
port contains a careful analysis of the registrations received from the Side-
looking Airborne Radar (SLAR) that for the first time was tested in Sweden
in connection with the remote sensing experiment SEA ICE-75. The techni-
cal details of the radar and the carrier, together with a description of the
operational procedures and results, can be found in report no. 16:3 of these
series.

As the SLAR was a new instrument that hade never been tested for ice -
mapping in Sweden before it was decided that extra care should be taken in
analysing the registrations obtained. A SLAR expert from Kansas Univer-
sity in USA, Dr Surendra Parashar, was therefore engaged for a 2 months
period to undertake such an analysis. The expenditures for Dr Parashars
stay in Sweden were covered by the Swedish Board for Space Activities
and office facilities were provided by the Swedish Meteorological and
Hydrological Institute (SMHI), This enabled him to work in close collabo-
ration with the staff of the maritime section, responsible for the ground
truth programme. : ) )

In this report Dr Parashar has not only presented an exellent analysis of
the SLAR data, but he has also provided necessary background informa-
tion for the understanding of the conclusions and recommendations made.

The Winter Navigation Research Board wish to sincerely thank Dr Pa-
rashar for his most vauable contribution to the project SEA ICE-75.

Thanks are also extended to the Swedish Board for Space Activities, and
to Swedish Meteorological and Hydrological Institute for providing the ne-’
cessary funds and office facilities. .

Norrkoping and Helsingfors, July 1976.
Lennart Johansson ., Helge Jiisalo




1 Introduction

The purpose of this report is to present results obtained from the analysis
of SLAR (Side-Looking Airborne Radar) data collected during the Sea
Ice -75” experiment. This experiment was conducted in the Bay of
Bothnia during March, 1975. The data gathered during this remote sen-
sing experiment included SLAR images of sea ice obtained by utilizing
EMI X-band (wavelength, A =~ 3 cm) real-aperture radar. Despite the
fact that the radar images are of poor to moderate quality, & number of
meaningful conclusions can be drawn. On the basis of these results, re-
commedations are made for the design of future experiments and for the
operating parameters that may be used in an operational ice mapping
radar system.

In an effort to help explain and understand some of the results, inclu-
ded are sections on the formation of sea ice and its relevant characteris-
tics, the nature of radar return from sea ice, and sea ice parameters of
interest. The purpose, objective, and the design of "Sea Ice -75” experi-
ment, with the type of data collected from it, is reported briefly. In addi-
tion, a summary of important results and the capability and utility of
SLAR in mapping ice is included along with the meaningful conclusions
in the end.

To be able to compare the results presented here with past measure-
ments, the following section contains a brief historical background on the
use of radar for mapping ice.

1.1 Purpose and Background of Radar Measurement of Ice

Despite the knowledge that sea ice covers a very large area, it has been
only recently-that-attempts have been made to learn more about sea. ice.
It appears that the environment of the earth’s surface is greatly influenced
by the sea ice cover, but the role sea ice plays in modifying global cir-
culation of the atmosphere is not yet quantitatively understood. The ice
cover suppresses drift currents and wind mixing and reduces heat ex-
change between the atmotphere and the ocean by suppressing heat loss
of the ocean to the atmosphere in winter and by reflecting solar heat in
summer. The dynamic and thermodynamic interaction of ocean and at-
mosphere is critically affected by the absence or presence of sea ice. This
interaction affects polar regions and perhaps global atmosphere as well
(1).

Oceans around some of the countries in the northern hemisphere are co-
vered all or part of the year by sea ice. Most of the cargo between these
countries is moved by sea and so sea ice affects trade. Marine operations
in the ice frozen oceans require up-to date information on the extent,
position, thickness, and break up characteristics of sea ice.

The present interest in the use of radar system to monitor sea ice is
primarily developed because of a real need to extend the shipping season
into the winter months. The feasibility of achieving this depends to a
large extent on making improvements in the ice information gathering
techniques. Tt is quite important that quick, accurate, and comprehen-
sive information on the position, extent, and relative thickness of ice
cover with the location of open water areas be made available to shippers
on a timely and regular basis so that shipping routes for navigational pur-
poses may be optimized. Moreover, sea ice parameters are also needed to
forecast drift and growth patterns of ice cover and its effect on the en-
vironment, through the use of meteorological and climatological models.
This requires repeated, and in some cases daily, reconnaissance of ice
cover. In view of the tremendous aerial extent of the ice cover, the re-
peated and timely surveillance can be only provided by means of remote
sensing techniques. It is in this regard that the allweather, day/night ope-



rational capability and broad aerial coverage provided by a Side-Looking
Airborne Radar is seen to be particularly useful and attractive.

Sea ice was first mapped in the early 1960’s by SLAR when the Cold

Regions Research and Engineering Laboratory (CRREL) conducted ex-
periments over the Arctic pack ice utilizing the AN/APQ-56 radar sy-
stem. It was shown then by Anderson (2) that sea .ice types can indeed
be identified on the SLAR imagery. This led the U.S. Coast Guard, du-
ring September 1969, in conjunction with the MANHATTAN tanker
test, to conduct ice mapping experiments in the Northwest Passage using
a Philcoford AN/DPD-2 SLAR operating in the Ku-band (wavelength,
A = 1.82 cm). It was shown by Johnson and Farmer (3) that overall ice
conditions, individual ice floes, floe size and number, and water openings
can be detected. In addition, it was demonstrated that SLAR imagery
can be used to detect ice age, ice drift, surface topography, fractures, re-
lative ice thickness, and pressure characteristics, through careful image
interpretation (4). Since then a number of studies have been conducted
such as by Raytheon Company (5 and 6) and Photographic Interpretation
Corporation (7) to show that SLAR indeed is a useful tool to map chan-
ging nature of sea ice. Glushkov (8) and Loshchilov (9) demonstrated the
use of SLAR imagery obtained from the satellite "TOROS’ in determi-
ning the ice conditions and ice drift. An analysis of multifrequency SLAR
imagery of sea ice was conducted by Ketchum and Tooma (10).
- The ability of the Side-Logking Airborne Radar (SLAR) to map sea
ice has been demonstrated to some extent. The Soviets are already using
SLAR for operational ice surveillance. In an effort to understand and
define the nature of radar return from sea ice and operational parameters
of radar, radar scatterometer data were analyzed in great detail by Rouse
(11) and Parashar and others (12). Parashar also correlated scatterome-
ter data with SLAR imagery and developed an analytical model of radar
scattering from sea ice. The theoretical results were shown to be in ge-
neral agreement with the experimental results (14).

The encouraging results obtained in mapping sea ice by radar prompted
the use of SLAR in mapping lake ice. Unlike sea ice, which contains salt,
lake ice is a fresh water structure. In a report prepared by Photographic
Tnterpretation Corporation (7) for U.S. Coast Guard it was shown pos-

sible to detect, delineate, and describe several lake ice types through a
detailed, systematic study of the available radar imagery. On a series of
X-band SLAR images obtained by NASA Lewis Research Centér (15),
it was possible to identify lake ice types such as brash, pancake, and re-
lated forms because of their brightest return. Radar lake ice data were
also reported by Larrowe and others (16).

A review of the above would indicate that the ability and the potential
of SLAR in mapping ice has been proven to some extent. What is lacking
is the knowledge about the optimum operating parameters of radar such
as frequency, polarization, angles, and resolution cell size which would
help in the design of an ice mapping radar system of general utility.




