.....

s |
\ -
CRINC —REMOTE SENSTNG LABORATG - !
it Ul 1
|
e
%
THEORETICAL AND EXPERIMENTAL STUDY OF RADAR
e BACKSCATTER FROM SEA ICE
g N
: P
(]
f <
1
S
2 ~
o o R o
g = 3. APR6 1384
g S ~
THE UNIVERSITY OF KANSAS CENTER FOR RESEARCH, INC.
2291 lrving Hill Drive—Campus West
Lawrence, Kansos 66045
—
T aSiie Tt haw Deon appioved
"‘ ;.'. ~.blic release and sale;
. d;.ibution 13 unlimite
. L
.f‘
. S S
“ - S8, . _._ ..- .-. -' P - . ... _:_-. :-..~ - _.- :-_-_. : -,':. -.'. . - -\:~\;'\.:‘.€;:L;:.::.j



-
.
.
.,
‘.
»

5

A

-

| P AP P

=AW

I DO
-

S Selgl
: T“lﬂ
LI Y]
Viident

N iiuttomy -

tlabil ity w

Avaig .,

t bﬁ(“u‘«‘ ‘

‘S. - -.‘

THEORETICAL AND EXPERIMENTAL STUDY OF RADAR
BACKSCATTER FROM SEA ICE

Young-Soo Kim
R.K. Moore
R.G. Onstott

Remote Sensing Laboratory
Center for Research, Inc.
The University of Kansas
Lawrence, Kansas 66045-2969

RSL Technical Report
RSL TR 33.-37

January 1984

Supported by:

OFFICE OF NAVAL RESEARCH
Department of the Navy
800 N. Quincy Street
Arlington, Virginia 22217

Contract N00014-76-C-1105

—
e o,
(%?.‘
Cy
€

& 4

e Tt et et e e

..........

LA S TR A
QW W S




XANE
F.\:n.a.-.

FAFI] ]

a_a
72

ABSTRACT 1

Active and passive microwave sensors are known to provide valuable

information on the distribution of types of sea ice in the Arctic where

darkness and cloud cover prevail. However, the variability of the

microwave signatures of sea ice depending on the region, temperature,
snow cover, surface roughness, etc. have prevented us from understanding
the sea-ice-electromagnetic-wave interactions completely enough to
specify optimum sensor parameters and to allow the most reliable
interpretation possible. This has led to various expeditions for the
last 15 years or so.

Heré*a:model js described for the radar backscatter from first-year
and multiyear sea ice, based on simple scattering layers. The physical-
optics model using an exponential correlation function is shown able to
predict the signatures of first-year ice. The radiative transfer
volume-scatter model can describe the backscattering from multiyear ice
for frequencies higher than about X-band, while the surface scattering
contribution has to be included for lower frequencies. A simple semi-
empirical model is shown to be a good approximation to the radiative
transfer model in describing the volume scattering contribution of
multiyear ice. A parametric study was conducted to determine the
possible ranges of ¢° for multiyear ice and first-year ice using the
theoretical models. Within reported ranges of values of physical
characteristics of sea ice, the theoretical model behavior confirms the
experimental findings that Ku- and X-band frequencies, and incidence
angles larger than about 30° to 40°, are better than lower frequencies

in discriminating multiyear ice from first-year ice.
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1.0 INTRODUCTION

Remote sensing can have a great impact on a variety of problems
associated with sea ice. Sea ice can be viewed either as an operational
hazard or as a climate indicator and modifier. Some of the important
ice parameters are the extent, concentration, type, drift velocity,
internal stress, snow cover, top and bottom ice roughness, etc.

Safe and economical navigation in ice-infested waters requires the
ability to distinguish and map ice types and conditions at least on a
daily basis over the entire shipping route to pemit effective routing
of tankers. If near-real-time ice data can be provided, bringing gas
and oil fraom the Canadian Arctic area by tankers alone would be
benefitted by some $100 million per year through reduced shipping time,
reduced operating and maintenance costs, and reduced insurance costs
related to hazards and environmental damage LRaney, 1982].

There are several methods for obtaining information from aircraft
and spacecraft about the ice cover and adjacent open sea. The principal
methods are: (1) visible light sensor, (2) thermal infrared sensors,
(3) radar and laser altimeters, (4) passive microwave radiometers, and
(5) active microwave systems. Each of these gives different information
about ice, with different errors and difficulties involved [Carsey,
1982]. Darkness or cloud cover in the Arctic region poses the most
significant problem to visible-light ice surveillance. Thermal-IR
systems reveal warmer areas associated with open water and thin ice, but
the presence of a little snow complicates the interpretation. Laser
altimetry can be used in ice sheet profiling, but aircraft altitude

variation can cause difficulties.
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Passive microwave systems use the difference in emissivity for open
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water and for different ice types, and they have been shown to be quite
useful. Their inherently poor resolution limits their use, however.

For active microwave (radar) systems the backscattered power is
determined by the surface roughness and by the internal dielectric and
physical structures of the ice medium. Therefore they can differentiate
ice types because such characteristics differ. The synthetic-aperture
radar (SAR) has the greatest potential because it provides a map with
very fine resolution. The optimum radar parameters (frequency, angle of
incidence, polarization and resolution) have yet to be determined.

There are still problems in the interpretation of both active and
passive signatures for different sea ice types and conditions at
different frequencies, especially for the summer season and tne marginal
ice zones.

Sea ice is a very dynamic medium. Many kinds of ice are present
and they are continually changing shapes, as well as growing during the
cold seasons. Snow cover and surface roughness have variations in all
spatial scales. The surrounding water and leads between ice floes
change microwave signatures depending on wind speed and directions. No
single measurement or theoretical model can characterize the microwave
signature of sea ice. Hence, many expeditions have taken place to
gather the microwave signatures of sea ice under different conditions in

different areas.

The University of Kansas has made a large number of backscattering
measurements since 1977 for different ice types, in several geographic

areas, for L-, X- and Ku-band frequencies. Recently, a C-band systenm

was added, and valuable measurements were made under summer and fall

.............................................................................................
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: conditions in Mould Bay, N.W.T., Canada. The fall expedition results
i;‘ are sumnarized here.
%; In addition, a theory was developed to explain the microwave
:Eg backscattering fron sea ice as an aid to understanding the different
AW microwave signatures from different ice types. Multiyear ice (180-360

: an thick) is generally thicker and harder than first-year (30-180 cm
KEE thick) ice; it needs to be distinguished because its presence severely
X8 impedes navigation. In this research, the two major types of ice are
;:j characterized with two different backscattering mechanisms; surface
;zi scattering alone for first-year ice, and combined volume and surface
i; scattering for multiyear ice.
}é Both earlier observations and the newly acquired data set were
é; analyzed to study the applicability of various theoretical models. An
;i' extensive literature search was conducted to gather physical and
ﬁ?; electrical characteristics of sea ice considered to be relevant to ?
§§ microwave remote sensing. ¥
’i‘ A parametric study was conducted to see the possible ranges of the :
;i, scattering coefficient o© of multiyear ice and first-year ice after the ﬂ
iz theoretical models were shown to be able to predict or match the data i
'E; sets with a reasonable set of model parameters. From the parametric i
E;: study, the most suitable radar parameters for sea-ice smonitoring were g
Eﬁ selected. ;
N .

@

1.1 Background

L]
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Since 1962, considerable experimental data on the microwave

‘.:J :.
ij signatures of sea ice have been collected with both active and passive N
- )
’! remote sensors. Scattering theories have been developed to describe the N
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interaction of electromagnetic waves with nature, assuming that the
nature can be described with certain average statistical parameters.
Recently, the surface and volume scattering theories have been applied
to remotely sensed ground targets, including snow, vegetation, soil,
ocean waves, etc.

Only a few attempts have been made to explain theoretically the

Bk o o A Smmme

observations by active and passive electrical characteristics. This is
partly due to the lack of ground truth in earlier experiments and also

due to the complexities and variabilities of sea ice itself.

A A 4 4 & SEEEEEL

Parashar [1974] applied to sea ice the general theory, developed dy
Fung [1969], of wave scattering by a horizontally weakly inhomogeneous |
medium. The model includes small-scale roughness of the air-ice o
interface and also a bilinear mean vertical pemmittivity profile for sea
ice, with anisotropic small random perturbations in the ice volume. The
formulation starts with the basic wave equation in each medium, and the
solution is obtained using the small-perturbation method and the

Fourier-transform technique. The expressions for the first-order

normalized backscattering cross-section, ¢%, were obtained in temms of

At ata A MRAL & 4 &L 4 B . RERA . " .

surface and volume correlation lengths and standard daviations for each

medium.