2 Formation of Sea lce

The formation of sea ice is a complex process and is primarily influenced
by the brine content of the surface water, the vertical distribution of sa-
linity, surface temperature, and the depth of water. Other factors which
influence the formation of sea ice are wind, currents, sea state conditions
and the rate of cooling. Sea ice starts to form earlier on the surface of
shallow than on deep water, so under similar conditions the ice begins to
" form near the coast first (17). The amount of salinity present determines
- the temperature of maximum density. In water with a salinity of less than
24,7 %00 the temperature of maximum density lies above the freezing
temperature. The freezing temperature of water decreases less rapidly
than the temperature of maximum density with increasing salinity. The
temperature of maximum density in pure water is +3,98° C. Both the
temperatures, of freezing and maximum density, are the same at —1,33° C
in water of a salinity of about 24,7 %0o. Thus, cooling of a layer of water
with a salinity of less than 24,7 %00 causes an increase in the density of
water at the surface resulting in free convection. With continued cooling,
this convection continues until the complete convective column._reaches
the temperature of maximum density for that particular salinity (18)."The
convection stops at this time. Further surface cooling without mechanical
mixing, creates a stratification in a very thin stable surface layer of low
density where ice formation rapidly begins when the temperature of free-
zing point is reached. ‘

The amount of brine present in the water affects the initial freezing of
water. But once the freezing starts, the initial ice cover proceeds to from
independent of the salinity of the water. The process of freezing can be
delayed if the winds produce ocean currents which carry the warmer water
to the surface. The amount of turbulent mixing of the water in the free-
zing layer is the determining and controlling factor in the formation of ice
cover. :

The first sign of formation of sea ice varies according to different con-
ditions to which the water is subjected. Under calm conditions, the initial
ice growth starts after water has been supercooled slightly. The first cry-
stals to form- are minute spheres of pure ice and as these grow they rapid-

-1y change their shape to circular disks. At some critical diameter, which

is about 2 to 3 mm in fresh water and decreases with increasing salinity,
the disk form changes to dendritic hexagonal star. These stars grow ra-
pidly across the surface of calm water until they overlap and freeze to-
gether to form a more or less uniform sheet of ice, known as young ice.
Surface needles are more common in fresh water ice than in sea ice (18).

On the other hand when waves or strong currents disturb the sea sur-
face, the first sign of the sea surface freezing is an oily, opaque, appea-
rance of water. This is known as grease ice and upon further freezing de-
velops into nilas or ice rinds. Some turbulence during initial ice forma-
tion introduces more nuclie into the area of active freezing so that the
initial crystals are mixed throughout a depth of up to several meters. Snow
falling on the water surface, during calm conditions, just prior to and du-
ring initial freezing conditions also helps in the formation of similar cry-
stal aggregates. Ice, known as pancake ice and slush is formed because
of packing of ice crystals due to wave motion and the general motion of
the aggregates against one and other. The thickness of initial ice cover
when a slush layer congeals is usually several centimeters. Sheet ice will
develop beneath the pancakes and slush ice once a composite ice sheet is
formed between the pancakes. The sheet of ice is normally less than 30 cm
thick. It is difficult sometimes to distinquish slush ice from infiltrated
snow ice, which is formed because of abundant snow fall. The thickness
of ice may grow to 10 or 15 cm within 48 hours after which the growth is
slower. First year ice which is of one winter’s growth seldom becomes



more than 2 meters thick. Sea ice may attain greater thickness through
ridges, hummocks, and rafting under the influence of wind, currents, wa-
ves and pressure. During the growth of sea ice, the impurities in the form
of brine are partially rejected to the underneath water. That is why, the
salinity of sea ice is always less than the salinity of the original sea water
from which it was formed. In the spring and summer, snow cover and sea
ice start melting. This continuing thawing produces passages and holes
into which surface water drains.

There are several systems of classification of ice forms. The most widely
used system is WMO terminology (19).

2.1 Characteristics of Sea Ice

Sea ice differs from fresh water ice in that it has impurities contained in
it sice matrix. The impurities present are in the nature of liquid brine
inclusions and are commonly called brine pockets of sea ice (20). The
amount of salt or the percent brine volume initially trapped in the sea ice
is dependent on the salinity of the original sea water and the rate of coo-
ling. If the water is cooled rapidly, more brine is trapped. The amount of
brine present can be found from the phase diagram given by Assur (21).
A decrease in the temperature results in the decrease of the relative vo-
lume of the brine. The standard salinity profiles (variation of salinity with
depth) for different thicknesses of first year ice which have characteristic
’C’ shape are given by Weeks and Assur (18). The temperature also va-
ries with depth.

The physical properties of sea ice change significantly with time and
age. The physical properties such as salinity and temperature determine
the electrical properties. '

The electrical properties of fresh water ice or pure ice have been in-
vestigated by many workers (22). The most interesting properties of pure
ice are its high static dielectric constant (about 100) and its long relaxa-
tion time (about 10-4 seconds). For frequencies much greater than 1 MHz,
the dielectric constant drops (22) to about 3. Because of the presence of
the impurities such as brine pockets, the electrical properties of sea ice
are significantly different than those of pure ice. The complex dielectric
constant of sea ice is dependent on both temperature and brine volume.
The brine volume in turn depends on salinity and temperature. Salinity
and temperature change with depth and thickness, so the electrical pro-
perties of sea ice are a function of thickness of sea ice and vary with its
depth. S ) : '

The dielectric constant of brine varies from 80 at 108 Hz to approxi-
mately 34 at 2.3x10' Hz (23). Over this entire frequency range, the
dielectric constant of the inclusions. (brine) is thus several times larger
than the dielectric contant of the continuum (ice = 3,5). Hence, the die-
lectric constant of the mixture, that is sea ice, can vary significantly with
brine volume dependening on temperature. The same thing holds for the
dielectric loss (imaginary part of coemplex dielectric) which can be as
high as 20 or more at 4 X 108 Hz at a salinity of 10 %00 (23).

So, what is clear from above is that the complex dielectric constant of
sea ice varies with salinity and temperature and has its own vertical pro-
file. '




3 Radar Scattering

Radar is an active system, which transmits its own electromagnetic ener-
gy and measures the energy reflected or scattered back from the target.
Being an active system it can operate at any time during day or night.
Moreover, its operation is independent of almost all weather conditions.
This day/night, all weather, operational capability is particularly useful
in the regions such as the northern hemisphere, where weather and light
conditions are uncertain most of the time.

The density, brightness, or graytone on a radar image is directly pro-
portional to the received power, which inturn depends on the radar backs-
catter coefficient. This relationship can be expressed in terms of radar
equation (24):

Doc log P,
P =PBGNo"AA
(4m)* R*
where,

D = Density on the radar image
P, = Average received power

P, = Transmitted power
G = Antenna gain in the direction of AA
L = Incident wavelength

R = Range to the resolution cell of area A A
0® = Radar backscattering coefficient or backscattering crosssection per
unit area of the target :

Each small area on the ground equal to a resolution cell size A A
produces one point on the image. In a real-aperture SLAR, the resolution
cell size in the along-track direction is determined by the beamwidth of
the antenna and the range to the resolution cell. It increases with increa-
sing range. The beamwidth of an antenna is directly proportional to the
wave length and inversely to the length of the antenna. In other words
a fine resolution in the azimuth or along-track direction can be achieved
by either decreasing the range, decreasing the wavelength, or increasing
the antenna length. The acrosstrack résolution or range resolution de-
pends on transmitted pulse length. The smaller the pulse length, the smal-

" ler resolution is achieved. In a syntheti¢c-aperture radar a better resolution
in the azimuth is achieved through sy thetically obtained large antenna.
This is obtained by storing both the amplitude and phase of the return
signal and adding the signals coherently (25). As a result, for a focussed
radar, a small resolution in the azimuth is achieved which is independent
of the range and wavelength and is equal to half the physical length of
the antenna (24). A synthetic-aperture radar is obviously more complica-
ted and expensive than a real-aperture radar.

Except for the quantity ¢°, all the othed parameters in the radar equa-
tion are either system or flight parameters. So, essentially, it is the varia--
tions in 0°, which are depicted as variations in density or brightness on
an image. The linking parameter between the brightress on a radar image
and the properties of the target is the quantity o°. Target here is implied
both discrete and continuous like terrain. Thus, it is because different
targets have different values of ¢© that they appear different on a radar
image. In general ¢° depends on wavelength, angle of incidence, and the
polarizations of the transmitted and received wave. The value of ¢° also
depends on such target parameters as surface roughness on the wavelength
scale and subsurface structure, complex electric permittivity, and physical
and quantum resonance.’

When electromagnetic energy or waves hit the earth’s surface, the waves
may either be transmitted, absorbed, specularly reflected or scattered.



Waves are said to be specularly reflected, when they follow Snell’s law
in which case the angle of incidence is equal to angle of reflection. Scat-
tered waves have components in all the directions from 0 to 180 degrees.

The amount of energy specularly reflected or scattered depends on the
surface roughness of the target, the wavelength, and the angle of the in-
cident wave. A measure of the surface roughness is the size of surface
height irregularity or variation in comparision with the wavelength of the
incident radio wave. A change in the surface configuration from smooth
to rough would result in the decrease of the specularly reflected wave re-
lative to the non-specular or scattered wave. The energy or signals retur-
ned along the same path as the incident energy is called the backscattered.
The specular reflection at microwave lengths, at which radars operate, is
usually very small as compared to the scatter waves in the case of backs-
catter. Thus the radar measures the returned power, which is dependent
on radar backscatter coefficient.