Parashar's [1974] solution for the cross-polarized o® is zero,

s s

probably due to neglect of higher order terms in the perturbation :
series. Parashar had some success in predicting the 0.4 GHz and 13 GHz i
scatterometer data by arbitrarily adjusting the model parameters ;
(necessary because there was no ground truth accompanying the data). S
The small perturbation method was possibly applicable to thick first- i
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year and thinner ice types, but not applicable to inultiyear ice due to

the presence of scattering centers within the ice.

Hallikainen [1980] used the layered model with smooth surface to
explain the passive UHF measurements of low-salinity first-year ice as a
function of ice thickness. Because of the low scattering loss
associated with low frequencies (0.6 and 0.9 GHz), it was possible to
neglect any volume-scattering considerations. The brightness
temperature was directly related to the small ice thicknesses and the
model predicts oscillatory behavior of a half-wavelength dielectric slab
correctly. This concept cannot be used directly in the microwave
region, but it may be applicable to very thin ice for frequencies at L-
band.

Golden and Ackley 11981] noted the reflective anisotropy of the
bottom of sea ice associated with 100 MHz impulse-radar soundings. They
proposed that the asymmetrical geometry of brine inclusions causes an
ariisotropy in the penetration of the impinging electric field into the
brine layers which are assumed to have a relative dielectric constant of
80 + j 1000. By assuming ellipsoidal brine layers whose axial ratios
vary with depth, their model predicts the anisotropic radar return from
jce bottam correctly. However, in the microwave region, only the upper
portion of sea ice is important because of attenuation, especially for
first-year ice; the bottom anisotropy might have some role for the L-
band frequencies.

Hallikainen [1982] studied the applicability of the radiative
transfer model to predicting the brightness temperature of sea ice and

fresh-water ice in the frequency range of 5 to 37 GHz. The fresh-water

ice data at 5 GHz could not be fitted with the radiative transfer model,
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while at 18 GHz the agreement was reasonable. At 37 GHz, the model

prediction agrees fairly well with the experimental sea-ice data. He
concluded that the layered model is applicable when the scattering is
negligible, and the radiative transfer model is applicable when the
scattering dominates over absorption.

Fung and Eom [1982] developed a radiative-transfer theory which
combines rough surface and volume scattering effects, and applies to
backscatter measurements of snow and sea ice. The surface-scattering
effect is accounted for by the Kirchhoff model, and the inhomogeneous
layer is modeled by either the Rayleigh phase matrix or a continuous
random medium with a cylindrically symmetric correlation function for
its pemittivity. By assuming several model parameters, the theoretical
like- and cross-polarized curves provided satisfactory agreements in
Tevel and trend to the measured multiyear ice and first-year ice data at
9 and 13 GHz. Use of the Born phase matrix in place of the Rayleigh
phase matrix gave somewhat inferior agreements, and they concluded that
the nonspherical or columnar scatterers are not essential for explaining
sea ice scattering at the frequencies around X-band. Fung and Eom's

model was further studied in this research.

1.2 Organization

This report is organized into 8 sections. Section 2 summarizes the
effort to find the dielectric constant of sea ice as a function of
frequency, salinity, and temperature. An extensive literature search
was conducted to study the available sea ice characteristics considered
to be relevant to microwave remote sensing and this section provides the

approximate formulas relating the dielectric constant of sea ice to




measured salinity and temperature. Although these formulas are not very

1

b

satisfactory, their simple forms are suitable for further development of !i
the backscatter niodel for sea ice.

Section 3 considers the surface scattering model for first-year N

ice. The surface scattering theories are reviewed first, and then, by
assuming that the volume scattering contribution can be neglected, the
signatures of first-year ice are tested against the predictions of
surface scattering theories. By using the measured surface-height
correlation length and standard deviation, it is shown that the physical
optics model using aﬁ exponential correlation function provides a good
fit to measured angular and frequency behaviors of o© of first-year ice.
Section 4 considers the volume-scattering model for multiyear
ice. The air bubbles in the recrystallized ice layer in the top portion
of multiyear ice are assumed to be the main volume scatterers. In the
radiative-transfer approach, the volume scattering layer is
characterized by the scattering albedo and the optical depth. Then the
effect of varying physical characteristics (air bubble size, density,
dielectric constant of background ice, layer depth) of the volume
scattering layer is studied using the radiative-transfer model. When

the frequency is below about X-band, it is shown that the volume

scattering contribution can be smaller than the surface scattering

contribution, and the total provides a good general agreement to the if

measured frequency and angular behavior of o® of multiyear ice. ‘:
N Section 5 provides semi-empirical formulations. The complicated ;?
'Z theoretical solution of the radiative-transfer equation can be reduced ;}
-; to a simple analytical solution if the multiple scattering and the N
.. volume-surface interaction can be neglected [Karam and Fung, 1982]. 1In
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this approach, the volume backscattering coefficient is given by the sum

of the backscattering coefficients of all the single scatterers. Within
the reported ranges of multiyear ice characteristics, the solution using
the semi-empirical formulation is shown to be very close to that of the
formal radiative-transfer model. Using the simple model, the volume-
scattering contribution of first-year ice is calculated and it is shown
to be negligible for most cases.

Also in this section, the effect of snow cover on sea ice is
studied. The low thermal conductivity of snow compared to that of sea
ice effectively raises the temperature of the upper surface of the sea
ice. The higher temperature results in higher dielectric constant. The
effect of 10 cm snow cover on 3-m-thick ice is to lower the o° of
multiyear ice by about 0.3 dB when the air temperature is -20° C. The
effect of 10 cm snow cover on first-year ice is less than 0.2 dB. The
snow cover on sea ice is also studied using the empirical equations
{Ulaby, et al., 1982] describing the effect of snow cover on natural
surfaces. It is shown that the effect of snow cover on first-year ice
can be severe (5 on of dry snow cover can raise the ¢® by 3 dB at 9
GHz), while that on multiyear ice is shown to be smaller. The presence
of wet snow cover can block the volume scattering contribution of the
multiyear ice. The effect of wet snow cover on first-year ice should be
smaller than that of dry snow cover because the ¢® of wet snow is lower
than that of dry snow.

Section 6 describes, to the best of current knowledge, the optimum
radar parameters for sea ice classification. The experimental findings
are studied first. The theoretical models that seemed able to predict

or match the data sets with a reasonable set of model parameters are
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selected; then by adjusting the model parameters within reported ranges
of values, the possible ranges for o° for multiyear ice and first-year
ice are calculated. From these ranges of values, it is seen that the

best radar parameters for sea ice monitoring are: higher frequencies

AR b o leos Setfhn bRl A

than about X-band and incidence angles larger than about 30° to 40°. No
specific resonances have been found to select any particular frequency

or incidence anqgle, either in the measurements or in the theoretical

model behavior.

Because depolarization is a secondary effect for the surface
scattering (first-year ice) while this is not true for volume scattering
(multiyear ice), cross-polarization should be better than like-
polarization in discriminating multiyear ice fron first-year ice.

Section 7 presents the measurement results for sea ice under fall
conditions. In late October it is shown that a large contrast exists in
o® between multiyear ice and first-year ice or grey ice. However, in
early October with warmer temperatures, the thin first-year ice and the
multiyear ice can give similar signatures. Also in this section, an
attempt was made to fit the data with the theoretical or semi-empirical
models presented in Sections 3 through 5. With appropriate choice of

model parameters, the model prediction matches the multiyear ice data

very well, and the grey ice data to some degree.
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j%: Section 8 provides a complete summary of the research, the general

;iﬁ conclusions and the recommendations for further research.
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2.0 DIELECTRIC CONSTANT OF SEA ICE AS A FUNCTION 5
OF FREGUENCY, SALINITY AND TEMPERATURE ‘

An extensive literature search was conducted to study the available

characteristics (physical and electrical) of sea ice considered relevant L

to microwave remote sensing.

This section provides a brief summary of dielectric behavior of sea
ice. Other physical characteristics are mentioned in appropriate
sections where they are needed in modeling sea ice.

Although the formulas for calculating dielectric constant of sea
ice are approximations, their simple forms are suitable for further
development of a backscatter model for sea ice.

One common technique of getting average dielectric constant of sea
ice is to assume that it is a mixture of pure ice and brine/air
inclusions. By investigating the dielectric behavior of individual .
items (pure ice and brine), and by measuring or estimating the volume
fraction of brine and air inclusions, one can apply various dielectric
mixture theories to get the average dielectric behavior of sea ice.
Dielectric constant of brine is very high compared to that of pure ice,
and therefore it strongly affects the average dielectric constant of sea

ice even though the volume fraction of brine is relatively small.