A perfectly smooth surface gives return only in the specular direction.

A surface is generally said to be smooth if Ah< where Ah is sur-

ose,

face height variation, ) is the wavelength of the incident wave, and § is
the angle of incidence. With a very rough surface, the scatter is almost
uniform in all the directions including the source. For a slightly rough
surface most of the incidence energy is scattered near the specular direc-
tion. Thus, a surface which is smooth at one frequency may not be smooth
at higher frequency. The same surface will appear rougher as the wa-
velength of the incident energy is decreased. The degree of surface roug-
hness determines the slope of ¢° vs 8 curve at a particular frequency cor-
responding to transmitted and received polarizations. That is, the smoot-
her the surface, the faster is the drop in the value of ¢° as the incident
angle 0 changes from near vertical to near grazing. For a rough surface
0° vs @ curve is relatively flat. (See Table I).

In addition to surface roughness, the electrical propertles of the me-
dium also play an important part in determining the value of ¢°. The
complex permittivity (the real part is the dielectric constant and the ima-
ginary part can be expressed as a loss tanget) does not only determine
the amount of energy which is scattered or reflected back but also deter-
mines the degree of penetration of incident electromagnetic energy. The
value of loss tangent and the wavelength determines the attenuation in
the medium and thus the skin depth or depth of penetration. The higher
is the value of the loss tangent and smaller is the wavelength, greater is
the attenuation and hence a smaller skin depth. Thus the choice of fre-
quency determines the depth of penetrations and thereby influences the
contributions made by the subsurface structure to the radar return.

In the end it should be pointed out that almost all the SLARs in ope-
ration today are uncalibrated systems. Thus, the gray tone, brightness or
density on a radar image is relative and not an absolute quantity. For
comparing two radar images obtained by utilizing two different systems
or the same system, a common reference point for calibration purposes
should be established.

3.1 Radar Scattering from Sea Ice

Radar backscatter from floating ice is a combination of scattering from
ice-air and ice-sea water interfaces and from irregularities within the ice
mass. The relative contribution to backscatter from the two boundaries
and the irregularities depends on the frequency, polarizations, angle of
incident wave and the electrical and physical properties of sea ice like
complex permittivity, surface roughness, temperature, salinity, and thick-
ness. In addition, the absence or presence of some type of snow cover
may have some relative effect on the radar return.

By selecting a value of 3.15 for dielectric constant and 10X 104 for
loss tangent (pure ice), the skin depth for ice can vary linearly with
frequency from about 100 cm at 1 GHz and 10 cm at 10 GHz to 1 cm
at 20 GHz. The depth of penetration decreases as the salinity increases
because of increase in the value of loss tangent.

An analytical model of radar scattering from sea ice was developed by
Parashar (13) by taking into account the surface roughness, the amount
of brine entrapped, and temperature. Sea ice was considered as an in-
homogeneous medium in which the inhomogeneity in the nature of brine
entrapped varies continously in the vertical direction. In addition, it was
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considered to have a small random variation in the horizontal direction.
Maxwell’s equations were solved using the small pertubation method to-
gether with Fourier transform techniques. The computed results interms
of ¢° vs 9 for different ice types were shown to be in general agreement
with the experimental results. The final 0° equation composed of two
terms; surface roughness and inhomogeneity. The major contribution to
the radar backscatter at 13.3 GHz frequency was from surface roughness
term. This was because of small penetration. The contribution from the
inhomogeneity term increases, though relative surface roughness still very
small, as the salinity decreases because of a decrease in the value of loss
tangent and thereby a greater penetration. The inhomogeneity term drops
down relatively faster than the roughness term as the angle of incidence
increases (from the vertical zero degree). Thus, essentially, the radar re-
turn, from the model, is from the surface roughness, of course, the calcu-
lations were made at only one temperature, by assuming the values of
inhomogeneity and the surface roughness. The theoretical model need to
be tested further for its validity by conducting controlled experiments
with the collection of relevant ground truth.
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"Sea lce -/75” Experiment

During March, 1975, a remote sensing experiment was conducted jointly
by Sweden and Finland with the participation of Netherlands in the Bay
of Bothnia (Sea of Bothnia) (26). The main objective of the experiment
was to evaluate the capabilities and limitations of modern remote sensing
techniques for mappmg sea ice. Spec1f1cally, it was proposed to evaluate
from the remote sensing recordings, the primary parameters of sea ice
such as presence or absence of ice, ice concentration, ice roughness, ice
thickness, state of ice surface, and type of ice. In addition, it was decided
to study the effect of such environmental parameters as temperature,
cloudiness, wind speed, sea state, and time of the day, on the remote
sensing recordings. It was also decided to evaluate the effect of snow co-
ver and gather information about the drift speed and direction. The in-
fluence of altitude in the ability to identify different ice types was also
proposed to be studied. The purpose of the experiment was and is to
gather sufficient information which would help in the design of an opera-
tional remote sensing system for ice surveillance.

4.1 Remote Sensors Employed

To help achieve some of the objectives of the experiment a variety and
a number of remote sensors were used. These included real aperture
SLAR (Side-Looking Airborne Radar), FLAR (Forward-Looking Air-
borne Radar), and ODAR (Omni-Directional Airborne Radar), all work-
ing at 3 cm wavelength. Ship based radars operating at 3 and 10 cm wa-
velength, radar altimeter at 6 cm wavelength, and microwave radiometer,
operating at 6 cm wavelength were also employed to gather the data.
Correlating data from SR (Scaning Radiometer) and VHRR (Very High
Resolution Radiometer) aboard NOAA-4 satellite along with MSS (Mul-
ti-Spectral Scanner) data from Landsat-2 were obtained. High altitude
camera, multispectral camera, and IR scanner belonging to Swedish go-
vernment were also employed. Aerial photography was primarily obtained
to act as a ground truth with other ground truth information such as
temperature and salinity of ice.

On]y the results obtained from the analysis of SLAR data are presen-
ted in this report.

4.2 Design of the Experiment

To obtain experience of the capability and possible limitations of various
remote sensing techniques, the field experiment was conducted in the Bay
of Bothnia (Sea of Bothnia) during the period of 10 to 20 March 1975.
The experiment comprised of measurements on two scales:

— specially chosen relatively small ground truth areas

— large area mapped by remote sensors.

The ground truth information was gathered at three different scales.
The area for identification purposes was divided into three sections, 1X1
km area, 5X 5 km area, and 15X 15 km area. Most detailed ground truth
was collected for the 1 X 1 km area. Larger 15X 15 km area was mapped
by various remote sensors. The smaller areas were contained whithin the
larger areas. All the areas were marked by flags, tarpaulins and radar
reflectors. The Swedish ice breaker *TOR’ was situated in the middle of
the experimental area as an operational base and a reference point. The
details of the experiment and the data collected from it are given in re-
ports (26) and (27).
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4.3 Sea Ice Parameters of Interest

The main parameters of interest for the navigational, climatological and
meteorological purposes are the relative ice thickness, ice surface rough-
ness, ice drift, and general ice conditions. The utility of any remote sensor
for providing this information should be judged on its ability to map po-
sition, extent, thickness, and roughness of ice. It should be possible to
locate open water areas and distinquish ridges. Since pressure ridges are
difficult to navigate through, it is important to know their position, spa-
tial extent, height if possible, and direction. It would certainly be helpful
to know the location and direction of fractures and cracks. In addition,
information about the temperature of the ice surface and the surrounding
water would be helpful. The knowledge of the general direction and the
rate of the ice drift would be extremely useful in predicting the opening
and closing of leads. Information about the presence or absence of snow
cover would be advantageous. The effect of snow cover in maskin sea ice
signature need to be established.
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5 Ground Truth Information

Water in the Sea of Bothnia is of relatively low salinity as compared to
the water in the Arctic ocean. The salinity is even lower in the Bay of
Bothnia. As a result the sea ice found in the Bay of Bothnia contains very
small quantities of brine. As a matter of fact the surface salinity of ice
measured during the "’Sea Ice -75” experiment was of the order of 0.5 %o
and smaller. Whereas in the Arctic even multi-year ice, which has gone
through at least a summer’s melt and is relatively salt free at the surface,
is expected to have a surface salinity of at least 1 %oo. First year ice, ice
of one winter’s growth, can have surface salinity of as much as 15 %boo or
more. Because of the very low salinity, the ice in the Bothnia is expected
to start forming relatively earlier in fall and start melting relatively later
in spring. Only first year, that is of one winter’s growth is found in the
Bothnia. In the cold winter this ice may be as much as 1 m thick. Of
course, it may attain greater thickness through rafting and pressure rid-

ging.

Thus, as is evident from above, ice found in the Bay and Sea of Both-

nia is quite different from that found in the Arctic and this fact should
be borne in mind when the results presented here are compared with past
measurements from the Arctic. Sea ice in the Bothnia consists of relati-
vely more pure ice and should be comparable to ice found in the Great
Lakes and other lakes.
Typical thickness of level ice expected to be found during a normal win-
ter is 50—70 cm in the Bay of Bothnia and 20—40 cm in the Sea of
Bothnia (28). In the Bay of Bothnia pressure ridges as high as 2 m often
appear and ridges 5—6 m high have been observed. The winter during
1975 was extremely mild with mean temperatures 4—5° C above normal
in the Bay and Sea of Bothnia. The mean temperature varied from
—0,6° C in the south of the Bay to —50° C in the north. As a result the
maximal ice extension was much less than normal and the thickness of
level ice was 20—40 cm. Normal salinity values in the water in the Bay
are about 3—3,5 %0 and in the Sea of Bothnia about 5—5,5 %00 (28).

The ice charts in detail showing ice concentration and level ice thick-
ness during the period of the experiment are given by Udin and Omstedt
(28). A detailed analysis of the ground truth information collected during
the experiment is provided by Udin (29).

Small-scale thickness measurements were made in a 1X1 km area
around the ice-breaker "TOR’. The ice thickness was measured every
200 m but along one line in the area, holes were drilled to measure
thickness every 10 m. The measurements do show a considerable varia-
tion in thickness over a rather small area. The thickness of level ice,
without rafting or pressure ridging, was 25—30 cm but the mean value
over the area was 43,5 cm. In addition to these, spot measurements of ice
thickness were also made. Small pressure ridges had a thickness of 1 me-
ter. The wind speed during the period, March 10—15 was less than 10
m/s, increasing to 19 m/s on March 16. It decreased during the 17th and
increased again on March 18 to 15 m/s.

The mean salinity in level ice was found to be 0,435 %00 in the layer
of 2—7 cm, 0,292 %00 in the layer of 8—13 c¢m depth, 0,440 %00 in the
layer of 14—19 cm depth, and 0,251 %00 in the layer of 20—25 c¢m depth
from the top surface. There was no snow fall during the experiment.

The National Land Survey of Sweden also participated in the experi-
ment by providing medium to low level photography of the ground truth
areas with a purpose of correlating it later with the various remote sensor
recordings. For such a purpose a Wild RC-8 camera with an UAg 152
was used. It produced 23X23 cm photographs. The Wild camera was
used to provide aerial photographs of the 15X 15 km area on March 14
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and 17. In addition, a Hasselblad camera package producing 6 X6 cm
photograph was used to provide aerial photographs of the 5 X5 km area
on March 13 and 18. This report is mainly concerned with the SLAR
data collected during three of those days. To facilitate identification of
the ice types and general ice conditions, mosaics were made from the in-
dividual aerial photographs to depict the entire experimental area.
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6 SLAR Data

Radar imagery during the experiment was obtained by utilizing an EMI
X-band real-aperture SLAR (Side-Looking Airborne Radar) operating at
a frequency of 9,6 GHz with horizontal-transmit and horizontal-receive
polarizations. The radar was carried aboard a Beechcraft Queen Air 80
laboratory aircraft belonging to the National Aerospace Laboratoys (NRL)
in the Netherlands. The maximum altitute obtainable is about 6000 m
with a speed of 240 km/hr. This SLAR was developed originally as a
navigation radar for the British military aircraft TSR-2. Data are repro-
duced on film. The operational details of SLAR are given by Morra and
de Loor (30).

Some of the operational parameters of radar are given below:

Power output (nominal) 80 kW peak, or 25 kW in low level rote
Pulse duration, t (nominal) 0,2 psec

PRF 1260 or 2520 Hz, depending on range
Antenna system Slot radiators in 7°6” long antenna fitted

with a horn; double.
Available: single antenna ditto 15’ long

Antenna pattern Cosec? (imperfect)

Beamwidth (elevation) 36° at 6dB, 23° at 3dB points

Beamwidth (azimuth) 56’ at 3dB points

Display ~ Intensity modulated scan on a CRT photo-

graphed on 5” wide sensitized paper and ra-
_pidly processed.
Film system (negative) available

Display map scale At low level 50 k:1 and 100 k:1 correspon-
ding to 3,15 and 6,3 km, both sides. At me-
dium level 200 k:1 and 500 k:1 are used
corresponding to 25 and 65 km respectively
(one side only).

Radar was operated in two modes. In the first mode 6,3 km swath
width was mapped on both sides of the aircraft with a gap directly under-
neath the aircraft. In the second mode, a 25 km swath width was mapped
on only one side of the aircraft. The geometry of radar mapping is shown
below in Figure 1.

g gt l'<"'91l7.= okl e
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Figure 1. Geometry of radar map-

ping.
h = altitude g, = swath mapped
2g = gap, 2 (window shift) - 8, = near range incident angle
R, = near range 02 = far range incident angle
R; = far range 0,1 = mid range incident angle
Ry = range to middle of image 81, = mid swath

Across-track resolution cell y ;. = ZCTfn 0

For,tv = 0,2 psec, and C = 3% 10°® m/sec, 30

Yac = ing

Along-track resolution cell, y al = RO
For beamwidth @ = 56’ y ;) = 15 Rgy m




Table X. Different parameters, in-
cluding ranges and angles, corres-
ponding to different altitudes.

h h s & K 9

ft m km deg km km

500 152.4 1,852 85,29 1.853 6.3
900 274.3 1.852 81.57 1.87 6.3
1000 304.8 1.852 80.65 1,87 6.3
1300 396.2 1.852 77.92 1.89 6.3

20,000 6.096 0.482 46.75 8.89 25.0

T

Rough

Smooth
>

T— 6 —

Table 1I. SLAR data collected du-
ring SEA ICE -75 Experinient.

The data were presented in the slant range mode. Five different alti-
tudes were used. For altitudes including 1300 ft and less, data on the ori-
ginal images were mapped at a scale of 1:100 000, with a swath width of
6,3 km on both sides of the aircraft. For altitude of 20 000 ft, images were
mapped at a scale of 1:200 000, with a swath width of 25 km on one side
of the aircraft. Different parameters, including ranges and angles corres-
ponding to different altitudes are presented in Table 1.

a+g, 92 R2 Yal(n) Yac(n) ¥al(¥) Yac(f) 9, ‘Om Rrn Fal(m)¥ac(m)

km deg km m m m m km -deg  km m M

8.152 88.92 8,153 27.79 30.t 122,29 30,0 4.0 87.81 4.0 60.0 30.0
8.152 88.07 8,155 28.05 30.3 122,32 30.0 4.0 86.08 4.0 60.0 30.0
8.152 87.85 8.157 28,05 30.3 122,35 30.0 4.0 85.64 4.0 60.0 30.0
8.152 .87.21 8.23 28.35 30.92 123.45 30.3 4,0 84,34 4,04 60.6 30.3
31.48 79.04 32,06 133,35 41,18 480.9 30.3 18.90 72.12 18,93 283,95 3152

flight direction

gm _9+g]/2
(n) = near range
(f) = far range

(m) = mid range

Sea ice was mapped with SLAR during five different days and each
day was assigned a flight number. The details corresponding to each flight
are shown in Table II. The areas covered during each flight are shown in
Figures 2 and 3. Two lines were flown in the west-east direction and two
in the northsouth direction. Two intersecting lines were flown over the
ice breaker "TOR’. The lines were not exactly perpendicular or parallel as
shown in the diagram and even the spacing between the lines varied.
Sometimes diffferent altitudes were used for -different lines and the details
of the flight heading, altitude and location can be found in (31). It was
hoped that the imagery obtained from parallel lines would overlap but
only in some instances it does. In flight 952, only one run was made over
"TOR’ as given in Table II.