2.1 Frequency Behavior Between 1 and 18 GHz

In general, both €' and €" of sea ice decrease as frequency is
increased fran 1 GHz to 18 GHz. This occurs because the very high
dielectric constant of brine decreases with frequency (see Figure 2.1),
although that of pure ice may increase in the frequency range of

interest (see Figure 2.2). Vant's measurement [1976] clearly shows a
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strong decrease for the imaginary part, while the real part also shows
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FIGURE 2.1: Real and Imaginary Parts of the Relative Dielectric
Constant of Brine (Vant, et al., 1978).
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FIGURE 2.2: Imaginary Part of the Relative Dielectric o
Constant of Pure and Fresh-Water Ice -

(Ulaby, et al., 1982). o
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gently decreasing behavior (see Figure 2.3). Hoekstra and Cappillino
(19717 showed different frequency behavior with a minimum of €' between
4 and 8 GHz, but the values were unreasonably high. Hallikainen [1982]
derived a set of empirical constant multipliers for €' and €" at
different frequencies relative to the values at 500 MHz. The values in

the frequency range of interest are:

€'(18 GHz) = 0.98 €'(5 GHz) = 0.93 €'(1 GHz)

= 0.86 €'(0.5 GHz) (2.1)
€"(18 GHz) = 0.92 €"(5 GHz) = 0.61 €"(1 GHz)

= 0.46 €"(0.5 GHz) (2.2)

These scale factors form the basis for a linear variation of € with
frequency over the 1 to 18 GHz region; once the dielectric behavior of
sea ice as a function of temperature and salinity is determined, values

can be assigned at other frequencies.

2.2 Temperature and Salinity Dependence of
Dielectric Constant of Sea Ice

A handful of reported measurements are available on temperature and
salinity dependence of € of sea ice. The only conclusions one can draw
are: (1) the dielectric constant of sea ice decreases as temperature is
lowered, and (2) it generally increases as salinity increases, although
this dependence depends on ice type. These are mainly because the brine
volume decreases as temperature is lowered, and because higher salinity
means larger brine volume. Several reported measurements and the values
used in theoretical models are shown in Figure 2.4(a) and 2.4(b),

respectively.

12
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FIGURE 2.3: Frequency Behavior of Measured Values of
Dielectric Constant of Sea Ice (Vant, 1976).
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It is certain that the dielectric constant of sea ice is a very

sensitive function of temperature near the melting point, although the
melting point also depends on the salinity of sea water. Even far below
the melting point (e.g., -20° C) Vant's [1974] measurement at 10 GHz
showed clear dependence of dielectric constant (especially the imaginary
part) on the temperature (see Figure 2.5). Hallikainen's result does
not seem to show much variation when the ice salinity is less than 4%/o0
once the temperature reaches -5° C (see Figure 2.6).

Clearly all of these uncertain variations depend on the ice types
and even on the specific sampling technique and on the measurement
method used. When one also considers the natural variability of sea
ice, use of a complicated mixing formula does not seem to be justified
because one has to assume various parameters like brine pocket shape,
orientation, air bubble shape, etc.; yet we need some kind of formula
that relates the dielectric constant of sea ice to salinity and tem-
perature because these two parameters are easy to measure and accompany
most of the backscatter data. If one could estimate the dielectric
constant fran the measured salinity and temperature, the radar back-
scatter mechanisms could better be understood.

Simple empirical equations relating the dielectric constant of sea
ice to the brine volume that have been tested by Vant 1974, 1978] were
reasonably good. These simple empirical equations seemed to be suited
for the study of radar backscatter from sea ice (at least for the
temperature below -5° C). The equations have the form €' = a+b Vy. and
e" = c+d V., where a, b, ¢, and d are constants depending on ice

type. The brine volume Vy., can be estimated as a function of measured
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salinity and temperature using the equation given by Frankenstein and

Garner [1967].

v

- s( 49.185
= -__.T_

br + 0.532), in parts per thousand (2.3)

The empirical equations given by Vant are:

e' = 3.05 + 7.2 Vbr/IOOO, for first-year ice at 4 GHz (2.4)

™
1]

' =0.024 + 3.3 Vbr/1000, for first-year ice at 4 GHz (2.5)

™
!

''= 2,46 + 22.4 Vbr/IOOO, for multiyear ice at 10 GHz (2.6)
" = 0.006 + 10.0 Vbr/IOOO, for multiyear ice at 10 GHz (2.7)

Once the dielectric constant at a given frequency is estimated for
measured values of salinity and temperature, the values of €' and €" at
other frequencies can be estimated using the frequency behavior given by
equations (2.1) and (2.2).

Equations (2.4) and (2.5) for first-year ice are compared with the
measured values by Vant [1974] in Table 2.1. The results are not very
encouraging. The estimates at 4 GHz seem to be lower than the 10 GHz
measurements, especially for the €". This does not agree with the trend
expected by the decreasing frequency behavior, but usually the frazil
ice (formed from supercooled turbulent water) is believed to have higher
dielectric constant while the model given by equations (2.4) and (2.5)
was derived for general first-year ice categories. The estimated values
of the dielectric constant vary when the salinity and temperature are
varied, as shown in Table 2.2. In a plot of €' vs €" (see Figure 2.7)

these points all lie ir a straight line. The dielectric constant varies
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from 3.14-j 0.06 at T = -20° C, S = 4%/00 to 3.95-j 0.43 at T = -5° C,
.:::: S = 12%/00.

'iﬁ These varying dielectric constants affect the reflection

N coefficients involved in surface scattering and, for multiyear ice, they

also affect the volume scattering. Equations (2.6) and (2.7) for

%%2 multiyear ice are compared with the measured values by Vant in Table 2.3
- and the estimated values are shown in tigure 2.7. The empirical

- estimates seem to give a too large value for €" when the temperature is

“

™, below -10° C.
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TABLE 2.1
ESTIMATED AND MEASURED DIELECTRIC CONSTANTS OF FIRST-YEAR ICE

S = 4.49/00

S = 3.2%/00

Estimated
(f = 4 GHz)

Measured,
Frazil Ice
10 GHz)

Estimated
(f = &4 GHz)

Measured,
Frazil Ice

(f

= 10 GHz)

jo.17
jo.10
jo.07
jo0.06

jo.37
j0.25
jo.12
jo.06

jo.13
jo.08
jo.06
jo.0s

3
3
3
3

.15
5

6 Jjo.3
4 jo0.2
1 jo.09
0 jo.04

TABLE 2.2

ESTIMATED DIELECTRIC CONSTANT OF FIRST-YEAR ICE AT

$=12%/00

109/00

89/00

4%/00

0.6%/00

-5°C
-10
-15
-20
-30
-40

3.95-j0.43
3.52-j0.25
3038'j0-17
3031'j0014
3.24-j0.11
3'20'j0009

3.8 -30.37
3.44-30.2

3.32-30.15
3027'j0012
3.21-30.10
3.18-j0.08

3.65-30.3
3.36-j0.17
3027‘j0012
3.22-j0.1
3.18-j0.08
3.15-30.07

3.09-j0.04
3007‘40003

TABLE 2.3
AND MEASURED DIELECTRIC CONSTANT OF
MULTIYEAR ICE AT 10 GHz

ESTIMATED

S = 0.7%00

S = 0.69/00
Estimated Measured

Measured

Estimated

- 5°C

-10
-20
-30

2.6

2.53
2.50
2.49

jo.07
jo.04
jo.02
jo.02

jo.06
jo.04
jo.02
jo.01

2.7
2.63
2.6
2.57

2.62
2.55
2.51
2.49

jo.0s8
jo.04
jo.03
jo.02

2.63
2.55
2.5

2.47

jo.1

j0.07
jo.02
jo.01
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3.0 SURFACE SCATTERING

Physical parameters, like salinity and temperature, affect the
dielectric properties of sea ice, which in turn determmine the scattering
behavior of sea ice in combination with other parameters like surface
roughness, size of scatterers inside the ice, etc.

In general, the magnitude of the real part of the dielectric
constant of sea ice is far greater than that of the imaginary part.
Therefore €' largely detemines the Fresnel reflection coefficient at
the ice surface, while €' largely determines the penetration
(attenuation) into the ice, as well as the scattering contribution due
to the inclusions inside the ice medium.

Due to high loss and very siall inclusions, surface scattering can
be assumed to be the dominant scattering mechanism for summer ice or
very thin ice, or even very lossy snow-free first-year ice. In this
section, the surface scattering theories are reviewed, and then the
signatures of first-year ice are tested against the predictions of

surface scattering theories.

3.1 Effect of Surface Roughness

Surface scattering is usually described by the Kirchhoff method for
surfaces with a large radius of curvature (compared to wavelength), and
by the small perturbation method for surfaces with small scales of
roughness. Also, two-scale surface theory has been successfully applied
to ocean waves which can be modeled to have both large and small scales
of roughnesses.

The Kirchhoff model assumes that the horizontal scale of roughness,

or correlation length £, is large compared to wavelength while the
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vertical scale of roughness, expressed as the standard deviation o of
( surface height is small enough to maintain the average radius of
curvature large compared to the wavelength. When the surface height

- variation is large compared to the wavelength, the Kirchhoff surface
integral is simplified using a stationary phase approximation
(geometrical-optics model) and when the surface is smoother, it can be
simplified using scalar approximation (physical-optics model).

Mathematically, the requirements of the Kirchhoff model are written as:

N

> correlation length 2 > XA, or k2 > 6 (3.1)
average radius of curvature ' > . or 12 > 2.76 o) (3.2)

A surface height standard deviation o > A/4cos®

W, - or kd > 1.5/C059 (303)

rms slope of the surfacem < 0.25 (3.4)

Equations {3.1) and (3.2) are the basic assumptions for the

Kirchhoff model, equation (3.3) is for the stationary phase

approximation, and equation (3.4) is for the scalar approximation. The

backscattering cross-section for the Kirchhoff surface is derived in

LaAS Y

Ulaby et al. [1982], and the effect of varying imodel parameters or

choosing different correlation functions can be found in Eam [1982].

- For relatively rough surfaces whose backscattering cross-sections

show a slowly varying angular behavior near nadir, the geometrical

optics model seems to be able to predict the backscattering behavior at

N RO

Laa

small incidence angles. Figure 3.1 shows the effect of varying the
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surface ms slope with this model.
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For smoother surfaces, the physical-optics model seems better

suited. This model usually exhibits faster angular drop-off than the
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geometrical-optics model for small incidence angles. For larger
incidence angles, the rate of decay depends on the choice of surface
correlation function. The Gaussian correlation function shows a fast
angular drop-off, while the exponential correlation function shows large
tails. Figure 3.2 shows scattering behavior for the physical-optics
model with the Gaussian correlation function. Larger o or smaller 2
correspond to a rougher surface, and therefore show a slower angular
drop-off. The effect of varying the real part of the dielectric
constant is also shown.

Figures 3.3 and 3.4 show frequency responses from 4 to 16 GHz using
this model. It is assumed that the surface can be characterized with
single values of parameters, o and ¢ for all the frequencies in
question. The question one faces, however, is: are the surface
parameters like o and £ frequency-independentmr If the answer is "no",
Figures 3.3 and 3.4 do not mean very much. It may be possible that
different scales of roughness are responsible for the backscattering at
different wavelengths. For many natural surfaces, different correlation
lengths or even differnt correlation functions are needed to fit the

backscatter data at different frequencies.

3.2 Effect of Salinity and Temperatures

The effect of higher salinity or temperature is to raise the
dielectric constant of sea ice, and therefore effectively raise the
backscattered power.

Using the result derived in Section 2.0, the maximum variation of

e' for first-year ice due to changes in temperature or salinity is from

3 to 5. This would change the Fresnel reflection coefficient from 0.27
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to 0.38 for vertical incidence and from C.38 to 0.5 for incidence angle
of 45° with horizontal polarization.

The effect of changes in the Fresnel reflection coefficient to the
backscattered power depends on the surface roughness. With the
Kirchhoff surface model, the effect due to the maximum possible change
in the values of €' is at most 3 dB (see Figures 3.2 and 3.3), and fof

the ranges of values shown in Figure 2.7 (¢' = 3 to 4 for first-year
ice) the effect is less than 1.7 dB8. This effect is independent of
specific choice of surface correlation function.

The small variation of €' with frequency as illustrated in equation
(2.1) seems to have a small effect on surface scattering; e' will be
assumed to be constant in the frequency range between 1 and 18 GHz for

this study.

3.3 Sea-Ice Surface Scatter Model

3.3.1 Angular Behavior

The power backscattered from sea ice contains contributions from
both surface scattering and volume scattering, which might come from
snow cover (if any) or from inside the ice (if there are big enough
inclusions). To ease the problem, surface scattering will be considered
first. It is dominant for summer conditions when the ice surface is
wet, or even for the snow-free first-year ice during winter because of
its very high loss.

Figure 3.5(a) shows typical backscattering cross-sections measured

during the melting season for multiyear ice and first-year ice. The

surface scattering can be considered to be dominant here. From the slow é!
angular dropoffs, one can suspect that the geometric optics model with :&3
2
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very large nns slope or the physical optics model with exponential
correlation function might work.

Recently Onstott [1983] reported measuring ice surface
characteristics during summer, including surface-height correlation
length and standard deviation. Table 3.1 is a summary of results for 3
smooth ice profiles and 3 rough ice profiles, along with corresponding
values of ko and kg at 13.3 GHz. The calculated correlation functions

indeed showed the exponentially decaying behavior.

TABLE 3.1
SUMMER ICE SURFACE CHARACTERISTICS

Sample 1 2 3 1 2 3

Smooth Ice correlation ‘
length, 2 6.1 8.9 23 ke 17 24.8 64.1 =y
height std. -
dev. ¢ 0.21 0.15 Q.11 | ko 0.58 0.42 0.31

Rough Ice 2 7.7 8.2 35.5 | k& 21.4 22.8 98.9

o 0.72 0.81 0.49 | ko 2.0 2.3 1.4
Tem) (F=13.3 Ghiz, k=2n/A)

Figure 3.6 shows theoretical angular behavior of ¢© using an
exponential correlation function in the physical optics nodel. The
summer data shown in Figure 3.5(a) are redrawn in Figure 3.6(a) and one

can see that the data can very much be predicted using the single-

surface scattering model. The surface parameters for the smooth ice

(see Table 3.1) gives faster angular dropoff (see Figure 3.6(b)), and
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S the first-year ice during winter shown in Figure 3.5(b) might have had a

slightly smoother surface than the summer ice.

This result is encouraging because the single-surface scattering

e BT ke A MR G o W W A A emmm oA s s B

model might explain o@ for first-year ice during the whole year, without

any help from a small-perturbation or Bragg-resonance type model for

s

large incidence angles. In another sense, the result is discouraging

because the surface roughness can make as much as 15 dB difference in y

the backscattering cross-sections at large incidence angles (see Figure
3.6(b)). If one adds the 2-3 dB variation due to the difference in the
dielectric constant, the same ice categories with different surface
roughness can give up to 18 dB variation with different temperatures or
salinities. This large fluctuation would severely limit the system
capability to discriminate different ice types (unless the surface
roughness of one type of ice is always different from that of the other
type of ice, or different ice types have different scattering

mechanisms).

—— A 8 ) M a6 MEERSS A A eS8 S A SRS . & . %R

Under summer conditions, the surface scattering can be considered

e

to be dominant for both the multiyear ice and the first-year ice. The i
macro-scale roughness and snow cover differences between first-year and
multiyear ice may result in different o%s, even though small-scale
roughness for both ice types may be similar. During winter the surface
scattering may also be dominant for first-year ice, but volume

scattering might be dominant for multiyear ice and these two are

c Ammm e A Mt r P s o msEmes n_ . ®

distinguishable. The volume scattering will be considered in the next

section.
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3.3.2 Frequency Behavior

Figure 3.7 shows the theoretical frequency behavior of o® using the
same surface parameters for all the frequencies. As one can expect, the
smooth ice ¢© varies more than that for the rough ice and ¢° for smooth
ice increases with frequency for all the incidence angles, while this is
not true for rough ice for small incidence angles.

o© decreases with frequency for the Gaussian surface correlation
(see Figures 3.2 and 3.3), but the measurements (Figure 3.8) show gently
increasing frequency behavior for most of the incidence angles.
Therefore the exponential correlation function seems to be more able
than the Gaussian correlation function to predict both the angular and

the frequency behavior of o° for sea ice.

3.3.3 Polarization Considerations

Figure 3.9 shows the polarization dependence of the backscattering
cross~-sections of first-year ice. Air bubbles inside the multiyear ice
usually are believed to be the main source of volume scattering as well
as the depolarized scattering and the effect increases as the frequency
is increased. In this section the application of surface scattering
theories to scattering from first-year ice is discussed.

The geometrical-optics model neglects the multiple scattering [Fung
and Eom, 1979], and therefore predicts that the depolarized
backscattering coefficient is zero. Moreover, there is no distinction
in this model between vertical and horizontal polarization, since the
Fresnel reflection coefficient is evaluated at normal incidence.