FLIGHT NO. DATE TIME ) SCALE ’ ALTITUDE COVERED AREA

950 12-3-1975 14,45 - 1:100,000 300 m Swedish 15 x 15 km area
16.00 h Band Width Preliminary tests

2 x 6,3 km

951 13-3-1975 13.00 - 1:100.000 300 m Swedish 15 x 15 kmoarea
14.30 h 1:200,000 1 run on track 270" S of TOR

952 14-3-1975 11.00 - 1:100,000 400 m 1 run over TOR__ Maldren —
13.00 h Bjursklubb—peast southeast

to Finnish coast_ypnorth
to Maloren__,luled

953 18-3-1975 11.00 - 1:100.000 150/300 m Swedish 15 x 15 km area
12.00 h
" 12,00 - 1:200,000 6000 m 65,30N, 23,00E — Gastren—y
13.30 h Band Width east to 64,40N, 23,10E _,
1 x 25 km north to 65.30N, 23,10E

covering Finnish and Swedish
15 x 15 km areas—wLuled

954 19-3-1975 13.15 - 1:100,000 150/300 m Swedish and Finnish
15.30 h 15 x 15 km areas.
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Figure 2. Flight patterﬁ and area
mapped (Flight 950).
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/ Préliminary Analysis of SLAR Data

Positive prints were made from the original negatives and some of these
are shown in Figures 4, 5, 6, 7, and 8. A cursory examination of these
images would show that the images are of moderate quality Though,
most of the features are mapped consistently from image to image. The
data are presented in the slant range mode but the change of the scale
from the near range to far range because of change in the acrosstrack or
range resolution is not evident. Center line is the near range. It is be-
cause, the 1mages are obtained by operating the radar at near grazing
angles with a variation of 3 to 8° over the entire image depending on the
altitude. As a result there is no significant change in the range resolution
cell size from near range to far range as is evident from Table II. There
are some changes in the along-track resolution cell size from near-range
to far-range and these sometimes are apparent when comparison is made
with mosaic. The changes in scale because of non-square resolution cell
size in the far-range are evident when a comparision is made between the
same area mapped by two perpendicular flight lines.

Even though the radar was operating at less than the maximum range,
there is a loss of signal in the far range. This could very well be due to
the imperfect cosec? antenna pattern. Otherwise there is no detrimental
effect of antenna pattern. The gain of the system was kept almost the
same throughout most of the experiment, but still there are certain in-
stances of gain variations. Sometimes vertical scan lines and streaks are
visible and certain cases of complete image wash out are apparent. There
are certain examples of missing data, especially, near the ice-breaker
"TOR’. But these are probable operative controlled faults. These are likely
present because of an effort to align the aircraft heading with or over
YFQOR?. The-first:thing.which-immediately strikes.-the -eye ‘when it looks
at the i images is the lack of gray tone or density variations. Most of the
imagery is either over-saturated or under-saturated. This is a case of dy-
namic range, gain control, and sensitivity problem.

It should be pointed out that even though SLAR operates at micro-
wave frequencies, the final output is in the visible part of the spectrum,
that is, a black and white image. Thus, the SLAR image represents, essen-
tially, a transformation from the lower part of the electromagnetic fre-
quency spectrum to the higher part so that our eye can see. To fully app-
" reciate the role photographic process plays in the final output, it would
be helpful to examine this transformation. This would help point.out some
of the inherent limitations of a photographic film.

A very short pulse of electromagnetic energy at the microwave frequen-
cy is transmitted by the radar antenna in the area illuminated by it. The
illuminated area is wide in the across-track direction and narrow in the
along-track direction. The size of these areas are determined by the size
of the antenna. One small strip of the ground is swept by this pulse. The
echoes received back by the antenna arrive at different times because of
diffferent ranges in the across-track direction. By determining the diffe-
rence in arrival time between different echoes, the corresponding ranges
can be ascertained because of fixed velocity of electromagnetic wave. The
ranges separated in time duration by less than the pulse length determines
the range or across-track resolution in a simple system. For a real-apertu-
re radar, the along-track resolution is determined by the narrow illumi-
nated region. A successive pulse is sent when the antenna illuminates an
adjoining strip because of the movement of the antenna with the aircraft.
The whole process is thus, repeated. One illuminated strip appears as
vertical line on the film. By moving the film at the same speed as that of-
the aircraft the whole area can be imaged continuously.
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Figure 4. Radar image showing
open water, level ice, and very
rough ice (1:100.000, Flight 953).




N

Figure 5. Radar image showing le-
vel ice, ridges, open water, and very
rough ice (1:100.000, Flight 951).




Figure 6. Radar image showing
ship’s tracks, level ice, ridges, open
water, and very rough ice
(1:100.000, Flight 951).
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Figure 9. Characteristic curve of a
photographic film (log E).

Table III. Available photos and

mosaics along with corresponding
SLAR imageries.

So, what the radar measures is the average received power scattered
back by the small area of the size of the resolution cell. This average po-
wer appears as an intensity modulated dot on CRT which is used to
expose the photographic film. The transformation of information on to a
film is determined by the characteristic curve or D and E curve of the
photographic film. This curve is shown below (Figure 9) and is a plot of
density on the film and log E, where E is the exposure.

exposure, E=1IT

5 where, I = Intensity ocC Pr,
Pr = Average received power
T = Exposure time

Thus, D o< log Pr

A
Av

Qog E

The slope of the linear portion of the curve is known as ’gamma’ of
the film, and is a measure of the contrast. The length of the linear por-
tion (AB) of the curve is called the dynamic range and determines the
maximum and minimum intensity that can be linearly represented. Thus,
when the average received power falls above the linear portion, it is a case
of oversaturation, and when it falls below, it is a case of undersaturation.
A photographic film can have a dynamic range between 20—30 dB. EMI
radar was equipped with a rapid processor unit (RPU) to allow the navi-
gator have an immediate view of the surroundings. The imagery was pro-
duced on a film with a paper base, which is claimed to have a dynamic
range of 20 dB (30). The dynamic range of the return signal from the
very rough to very smooth ice can be much higher than this. So, either
the return signal was high or low to be properly represented on the “’Sea
Ice -75” SLAR images. This problem could be partially alleivated by re-
ducing and controlling the gain of the system. By reducing the gain part
of the signals returned could have fallen on straight line portion, thus,
showing more detail. But by reducing the gain, the signals from the far
range would have become relatively smaller, thereby blacking out this
region on the image. It is hoped that the problem does not lie with the
dynamic range and sensitivity of the radar system itself. There are certain
instances in the radar images obtained where small graytone variations
are apparent, especially in the near range.

7.1 Detailed analysis of SLAR imagery

To conduct a detailed and systematic analysis of the radar imagery, it was
first decided to consider those images for which aerial photographs were
available. This was done so that SLAR images could be properly corre-
lated with the aerial photographs to ascertain what SLAR actually sees
and maps. Once this was established, the remaining images could be ana-
lysed accordingly.

The aerial photograph mosaics which are available along with the cor-
responding SLLAR imageries are shown in Table III.

Date Flight NoJ Mosaics High alt,. Mosaic|SLAR

March 5x5 km 15x15 km| photography| scale |scale

12 950 X 1:100 000
13 951 X 1:70K {1:100 000
14 952 X 1:20K ]1:100 000
17 X X 1:20K {1:100 000
18 953 X 1:10K |1:100 000
19 954 1:100 000

5% 5 km mosaics were made with the individual photographs obtained
by the Hasselblad camera and 15X 15 km mosaics those obtained by
Wild RC-8 camera. '

To begin the analysis, 5 X 5 km mosaic corresponding to March 18, was
selected. The first step was to divide the ice in this mosaic into a number
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v of categories, which were later termed photographic categories. These
' categories were formulated by keeping in mind the needs and objectives

of the experiment. It was felt that if these categories could be identified
on the SLAR imagery, then SLAR imagery could indeed provide useful
and sufficient information about ice. It was realized that these categories
were rather too fine, too detailed, and too many but it did provide the
starting point. Ice in the 5X 5 km area was divided into these categories
strictly on the basis of ground truth information available and their ap-
pearance on the aerial-photo mosaic. Categorization of ice into categories
was started with the 1 X1 km area for which a detailed ground truth in-
formation was available. Ice in the surrounding area was then delineated
accordingly. As a result the following eight photographic categories were
identified on the mosaic:

Category 1: Open water
Category 2: New ice (thickness less than 5 cm)
Category 3: Level ice (thickness above 5 cm)
Category 4: Rafted ice '
iz Category 5: Light to moderate ridged ice, areal coverage less than 50 %
Category 6: Light to moderate ridged ice, areal coverage more than 50 %
B Category 7: Heavy ridged ice, less than 50 %
Category 8: Heavy ridged ice, more than 50 %
(Heavy ridge: at least 1.5 m high above the surface)