For the physical-optics model, use of HH polarization results in a

higher scattering cross-section than use of VV polarization at all
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FIGURE 3.8: Physical-Optics Model Frequency Behavior. Also shown are
several reported measurements. With proper choice of
surface parameters, the model can fit the data very well.
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angles except vertical incidence, mainly due to the Brewster angle
effect. The depolarized backscattering coefficient is also zero, unless

multiple scattering is included [Fung and Eom, 1981].

For the small-perturbation model, VV polarization results in slower
angular dropoff than HH polarization and therefore °°VV is higher than
oy except at nadir. When the wave equation is solved to second order,
the cross-polarized term is not zero [Fung, 1963].

From the discussions given in Section 3.3.1, the physical-optics
model might be able to be applied to the snow-free first-year ice. The
observations by Gray, et al. [1977, Figure 3.9(b)] agree with the model
in the sense that o% is higher than o¥;. The difference between the
results with VH- and HV-polarization, however, suggests a calibration
problem. Onstott's result [1979, Figure 3.9(a)] shows higher ¥y than
o%yy although the difference is small. Parashar [1974] only had WV data
at 13.3 GHz, but his theoretical model predicted faster angular dropoff
for HH polarization mainly because the small-perturbation method was
used.

These confusing results can partly be due to system calibration
inaccuracies, but all of them may be true because the ice surface
characteristics can have large variations from place to place or from

time to time.

3.3.4 Empirical Surface Model %

Close to vertical, ¢° usually varies rapidly with angle and is hard d

to measure accurately. Also, the measurement may include the coherent, }

)

system-dependent (beamwidth-dependent) component [Fung and Eom, 1983] at !
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f:' small incidence angles. At large incidence angles, beyond about 60°, a

?;_ different scattering mechanism may take over.

?E When a measurement is taken over a single target class, and the

'i: purpose is to extract dielectric constant (i.e., soil moisture

-~ detection), the severe dependence on surface roughness shown in Figure

?E; 3.6(b) can be minimized using small incidence angles (7° to 17° for

%ﬁ soil-moisture determination) [Ulaby et al., 1981]. On the other hand,

}t when several target classes are present, and they must be discriminated

%E from each other, larger angles of incidence must be used to allow

‘E? surface-roughness effects to aid in separating the different target

;; classes (see Figure 3.5). Therefore, in this study incidence-angle

;3 ranges only between 20° and 60° will be considered.

:i The backscattering coefficient of first-year sea ice for the angles

%, of incidence between about 15° to 20° and about 50° to 60° can generally

EE be approximated by a straight line on a dB-vs-angle plot; it can be

N fitted by a model of the form

b L) =ne o (3.5) ?
X ]
. hS

N .

zj
> o%(8) in dB = 10 log A - [4—3-’&) 9 (3.5a) “i

.! 0 !
:S; where the constant A detemmines the absolute level of the curve while ;
Ei; the constant 8, shows the rate of decay of the curve. This type of E
i model has been used to describe the backscatter from ocean and various %
) -
i e
: 40 °

P TTISTE T% S )
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land targets, and Onstott [1980] tested this type of model for the sea
ice data.

The coefficient A is determined by the surface roughness and by the
Fresnel reflection coefficient which for sea ice is determined mainly by
the real part of the dielectric constant. Here the surface roughness is
considered to be the dominant factor as discussed in Section 3.3.1,
while the differences in the salinity and the temperature change (below
about -5%° C) cause a minor variation (2 to 3 dB maximum) between data
sets.

The coefficient b, is determined primarily by the surface
roughness.

The theoretical scattering coefficients calculated using the
physical-optics formulation with the surface parameters shown in Figure
3.6(b) seem to fit a straight line for angles greater than about 20°.
The values of coefficients A and 6, are shown in Table 3.2. The
e-folding angle, 8y s about 14° for the smooth-ice categories and is
more than 23° for rough ice. The magnitude coefficient, A, ranges from
0.08 to 0.21 for smooth ice and from 0.39 to 0.48 for rough ice. In
Table 3.3, the coefficients for several reported measurements are
shown. The e-folding angle varies from 10.9° to 19° while the amplitude
A varies from 0.18 to 1.0; the relative system calibration might have
played an important role in the absolute level variations.

The measurements reported above and the theoretical model
predictions are plotted in Figure 3.10 for incidence angles beetween 20°
and 60°., Using the measured ice-surface parameters for rough ice and
smooth ice, the theoretical model bounds all the measurements considered

above, and the physical-optics model seems to be suited to explain the

41
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TABLE 3.2
PHYSICAL-OPTICS MODEL BEHAVIOR BETWEEN 20° AND 60°

Rough Ice Smooth Ice
o=0.72cm o =0.,81 cm 0=0.21cm o =0,15c¢cm o
g =7.7 cm ¢ =8.2 cm £ =61 cm ¢ =28.9 cm a
o, ~88, -6/23.3° -6/28° -6/14° -6/13.9°
o =Ae 0.48e *Y 0,39 0.21e 0.08e *
o°(dB) -3.2-0.1866 -4.0-0.155¢ -6.7-0.3078 -11.0-0.313¢

pol = HH, f = 13 GHz, e' = 4.0

TABLE 3.3
EMPIRICAL MODEL COEFFICIENTS FOR THICK FY ICE, 13 GHz

Source o° 5°(dB) POL System
Onstott (1977) 0.53e"%19°  _2.8-0.2280 HH TRAMAS
0.78¢-%17:2°  _y 1.0.2520 WV TRAMAS
Delker (1979) 0.44e"%15°  _3.6-0.29 6 wv TRAMAS
0.39e”%15-5° _4.1.0.28 6 Vv HELOSCAT
Gray (1977) 0.31e'9”2'8° -5.1-0.34 6 HH Scatterometer
- o
0.18e"11-7°  _7.4.0.37 0 W Scatterometer
Gray (1982)  0.64e"¥15:3° _y.9-0.2840 HH Scatterometer, Summer
1.0 e-e/10.9 0.0-0.3976 HH Scatterometer, Winter
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FIGURE 3.10: Reported Measurements of First-Year Ice at 13 GHz;

1=Gray, VWV (1977); 2=Gray, HH (1977); 3=Gray, HH
winter (1982); 4=Delker, VV (1979); 5=Gray, HH
summer; 6=Onstott, HH; 7= Onstott, VV (1977).
Physical-optics model behaviors are also shown for
a rough ice and a smooth ice.
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first-year ice data when proper surface parameters are available or

chosen.

The e-folding angle seems to vary from about 10° up to about 20°

depending on the surface roughness, and the dynamic range of o® of the

first-year ice can be about 10 dB at the incidence angle of 20° and as

much as 17 dB at 60°, at 13 GHz.

The empirical model given by the form o° = A exp(-e/eo), has the

advantage of simplicity. However, this type of model lacks the

capability to fit multifrequency data, unless the model parameters, A

2nd 8, are given for every frequency. Figure 3.11 shows the frequency

behavior of the empirical model constants, e-folding angle and the 40°

intercept. Also shown are the model constants of the data between 18°

and 54° incidence angle calculated using the physical optics model under

two surface roughnesses.

Under the physical-optics model, the e-folding angle of the smooth

surface experiences little frequency dependence while that of the rough

surface does increase with frequency. The scatter of measured values is

too large to see a definite pattern of frequency behavior. However,

they may be divided into two sub-groups; one is the relatively smooth

group with the e-folding angle of 10° - 15°, another is the relatively

rough group with the e-folding angle of 20° to 30°. The measurement of

the grey ice [Onstott et al., 1981] between 4 and 17 GHz shows an

interesting pattern (see Figure 3.11(a)). With C-band frequencies, the

surface may have been smooth while with X-Ku-band frequencies the

y surface may have been rough. It is hard to draw any conclusion with

[

.l ',:. '. . *

)

this small data set. The 40° intercept shows relatively smooth
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O onstott (1977) Thick FY ice
® Onstott et.,al,(1981) Grey ice

¥ Delker et.al,(1979) Thick FY ice
% Delker et.al,(1979) Thin FY ice

(a)

Frequency Behavior of Empirical Model Constants. The
lines are the straight line fit of the physical optics
model prediction between 18° and 54°.
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frequency behavior both in the data and the physical-optics model
prediction.

The discussion above considered only the surface scattering. This
would be the primary effect for a snow-free, very-lossy first-year ice
which does not have any big enough air bubbles inside the ice to cause
significant volume scatter. Snow cover on sea ice will contribute to
backscattering by itself and will modify the ice surface scattering as
well as the ice-volume scattering by changing the temperature of the ice
surface, which in turn will change the imaginary part of the dielectric
constant significantly and, as a result, change the scattering albedo of
any inclusions inside the ice. These factors will be considered in the

next sections.
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4.0 VOLUME SCATTERING

Volume scattering may take place in the snow cover on ice or in the
inclusions inside the ice medium. Large air bubbles inside multiyear
ice are likely to be a major source of volume scattering. In this
section, several volume scattering theories are reviewed, and then the
signatures of multiyear ice are tested against the predictions of volume

scattering theories.

4.1 Introduction

Two basic approaches are used in theoretical explanations of volume
scattering. One is the field approach, which starts with wave equations
and includes all the multiple scattering and interference. This
approach is very complicated mathematically; in consequence, a number of
simplifying assumptions or approximations are required to solve actual
problems. Therefore, when this approach is applied to a specific
target, the applicability of each assumption has to be studied
carefully.

Another approach, which is often called "the radiative transfer
theory", assumes that the effect of phase interference or correlation
between different field quantities is negligible, thereby allowing power
addition. This theory deals with intensities rather than fields and is
based on Boltzmann's equation of transfer. In this study, the radiative
transfer approach will be adapted. There are two popular methods in
radiative transfer theory: the matrix doubling method and the
differential and integral equation method.

The matrix doubling method starts with a sufficiently thin layer of

optical depth At in which it is assumed that no multiple scattering
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occurs. A combination of two such layers results in multiple scattering
and can be traced in terms of total effective backward and forward
scattering matrices. This process is continued until the desired
thickness is built. A detailed method of solution can be found in Eam
(1982].. This approach has the advantage of fast computational speed
for a single-layer problem; there is no restriction on the amplitude of
dielectric fluctuations, and the method can be extended to the problems
where the characteristics of the embedded scatterers vary with depth.
However, for multi-layer problems the differential-integral-equation

method might be better suited [Eom, 1980] and will be discussed further.

4,1.1 Linear Differential- and Integral Equation Method

In this formulation, the medium is characterized by the phase
function and the scattering albedo. The equations of transfer for the

upward and downward intensities inside the inhomogeneous medium are

b
[Karam and Fung, 1982] ;
é
+
L) - o ') + Fh) (@.1) f
z J
1
d—Idé—zL -K™ I7(z) + F (2) (4.2) .

where + and - signs represent upward and downward directions,
respectively. K* and K~ are the extinction coefficient matrices, and F*

and F~ are the source functions having the form

F+(z) = secH jg"d¢' I;/Z sing'de’ :

[P(8,0;0',6') I* + P(0,05m-0",0") I7] (4.3)




F™(z) = secé jg" do' 1% sine'de’

[P(n-8,0505") 1" P(n-0,4;m-8",6") 1]

(4.4)

where P(96,¢;0',¢') is the phase matrix describing the scattering
properties of the medium from direction (8,¢) to direction (8',¢').
Several types of phase functions have been studied, including Rayleigh
phase function, Mie phase function and also the phase functions for a
continuous random medium | Tsang and Kong, 1977}. The pair of transfer
equations is usually solved numerically after converting them into a set
of linear first-order differential equations.

The boundary conditions for the intensities (It and I-) at the
interface call for transmission and reflection coefficients. For planar
interfaces, these coupling coefficients are given by Tsang and Kong
L1978] and Shin and Kong L1981]. For rough interfaces the coupling
coefficients were derived by Fung and Eom [1979, 1981] and Lee and Fung
L1979], for Kirchhoff-surface and slightly-rough interfaces,
respectively. Recently Karam and Fung [1982] generalized the intensity
scattering problem for a multi-layered random medium with irregular
boundaries.

The main advantage of the linear differential- and integral-
equation method lies in its conceptual simplicity, and the scalar
representation of equations (4.1) and (4.2) has been used extensively
for emission problems for snow and vegetation [Ulaby and Stiles, 1980;
Attema and Ulaby, 1975]. Karam and Fung's formulation also permits
expressing the volume and surface scattering interaction in a closed

form for some simplified vegetation models.

AW g Ta T, e




l4

AN A R R L MR I N i ]
.

4.2 Snow-Free Multiyear Ice

To simplify the problem, snow-free multiyear ice will be considered
first. For this case, the physical model shown in Figure 4.1 is
proposed. The first layer is the layer of recrystallized ice which
contains large air bubbles. The density of this layer is usually
reported to be 0.7 - 0.8 gn/qn3, although this is highly variable
[Campbell et al., 1977]. Figure 4.2 shows density profiles for 3 types
of ice. The salinity of the first layer is almost zero for multiyear
ice (see Figure 4.3), but a slightly higher value (0.79/00) has been
noted by Onstott [1980]. The depth of this layer can be assumed to be
about 20-30 om (low density portion from Figure 4.2, or near-zero
salinity portion from Figure 4.3), but this milky layer can be as much
as 55 an [Onstott, 1980].

The second layer shown in Figure 4.1 is the clear ice layer with
occasional small air bubbles. This layer can be assumed to be a half-
space because microwave frequencies are not expected to reach the ice
bottom. This layer has salinity of 1-2%/00, with density of
0.8 - 0.9 gn/qn3. The first approximation will be to neglect the air
bubbles in this second layer, considering only the first layer as the
volume scattering layer. The final model might have to include
scattering by the small air bubbles in this second layer.

In view of the radiative transfer approach discussed in Section

- 4.1, the volume scattering layer is characterized with the scattering

albedo w and the optical depth t given by

w= KK+ K,) (4.5)
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° o °f °© o Recrystallized ice layer
o o
© o 0 9 o Salinity= 0-0.7 % 3
020 o o Density= 0.7-0.8 gm/cm
°© o o, ° depth= 20-50 cm
o o o air bubble diameter=1-3 mnm
o o o ©
. ., « ° . Clear ice layer
L. Salinity= 1-2 % 3
. . . Density=0.8-0.9 gm/cm
. . depth= half-space
. * . . ‘ small air bubbles, diameter {1 mm

FIGURE 4.1: Snow-Free Multiyear Ice Model
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52 FIGURE 4.3: Salinity as a Function of Depth Below Surface of Ice
" Observed in (a) First-Year Ice (FY); (b) First-Year Plus 1
- Year (FY + 1); (c) Multiyear Ice (MY); and (d) Multiyear
Plus 1 Year (MY + 1). Only for curves FY and FY + 1 has
A, the total thickness been shown, whereas the other curves
/ would extend to greater depths. FB designates the
3 respected freeboard for each curve. (Campbell et al.,
! 1978).
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N by
23 3
:::; T= (K, + K)d = Kd (4.6) 5
3 ¢
‘ ’
N " . . . .
N where K is the volume scattering coefficient and K, is the volume 5
o A
S absorption coefficient. Here, the extinction coefficient, K,, is ﬁ
assumed to be constant in the layer of depth d. .F
' .y

4.2.1 Scattering Albedo

For air bubbles in the ice medium, the absorption will be due to

ice only, and the absorption coefficient K, is

K =3 /i;- (/1 + tan2s - 1) (1 - f) (4.7)

a AO

where e, ' is the real part of the dielectric constant of the background
jce and f is the vaolume fraction of the air bubbles inside the ice. The
f is usually estimated from the measured density p of the ice using the

relation [Vant, 1978]

f=1-p/0.926 (4.8)

The scattering coefficient Kg is determined by the size of the
scatterers relative to the wavelength, number of scatterers per unit
volume, and the dielectric constants of the background and scatterers.
The air bubbles inside the ice medium can be assumed to be Rayleigh

scatterers when the following relation holds Lvan de Hulst, 1957}

(Zn/Ao) r < 0.5 (4.9)




XX

where A, is the free space wavelength and

GHz), the air bubbles can be approximated

Rayleigh approximation cannot be used and

r is the radius of the
scatterer. This relation implies that in the microwave region (up to 18

as Rayleigh scatterers if the

diameter is less than 2.7 mm. For larger air bubbles, the simple

- more complicated equations
;; have to be used to calculate the backscattaring cross-section. Although
ﬁ air bubbles larger than this have been observed occasionally, the
v Rayleigh approximation is used in this study without much loss of
o
- generality.
-
t; [f all of the particles have the same affactive radius r, and there
Y
A are N particles per unit volume, then the volume scattering cross-
- section K¢ is given by Lvan de Hulst, 1957]
:- Kg = N QS (4.10)
» where
N = /(3 7r) (4.11)
2 2
8 6.2, ,4,n"-1
19} K} mr €b kO I -7 I (4-12)
n- + 2
Eﬁ = scattaring cross-section of one scatterer
o)
: ko = free space wave number
>, n = index of refraction.
, In summary, the scattering albedo w is detemmined and affected by
< (1) wavelength (frequency), (2) air bubble size, (3) dielectric constant
i of background ice (a function of ice salinity and temperature and of
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measured frequency) (see Section 2.0), and (4) the density of ice, from
which one can estimate the volume fraction of air bubbles. These
factors are all variables. Using the range of values illusstrated in
Figure 4.1, the scattering albedo is calculated for the frequency range
between 1 and 18 GHz.