In addition, it was considered appropriate to put suffix A’ to each ca-
tegory to distinguish areas with any snow cover. This was thought desi-
rable so as to determine the effect of presence or absence of snow cover
on the SLAR imagery. The details of the categorization of ice into photo-
graphic categories is given by Udin (29) in a report on the available
ground truth information.
The mosaic of March 18, is shown in Figure 10. The overlay shows the
delineation of ice into photographic categories. The radar image for the
corresponding area is shown in Figure 11. An immediate glance shows
that the details on the SLAR imagery are insufficient to identify so many
categories. As a result it was decided to prepare another overlay for the Figure 11. Radar image corres-
mosaic to show the areas which appear similar on the SLAR image. The ponding to Figure 10 (Flight 953).
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Figure 10. Photo-mosaic (5X 5 km
area, March 18). Ist overlay —
Photographic categories, 2nd over-
lay — SLAR categories (- - - signi-
ficant ridges, = flight track).
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categories thus obtained were termed 'SLAR categories’. Such an overlay
with SLLAR categories marked on it is shown on top of Figure 10. Essen-
tially, radar imagery exhibits two graytones: bright and black. This over-
lay was prepared with a purpose to sce which photographic categories
combine to form the SLAR categories. In retrospect, it was probably un-
necessary in the present case to prepare the first overlay, that showing
photographic categories, but it does demonstrate the procedure which
need and should be followed to conduct a systematic study.

Ice enclosed by the lined areas on the top overlay gives a black tone or
no return as is evident on Figure 11. The remaining ice gives a bright
tone or a bright return on the radar image. A comparison of the two over-
lays would show that in most instances the first four photographic cate-
gories combine to form the first SLAR category which gives black tone
and the remaining four photographic categories combine to form the se-
cond SLAR category which gives white tone. So, essentially, only two
categories of ice can be identified on the radar imagery: ridges — white,
and no ridges — black; or rough and smooth. There are apparently no
detrimental masking effect of snow cover, for no difference is evident, on
the radar imagery, between snow covered and snow free ice. The SLAR
category termed ’'no ridges’ includes open water and level ice, that is
areas which are relatively smooth. Thus, on the basis of gray tone alone
it does not seem possible to distinguish ice from no ice or open water on
the radar image. This indiscrimination could very well be because of lack
of surface details on level ice as a result of improper gain setting or im-
proper choice of imaging angles or both. This result seems to be con-
sistent, though, with past measurements. It was reported by Jirberg and
others (15), that open water areas can not be distinguished from level ice
simply on the basis of gray tone; both appear black on the radar imagery.
This observation was made on X-band radar images of lake ice obtained
over the Great Lakes area, though, the imaging angles were not reported
(15). The ice in the Great Lakes region should be quite similar to very
low salinity ice found during this experiment. It is possible to locate, dis-
tinguish, and discriminate open water areas on the basis of surroundings,
shape, size, and sharpness of edges and roundness of corners.

The SLAR category termed ’ridges’ includes ridges, leads with ice/
water edges, fractures, tracks, and very rough ice. The bright return given
by these categories is again consistent with radar measurements over lake
ice reported by Jirberg and others (15).

Even though there is no gray tone variation on the radar imagery, a
comparison of Figure 10 and Figure 11 shows a remarkable correspon-
dence between the radar image and the photo-mosaic. It is possible to
identify individual ridges on the radar image and some of these are mar-
ked on the overlay on Figure 10. To help make a comparison, some COI-
responding features are identified on Figures 10 and 11. Floes of level ice
as small as 100 meters can be identified on radar imagery. '

Some of the features which appear bright on the radar imagery are not
readily visible on the photo-mosaic. Thus, an enlarged view of the ice en-
closed in the small box around "TOR’ on Figure 11 is shown in Figure 12.
The corresponding area on the mosaic is shown in Figure 13 with an en-
larged overlay giving the SLAR categories. Some of the areas which show
up as bright on the radar image can be easily identified on the enlarged
portion of the mosaic and on the corresponding individual photos when
viewed through the light table. Some of the areas on the mosaic which
you would think give a bright return on the radar image, in fact do not.
*TOR’ can be readily identified along with its track through the ice. The
direction, location, and width of individual ridges, cracks, and narrow
leads can be ascertained. It does not seem possible to infer the height of
individual ridges from the radar image. Nor can ridges be separated from
ice/water edges of small leads on the basis of tone alone. The radar image
shown in Figures 11 and 12 is a reproduction of the line going east to
west about 2.4 n.m. south of "TOR’ on flight 953.
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To demonstrate the consistency of radar data, Figure 14 shows a sec-
tion of the radar imagery obtained during flight number 951 of line going
east to west about 2.4 n.m. south of "TOR’. The mosaic of 5X 5 km region
for the corresponding area with a lay-over showing the SLAR categories is
presented in Figure 15. Some of the features are identified on both the
mosaic and the radar image to help make the correspondence between the
two. There appears to be a system malfunction on the top right hand side
of the radar image. It is readily apparent when Figures 11 and 14 are
compared. A comparison of these two figures also shows the consistency
of radar in mapping the same features. Again only two categories can be
identified on the radar image of Figure 14: ridges and no ridges. Enclosed
areas on the lay-over of Figure 15 appear white and the open areas white.
Individual ridges can be identified and are marked on the overlay. The
overall tone of the image is less bright than the one in Figure 11, pro-
bably because of the range and gain setting.

The radar image of the larger 15X 15 km area is shown in Figure 16.
This image is a reproduction of one run over "TOR’ of flight number 952.
The air-photo mosaic of the corresponding area is shown in Figure 17
with a overlay giving the SLAR categories. The scale on the mosaic is
about twice of that on Figures 11 and 15. Again the white tone on the
radar image is because of ridges corresponding to the open ice areas on
the mosaic and overlay. Black tone is due to relatively smooth areas or
no ridges’ as given by enclosed areas on and the overlay and mosaic. The
top part of the radar image is enlarged and shown in Figure 18. The
photo-mosaic and overlay corresponding to this area are shown in Figure
19. Figure 20 shows an enlarged view of the area enclosed by the marked
box on the bottom half of Figure 16. The photo-mosaic and the overlay
corresponding to this are shown in Figure 21.

There are no new observations that can be made in these figures ex-
cept the fact that individual ridges can be identified in comparison with
level ice. There are some open water areas in the bottom part of image on

(continued on page 36)
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Figure 14. Radar image (5X5 km
area, Flight 951).




Figure 15. Photo-mosaic corres- -
ponding to Figure 14 with overlay
showing SLAR categories (- - - sig-
nificant ridges, — flight track).
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Figure 16. Radar image (5X5 km
area, Flight 952).
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Figure 18. Radar image, enlarged
view of top half of Figure 16.
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Figure 16, but it cannot be differentiated on the basis of tone alone. It

has very sharp edges and can be discriminated on the basis of its sur-
roundings. Very small floes of level ice of the order of 100 m can be
identified. The direction and width of the individual ridges is readily ap-
parent. The large areas which give bright return are the areas of very
rough, heavily ridged ice. In this type of ice, small floes of level ice can
sometimes be identified. Again ridges can not be distinguished from nar-
row leads and ice/water edges on the basis of tone alone.

The relative appearance of ice and open water is shown in Figure 8.
On the basis of observations made in Figures 10 through 21, Figures 4
through 8 can be analyzed accordingly.

The bright returned areas are the ridges, cracks, ice/water edges, faults,
and fractures. The heavily ridged ice also gives bright return. The areas
of low return or black tone are the level ice. In Figure 8, the open water
area is distinguished simply on the basis of its location and size. Open
water with slush is shown in Figure 7.

7.2 Discussion of results and conclusions

As is evident from above the quality of the analyzed SLAR imagery is
from poor to moderate. There is no variation in the graytone. Only two
extreme tones can be identified: black and white. In between gray shades
are absent. This lack of graytone variation is attributed to gain setting
and/or improper choice of imaging angles. The over- and under- satur-
ation evident in the images is because of operational setting of radar. It
can not be attributed to the photographic film or processing. As a result
of above, only two types of ice can be identified on radar imagery. One
giving high return and, thus, the bright tone on the image. Other, giving
no return, and thus appearing black. On the basis of comparisons made
with the photo-mosaic, the first type of ice includes ridges, ice/water ed-
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Figure 20. Radar image, enlarged
view of box marked on Figure 16.