Figure 4.4(a) illustrates the effect of dielectric constant (effect
of salinity and temperature) and density of the ice on scattering albedo
in the frequency range between 1 and 18 GHz. Here, the diameter of air
bubbles was assumed to be 2 mm. The real part of the dielectric
constant of the background ice was taken to be 3.15, which is the value
for the fresh water ice. The imaginary part was varied from 0.001 to
0.1. The measured value of €" of pure ice (S = 0°/00) ranges from about
0.001 to 0.01 in this frequency range, and it may be temperature- and
frequency-dependent |Ulaby et al, 1982]. The behavior, however, is not
very well established. When the background ice is saline (up to
0.79/00), the €" at 10 GHz can change from 0.01 to 0.1, depending on
temperature, as treated in Section 2.0. The value may also be slightly
frequency-dependent, but this effect was not included in the
calculations. As one can see fram the figure, the salinity and
temperature of the ice medium can play a major role in detemmining the
scattering albedo. At 10 GHz, the scattering albedo can change from
0.08 to 0.9 when the " of background ice changes from 0.1 to 0.001 as
either salinity or temperature changes.

The effect of change in the density of ice is not very severe, as
can be seen in the figure. The effect of the size of air bubbles on
scattering albedo can be seen in Figure 4.4(b). This also seems to be a

significant factor because at 10 GHz, the scattering albedo can change
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Bubbles Inside the Ice Medium. The effect of change in

the dielectric constant of background ice, and also the

effect of different densities are shown.
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from 0.1 to about 0.76 when the diameter of the air bubbles cianges from
1 mn to 3 mm. Equations (4.10) to (4.12) show that the scattering

cross-section K¢ changes as r3.

4,2.2 Qptical Depth

The optical depth of a layer changes with all the factors listed in
the previous section, and also with the physical depth of the layer.
Figure 4.5(a) shows the effect of €" on volume extinction coefficient
and optical depth. At 10 GHz, the optical depth of a 20 amn layer with 2
mm air bubbles can change from 0.1 to 1.9 when the dielectric constant
of background ice changes fram 3.15-j 0.001 to 3.15-j 0.1. Figure
4.5(b) shows the effect of the size of the air bubbles when ¢, =
3.15-j 0.01. Here, a large change in optical depth due to the change in
the size of air bubbles is noted for the frequencies higher than X-band.

Also, in the solution of the radiative transfer equation, the
boundary conditions call for the average dielectric constant of the
volume scattering layer. This will be the value including all the air
bubbles. Several measured values of the dielectric constant of the

multiyear ice can be found in Section 2.2.

4.2.3 Volume Scattering Coefficient of Multiyear Ice

Using the layer characteristics discussed in the previous sections,
the backscattering coefficient o0 is calculated for the volume
scattering layer (air bubbles embedded in the multiyear ice, see Figure
4.1). The method follows that of Eom [1982] for this Rayleigh layer.
Figures 4.6 to 4.8 show the theoretical backscattering cross-section for

the volume scattering layer at 13 GHz with HH polarization. The volume
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FIGURE 4.6(a): Theoretical Angular Behavior of o for the Volume
Scattering Layer. The 3 curves are for the layers with
3 different albedo and optical depth, which result from
the difference in the imaginary part of dielectric
constant of ice.
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FIGURE 4.8(a): Effect of the Physical Depth of the Volume Scattering
Layer. Changing depth of layer increases the optical
depth while maintaining the scattering albedo.
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scattering temm interacts with the roughness of the surface to produce
the shown. In Figures 4.6(a) and (b), the effects of the imaginary part
of the background ice are shown for a smooth surface and a rough
surface, respectively. The different values of the dielectric constant
are due to the difference in the salinity and temperature of the ice
layer, and these modify the scattering albedo and the optical depth as
discussed in Sections 4.2.1 and 4.2.2. When the €" of the background
ice reduces fram 0.1 to 0.01, the scattering albedo increases fram 0.16
to 0.66 at 13 GHz for the layer with 2 mm air bubbles, and the resultant
o0 increases about 6 dB for all the incidence angles (see Figure
4.6(a)). A rougher surface reduces the volume scattering contribution
to the backscatter direction (less than 2 dB for the surface parameters
used in Figures 4.6(a) and (b)).

Figure 4.7 shows the effect of the air bubble size. The layer with

P R YD P WP W ey

larger air bubbles has a larger scattering albedo and optical depth, and
the o increases as much as 9 dB when the average diameter increases
fron 1 mm to 2 mm. The o° increases further (4 dB) when the diameter of
the air bubble increases from 2 to 3 mm. Also shown in the figure are

values measured for multiyear ice during winter conditions [Gray,

ARG &« + & 8.2 .8

1982]). Measurements compare reasonably well with theory.

. meM.w_0_a

Figure 4.8(a) shows the effect of the physical depth of the layer

using the same scattering albedo. When the depth of the layer was

2 4 emmm e

changed fram 20 an to 50 cm, the o° increased about 1.5 dB. Figure
4.8(b) shows the effect of the density of the ice layer. Increase in
density means less volume fraction of the scatterers and therefore

smaller volume-scattering cross-section. When the density was increased

@ a. A MW e AT s & s A

fram 0.7 gn/am3, the o decreased about 2 to 3 dB.

« cammm.m e A e
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The effect on o of the average medium dielectric constant seems to
be insignificant in the ranges of values reported (e¢' = 2.5 - 2.7).

Also the effect of the real part of the dielectric constant of the
outside layer (nonscattering layer, €' = 3.15 to 4.0) seems to be
negligible (less than 0.1 dB).

In summary, the imaginary part of the dielectric constant of the
background ice and the size of the air bubbles seem to be the major
factors determining the layer scattering characteristic, and the result
has been shown accordingly.

In actual measurements the purely surface-scattered term not
considered in this section will also be present and will be the dominant
factor at small incidence angles. The change of dominance between the
surface- and volume-scattering termms occurs at different incidence
angles depending on the surface roughness and the frequency.

Figure 4.9 shows the theoretical backscattering coefficients of the
multiyear ice at 8 GHz and 13 GHz. Here surface scattering terms and
volume scattering terms are shown separately to illustrate the relative
contributions. Fon”hultiyear ice with a smooth surface, the volume
scattering dominates when the incidence angle is greater than about 10v
at 8 GHz and about 5° at 13 GHz. For a rough surface, the surface
scattering temm is higher than the volume term until about 30° incidence
angle and remains comparable at larger incidence angles at 8 GHz. At 13
GHz, the volume scattering termm is always higher.

Figure 4.10 shows the sum of surface- and volume-scattering terms
for multiyear ice with two kinds of surface roughness; also shown are

several reported measurements of multiyear ice. The radiative transfer
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Volume scattering terms and surface scattering terms are

shown separately.
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model with a reasonable choice of parameters seems to explain the

measurement results.

4.2.4 Theoretical Frequency Response of o°
of the Snow-Free Multiyear Ice

When the incident wavelength changes, the corresponding scattering
albedo and optical depth of the layer change, as can be seen in Figures
4.4 and 4.5. In the following calculations, a minor frequency
dependency of the dielectric constant of sea ice (discussed in Section
2.0) is neglected in the frequency range between 4 and 18 GHz.

Figure 4.11 shows the theoretical volume scattering terms of the
backscattering cross-section of the snow-free multiyear ice for the
frequencies between 4 and 18 GHz. As can be expected fram the frequency
behavior of the albedo and the optical depth, the volume scattering tem
exhibits quite a rapid increase with frequency. Also to be seen in the
figure are the effects of ice density and the air bubble size.

In Figure 4.12, purely surface-scattering terms discussed in
Section 3.3 are plotted together with the volume-scattering terms. For

multiyear ice with a smooth surface, the volume-scattering tem

dominates over the surface-scattering term for all the frequencies 3

b
between 4 and 18 GHz. However, when the surface becomes rougher, the 3
surface-scattering tem increases drastically while the volume ~

2
LN

scattering temm decreases slightly. Therefore, at low microwave

frequencies, the surface-scattering term dominates over the volume-

scattering term. For the physical parameters of the muitiyear ice shown
in the figure, the crossover occurs around 8 GHz (for incidence

angle = 31°). The total backscattering cross-section, ¢®, is the sum of
the surface- and volume-scattering terms. In Figure 4.13, the total

backscattering cross-sections for smooth multiyear ice and rough
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multiyear ice are plotted. Also shown in the figure are several
reported measurements. In general, the radiative transfer model (with
proper choice of parameters) predicts the frequency behavior of o
satisfactorily, although the model neglected snow layer effect and the
targets included up to 10 cm of snow. The effect of snow cover is

treated later.