-mosaic corres-

Figure 21. Photo

ponding to Figure 20 with overlay

showing SLAR categories.
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ges, narrow leads covered with broken ice pieces, fractures, cracks, finger
- raftings, faults, and very rough surfaces. The second type includes level
ice with a relatively smooth surface and open water areas. Individual rid-
ges can be identified along with small floes of level ice. Open water areas
can not be distinguished from level ice on the basis of tone alone. Indi-
vidual ridges can not be separated from cracks, ice/water edges, and leads
on the basis of graytone alone. ‘

The results obtained here are consistent with the results obtained in
the past from radar measurements over lake ice in the Great Lakes region
(15) in terms of level ice and water giving no return and brash ice giving
bright return.

Despite not so good quality of the radar images presented here, the
utility of SLAR can still be appraised for navigational purposes. Shipping
routes can be selected through areas which appear black and along the
edges of bright areas. The idea is to avoid navigation through white areas
which have considerable spatial extent. Routes can be selected along in-
dividual ridges which are not easy to navigate through.

For climatological and meteorological models, one measure of rough-
ness can very well be the percentage of ice area giving bright return in
the appropriate grid size. Ice and no-ice can be located on the basis of
size, shape, and surroundings. Since individual ridges can be separated
from very rough ice on the basis of spatial extent, thus, essentially for
practical purposes three types of ice can be identified on the radar ima-
gery: ridges, level ice, and very rough ice. There appears no detrimental
effect of snow cover. Snow in the present instance does not seem to mask
the ice signature. A measure of relative ice drift can be obtained from
comparing images obtained on two different days.
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8 Recommendations

On the basis of results presented above and the past radar measurements
over ice, a number of recommedations can be made for the design of fu-
ture ice mapping experiments and for the desirable parameters of an ope-
rational ice surveillance system.

"Sea Ice -75’ experiment was probably well planned with a collection
of good ground truth gathering system, but in the end like any other ex-
periment it failed to achieve some of its objectives. This is quite evident
in relation to SLAR measurements. The failure to meet the objectives is
partly because of the performance of SLAR and partly because of the
design of experiment itself. Radar imagery from parallel flight lines which
was supposed to overlap, in fact does not. Photo-mosaics of larger 15 x 15
km area on two days (March 13 and 18) are not available. Mosaics of
this area are only available for the March 14 flight. It is very difficult to
correlate radar imagery obtained on the 18th with the mosaic of the lar-
ger area obtained on the 17th. As a result of this, substantial amount of
radar imagery is without the support of corresponding photo-mosaics and
subsequent ground truth. The flights which were made over "TOR’ do not
cover any area on the 5X 5 km mosaic. Only one flight line was made
on the 14th and that too over "TOR’. As a result most of the 15X 15 km
is not mapped for which a photo-mosaic is available.

It seems that 5X 5 km area is in fact too small to contain any repeta-
tive features of variety. It is too small for establishing general ice condi-
tions and ascertaining ice trends. Only a measure of relative ice drift is
obtainable. The ice drift is not readily evident because of small area. No
fixed reference point is available for measuring absolute drift.

The quality of radar imagery obtained could certainly be better. Gray-
tone resolution is lacking on the radar image. The features which show
up on the radar image are probably the ones which can be readily iden-
tified on the image obtained under poor operating conditions. Even then .
a substantial amount of ice information can be obtained through these
images. In addition to the various ice features, radar reflectors can be
readily identified when located in the areas of level ice. The images ob-
tained are not sharp. They have a hazy and blurred appearance similar
to the one given by an out of focus object in a photographic process. It
could be because of the range setting or the photographic process itself.
The spatial resolution cell size seems to be adequate enough for mapping
ice for both navigational and climatological forecasting.

The need to conduct a well designed experiment with a properly ope-
rated SLAR is readily apparent from above. A need exists to ascertain the
effect temperature might have on the ice signature. The masking effect of
snow cover, if any, is not yet conclusive. It is not yet clear whether open
water can be distinguished from level ice or ice ridges from ice/water
edges on the basis of tone alone or relative contrast. It is not conclusive
if diffferent types of level ice can be discriminated thereby providing in-
formation of relative ice thickness. There exists a need to find optimum
operation radar parameters such as angles, polarizations, and frequencies,
along with the necessary and sufficient repetative timely coverage.

The following recommedations for the design of future experiments are
made keeping in mind the results obtained from this and past radar ice
measurements:

A. Experimental Area

1. The entire experimental area should be at least 30 X 30 km. It should
be well defined and marked by latitudes and longitudes. It should
contain various types of ice categories and features such as ridges,
cracks, leads, different types of level and rough ice. Large and small
areas of open water should be present so that the ability of SLAR
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to distinguish open water from level ice and ice ridges from ice/water
edges can be ascertained.

Such an area would be large enough to contain enough repetative
features and to provide measure of absolute ice drift.

. A smaller area about 10X 10 km should be marked within the larger

area with radar reflectors. This would provide the indication as to
the movement of smaller ice area in relation to the fixed larger area
defined by latitudes and longitudes.

Ground Truth Information

. Ground truth information should only be obtained for small areas

representative of various ice types and features. It is-not desirable
to cover 1 X1 km area extensively in detail as was done in this expe-
riment. Rather, what is needed is to gather ground truth information
for areas large enough to be identified on the aerial photographs and
radar imagary. These very small areas representing one specific ex-
perimental area. In addition spot measurements should also be made.
The following measurements should be made:

T) Salinity: It is important, but not very, in view of the presence of
low salinity. Both the surface salinity and the salinity profile should
be ascertained. It would be helpful to know the variations of salinity
in the horizontal direction.

IT) Ice thickness: Ice thickness measurements should be made for
various ice types and features.

III) Temperature: Surface temperature and the temperature profile
measurements should be made.

IV) Snow Cover: Snow thickness if it is present along with the surface
conditions, whether wet or dry, should be ascertained.

V) Surface roughness: A measure of quantitative and relative surface
roughness should be made. It would be helpful to ascertain the sur-
face height profile for few representative areas.

VI) Height and spatial extent of individual ridges and ice/water edges
should be made.

. Photo-mosaics corresponding to the entire experimental area at the

scale of at least 1:10,000 should be made available. These mosaics
would primarily act as ground truth information.

Mapping Considerations

. Mapping of the entire 30 X 30 km area should be accomplished.
. In mapping, a fixed reference point should be established.
. Same area should be mapped at different altitudes to ascertain the

effect of altitude. It would be highly advantageous to map the same
area at scales of 1:50,000, 1:100,000 and 1:200,000 to find the op-

‘timum scale of presentation. A scale which is useful for providing

information for climatological model may not be so for navigational
purposes.

Mapping of the same area, under similar operating conditions, should
be done for various temperature conditions, so that the effect of tem-
perature can be ascertained.

. Mapping should be done both before and after the snow fall, so as

to ascertain masking effect of snow cover.

. Same area should be mapped at various imaging angles, to flnd op-
timum angles of operation.

. It would be helpful to map the same area on successive days to see
the changes in conditions, drift, and growth pattern of ice cover. It
would also show the opening and closing of narrow leads and build
of pressure ridges.

It would be desirable- to have fresh ice breaker tracks in the area.
It would be useful to see if the growth of ice in the track is different
from that in other leads and if it can be identified. What is actually
needed is to map the same area in the successive stages of its growth.

. An operational ice surveillance system would in fact provide repe-

tative and timely coverage over the same area. So, essentially, SLAR
data would be available over repeated time frame. Thus, the SLAR
imagery analysis need not be based only on the current or latest piece -
of imagery. It should be based on the past growth history of ice and
the past sequential pieces of imagery. So, the features which can not
readily be identified and discriminated on a single current or latest



piece of image could very well be identified when the images from
the previous days are taken into account. This holds true for such
features as ice thickness, pressure ridges, leads, ice/water edges, and
so on. The idea of change detection has to be incorporated into the
imagery interpretation procedure, that is, to be able to detect changes
in the latest piece of radar imagery in relation to past measurements.
The idea is to detect and identify those features which actually change
with time such as opening and closing of leads, formation of ridges
etc., and others which do not like level ice areas. How well past ima-
ges would help in the analysis and interpretation of the latest piece
of image, need to be established by an experiment. The adequate
and necessary repetative coverage required to make the past images
useful in the interpretative process has to be ascertained. The condi-
tions under which a more frequent coverage would be necessary need
to be identified. It would also be desirable to ascertain the size of the '
area which need to be mapped depending on the rate and the direc-
tion of drift and the changes in temperature.

The utility of radar in mapping ice must not only be based on one
piece of imagery. Rather it should be based on information available
from images obtained over a number of days. It is precisely for this
reason that the repetative and timely coverage provided by a radar
is seen to be attractive for ice surveillance. So, what desirable is to
conduct an experiment which would help study and demonstrate this
quality of SLAR imagery. The concept of use of radar is not only for
ice mapping, rather it is for ice monitoring.

D. General Consideration

1. The experiment should also be conducted in such a way which would
allow the testing of ice forecasting model on the basis of radar ima-
gery. : :

2. It must be pointed out that SLAR employed in the experiment should
have the appropriate dynamic range and graytone resolution. The
proper and optimum operation of the SLAR must be ensured.

3. It would be desirable, though difficult and expensive, to map the
same area by SLAR’s operating at a higher and a lower frequency
band and having different resolution cell sizes. It would be highly
advantageous to have a cross-polarized image (Horizontal transmit
— Vertical receive or Vertical transmit — Horizontal receive), in ad-
dition to like-polarized (Horizontal — Horizontal or- Vertical — Ver-
tical) image, of the same area made available.

Because of a lack of enough available information, it is quite difficult
at present to specify optimum parameters and characteristics for an ope-
rational ice surveillance SLAR. This should be a basis for a larger study
and be conducted after or in conjunction with the above mentioned ex-
periment. In the meantime some desirable characteristics of a prototype
system can be listed below:

1. X-band, about 3 cm wevelength.

2. VV or HH polarization, there does not seem to be any difference at
present. Provision should be made to add VH or HV capability later.

3. 0,1 to 0,2 pspec pulse length so that a range resolution of 30 meters
can be achieved. .

4. Antenna beamwidth of less than or equal to 0,5 degrees so that an
azimuth resolution of at least 8 Rkm in meters can be achieved (R is
the range in km).

5. A swath width of at least 15 km and preferably 20 km.

6. A variable antenna so that imaging angles from 10 to 90 degrees can
be obtained.

7. Provision to obtain various scales, 1:50,000, 1:100,000, and
1:200,000. A scale of 1:50,000 should be good enough for naviga-
tional purposes. A scale of 1:100,000 may be desirable for ice fore-
casting,

8. Data must be presented on a photographic film along with digital
tape.

9. A graytone resolution corresponding to a resolution of 0,5 dB in ¢°.

10. Antenna should be compensated for range, cosec?.

11. True ground range presentation.

12. A dynamic range of 60 dB with a minimum value of ¢° detectable
to about —45 dB at about 85°.

13. Almost a square resolution cell at mid ranges, so that images obtained
from perpendicular flights can be readily compared.
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14. Variable gain setting and automatic gain control.

15. Aircraft should be quite stable so as not to provide image distortions.

16. The number of independent cells should be about 100, this of course
will depend on the angle and the size of the resolution cell. There is
a trade-off between the graytone resolution and spatial resolutions
pointed out by Moore (32). This should be further studied. Mode
rate spatial resolution is acceptable as long as significant graytone
resolution is obtained. The trade-off should be in the direction of
better graytone resolution. '

At present there is no need to have the images relayed in the real time
to the ice-breaker and ships for route selection. This can be achieved by
processing the data on the ground and relaying the necessary information
from there. The actual operational system will certainly have the capa-
bility to automatically process the data or images and relay them directly
to ice-breakers and ships for navigational purposes. Even for designing a
proto-type system, it would be useful to conduct a short study to establish
its desirable characteristics and provide cost/benefit analysis.

The rate and the amount of data gathered by an operational system
would be tremendous. Such a large quantity of data can only be handled
through semi-automatic means, that is, largely automatic processing done
under marginal human supervision and control. It is for this reason that
the utility of automatic processing techniques such as pattern recognition
should be explored. The quality of images obtained from “Sea Ice -75”
is not good enough to test such techniques. It is recommended to conduct
studies with a view to automatically process and classify data collected
from future erperiments.

To design an optimum operational ice imaging radar of general utility,
it is important to know the effect of frequency, angle, polarization, and
resolution in discriminating ice. It is impossible to make experimental
measurements corresponding to different parameters. That is why it would
be desirable to have a theoretical model which can predict the radar
scattering from sea ice. Such a model can be tested under controlled ex-
perimental conditions, which would require measurements of electrical
properties of ice.

This model would not only be useful in understanding the nature of
radar return from sea ice but it would also help in the analysis of SLAR
data and in specifying operational parameters of radar. It is recommended
that such an analytical study be conducted along with its proper testing.

The operating parameters for an operational ice surveillance system
should be based on results presented here, results obtained from future
experiments, and theoretical studies.
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9 Summary of Results

The results from ”Sea Ice -75” experiment indicate that despite the poor
quality of radar images, three categories of ice can be identified: ridges,
no ridges, and very rough ice broken. So, essentially, only ridges, ice/
water edges, fractures and leads, and very rough ice is mapped which
gives a bright return. The use of near grazing angles which were employed
here is probably only good for mapping these features. The areas of level
ice and open water give no return and hence appear black on the image.
Probably because of improper setting of gain and/or improper use of
imaging angles which has resulted in over-or under-saturation, the surface
details on the level ice are lacking. This does not make it possible to dis-
criminate level ice from open water on the basis of tone alone. Open water
area, can be differentiated, -however, on the basis of sharpness of edges,
and its size and location. In view of the objectives of this experiment, the
following results can be specifically stated:

1. Ice can not be differentiated from non-ice on the basis of tone alone.
However, non-ice areas can be identified on the basis of location.

2. Ice concentration can be measured only when -open water areas are
separated from level ice.

3. A measure of roughness of ice can be only obtained in spatial con-
text. The relative vertical distribution or variation of surface profile
are not evident because of lack of graytone variation.

4. Level ice can be distinguished from rough ice when it can be separa-
ted from open water areas. Radar images can never give a measure
of ice thickness directly. It can help divide ice into categories. For
this purpose, enough surface details and texture have to be present to
provide a measure of relative thickness.

5. The state of ice can not be ascertained because of lack of graytone
variation and thereby the texture. There appears no detrimental effect
of snow cover.

6. What the radar sees is ice edges, especially at these angles. Ice ridges -
can not be separated from ice/water edges on the basis of tone alone.

It must be pointed out that because of not so good quality of radar
.images the results and observations presented above are by no means
conclusive. It is quite clear that at worst radar images can provide at least
information about ridges, level ice or open water, and moderate to heavy
rough ice. The results presented here are consistent and in agreement with
.past radar measurements over lake ice (32), yet by no means are conclu-
sive. The utility of a radar imager for operational ice surveillance must
not be solely based on the results presented here. Rather, the ability of
radar to provide repeated and timely coverage must be kept in mind. The
allweather, day/night operational capability of radar to provide a broad
areal coverage is very useful. This along with its ability to achieve good
spatial and graytone resolution, both from aircraft and spacecraft altitu-
des, are greatest assests of radar imager. ,
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10 Conclusions

A review of the above would indicate that SLAR (Side-Looking Airborne
Radar) has enough proven and demonstrated necessary capabilities to
be the primary remote sensor in future operational ice surveillance system.
1t should be pointed out that orbiting satellites will be used in the future
to act as platforms for the remote sensors, for the need to map large areas.
The same resolution can be obtained from the satellite and aircraft altitu-
des by a SLAR system.

1t would be highly desirable to study the ability of other remote sen-
sors such as microwave radiometer and IR thermal scanner to aid and
support the ice information gathered by SLAR. The data obtained by
these sensors can help interpret and calibrate the SLAR images. These
sensors can, thus, act as secondary sensors in the over all ice information
gathering systems.

The ice conditions found in the Bothnia (both Bay and Sea) are quite
different from those found in the Arctic. Thus, the capabilities and limi-
tations of any remote sensor must not be solely based on its performance
in the Arctic. Therefore,-a need exists to conduct further remote sensing
experiments in the Bothnia itself so that various sensors can be tested
adequately. The ice conditions prevalent in the Bay of Bothnia are similar
to those found in the Great Lake region of Canada. But the conditions
found in the Sea of Bothnia are closer to those found in the Arctic be-
cause of the presence of higher salinity. The temperatures prevalent in the
Bay and Sea of Bothnia the winter 1975 were about 4 to 5°C above nor-
mal. Whether the results presented here would be equally valid under
other temperature conditions must await future experimental results.
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