4.2.5 Polarization Considerations

Due to the Brewster angle effect, the power transmitted into the
ice mediun is larger for the vertically polarized waves than the
horizontally polarized waves. Therefore, when the volume scatterers are
spherical or do not have any particular anisotropy, one can expect that
o%y is generally higher than oy

For vegetation with the leaves inclined more horizontally, higher
°°HH than °0VV has been noted [Tsang et al., 1981]. The air bubbles in
in sea ice are generally reported to be spherical. Shin and Kong {1981]
noted that °°VV is higher than °°HH for a half-space medium with
spherical scatterers; they also noted that (when the volume scattering
layer is finite) the effect of bottom interface might cause higher °0HH
than °°VV' This is likely when the dielectric constant of the bottom
layer is much larger than that of the upper layer. This effect would
have to be considered for a thin snow layer on the ground, but for
multiyear ice the bottom interface is arbitrary (see Figure 4.1) and the
ice-water boundary is so far below that the microwaves do not reach it.

Figure 4.14 shows several reported measurements of multiyear ice.
Onstott's results [1980] always had higher o®yy than o, while Gray et

al., [(1977] reported higher °°HH’ but the difference between these two
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like-polarizations is relatively small. Figure 4.15 shows the
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theoretical volume scattering coefficient as a function of frequency for

o

multiyear ice with HH~- and HV-polarizations. VV results are nearly

Aty
P S

jdentical to those of HH. Several reported measurements are also

plotted together and good agreement with the theoretical model can be
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seen. The depolarization ratio (°°HH/°°HV) decreases with frequency.
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Figure 4.16 shows the theoretical and experimental angular behavior of

oy and o%y at 13 GHz. Again, a good agreement can be seen.
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5.0 SEMI-EMPIRICAL FORMULATIONS

5.1 Zeroth-Order Scattering Coefficient o°
for Snow-Free Multivear Ice

In view of the simple, single-layer model for multiyear ice shown
in Figure 4.1, the scattering coefficient has been modeled with the

following semi-empirical equation.
2 0.
0®(8) = aJ(0) + T(8)[a0(6") + 3—] (5.1)

where:
c°s(e) = the backscattering coefficient of the ice surface.

T(e)

the power transmission coefficient of the upper surface.

o°v(e') = the volume backscattering coefficient of the ice layer.

a°g(8') = the backscattering coefficient of the lower interface.

L(e') = exp(kedsece'), which represents one-way loss factor
through the layer with extinction coefficient k, and
thickness d (see Section 4.2.1).

8' = the angle of refraction in the ice medium.

This type of model has been used for snow LStiles and Ulaby, 1980, 1981]
and for a vegetation canopy [Attema and Ulaby, 1978]. Also, Karam and
Fung [1982] reduced the general theoretical solution of the radiative
transfer equation to the form of equation (5.1) under several
simplifying conditions. The factors neglected in this formulation are
the terms representing the volume-surface interaction which may be
significant for cross-polarized scattering |Karam and Fung, 1982].

These are the temms scattered by the volume inhomogeneities and
reflected by the lower interface. For the multiyear-ice problem, the

backscattering coefficient of the lower interface, o°g(0') would be very
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small because the interface is artificial and the dielectric
discontinuity is very small. The average dielectric constant of the air
bubble layer is about 2.5 to 2.7 while that of the next layer is about
3.1. With these figures, the power reflection coefficient is less than
0.0033 at normal incidence. Neglecting o°g, equation (5.1) can be

further simplified.
a(8) = o (o) + Tz(e)cg(a') (5.2)

Here, the volume backscattering coefficient of the ice layer o° é) can

v
be derived as follows, based on the model of Figure 5.1. Let the
incident power density just below the upper surface of the volume
scattering layer be S;. Then the power density at the infinitesimal
layer of distance z' from the top is Sie'KeZ', and the scattered power
density dS. due to the scatterers in the infinitesimal layer at a

distance R(>>z') from the ice layer is, approximately,

S1 e'ZKEZ (nob)
dS = 5 (5.3)
r 4R
where:
A = [Tluminated area.

N

Number of scatterers per unit volume (see (4.11)).

Adz'cos @' = Infinitesimal volume.

op = Backscattering cross-section of individual scatterer.

n = number of identical scatterers in the infinitesimal

layer.
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o = NAdz'cos®' (5.4)

For Rayleigh scatterers,
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where n; = index of refraction. Therefore, the total scattered power
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T In the above derivation, all the scatterers are assumed to be the same
- size, and the multiple scattering is neglected. The transmission loss

through the upper surface (interface) is included in the Tz(e)-tenn in
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equation (5.2) and Tz(e)-oov(d) will be the effective volume scattering

tem in the final o®(8) seen by the radar.

The volume scattering term, o°v(e) = Tz(e)-o°v(e') is calculated
using equations (5.4) through (5.7) and the same physical parameters as
used in the radiative transfer model given in the previous section.
Figure 5.2 shows the comparison of the empirical model behavior with
that of the radiative transfer model. The radiative transfer models
include the effect of surface roughness, while the empirical model does
not.

As can be seen in the figure, the empirical model prediction
matches very well with that of the radiative transfer models for all the
frequencies considered. This similar prediction might have resulted
from the fact that the physical parameters (the diameter of scatterers
and the physical depth of the scattering layer) used in the theoretical
computation resulted in a small optical depth and small scattering
albedo at the frequencies below about 10 GHz, so that the scattering
process might actually approach single scattering which was assumed for
the empirical model. As the frequency is increased from about 10 GHz,
and therefore the scattering albedo and the optical depth is increased
above certain values, the discrepancy between single scattering and
multiple scattering (theoretical model) increases as can be seen in
Figure 4.13 (see the theoretical curve for smooth surface and the curve
for aenpirical model).

Figures 5.3 and 5.4 show the angular behavior of the empirical

model at 13 GHz, HH-polarization. Again, similar results are found for

RO [ WXL XEN,. NPOEAA

the theoretical model and the empirical model when the scattering albedo

is small. When the average air bubble diameter is 3 mm (albedo = 0.67,
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FIGURE 5.3: Camparison of Empirical Model Behavior with that of
Radiative Transfer Model. Shown are the effects of the
imaginary part of the dielectric constant of ice. Smooth
surface is assumed (0=0.15 cm, 2=8.9 cm)
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FIGURE 5.4: Effect of the Size of Air Bubbles Predicted by the
Empirical Model. See also Fig. 4.7 for the radiative
transfer model prediction. Freq. = 13 GHz, Pol. = HH.
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optical depth = 1.8), the difference between theoretical and empirical

model is about 3.5 dB (compare Figure 4.7 with Figure 5.4), but when the
air bubble size is 2 mm (albedo = 0.67, optical depth = 0.69), the
difference at 13 GHZ is on the order of 1 dB for smooth ice. When the
surface becomes rougher, the difference reduces even further.

Therefore, for all the practical values of physical parameters, the
empirical model seems to be able to predict the volume scattering from
multiyear ice.

In the above development, a uniform distribution of identical
scatterers with constant density was assumed for the scattering layer.
However, the thin section pictures of the ice cores show that the
scatterers are actually distributed in size rather than being identical
at a given depth. Moreover, the density profiles show variations with

depth.

5.1.1 Scatterer Size Distribution

The effect of the distribution of the scatterer sizes can be
treated as is done for the scattering due to rain or cloud. For these
problems, numerous experiments have been done to find the drop size
distribution; for the air-bubbles in the sea ice, only a limited data
set is available (Poe et al., 1974; Onstott, 1980]. Therefore, only
some simple cases will be considered. Equation (5.5) shows that the
scattering cross-section of individual elements increases as .
(radius)s. However, to maintain the same density of ice, the number of

3

scatterers has to decrease as (radius)”, as can be seen in Equation

(4.11). Therefore, the term Noy in equation (5.7) increases as
b
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(radius)3. However, as the scattering cross-section increases, the
extinction coefficient increases as well. The relative amount of
increase in K, depends on the scattering albedo. Also as K, increases,

the loss L increases, thereby increasing the tem (1 - 1/L2) in equation
(5.7). When there are scatterers with various sizes, the problem gets

more complicated; Table 5.1 summarizes the results for several cases of
drop size distribution.

= 3- 15-j0.01

The parameters used in preparing Table 5.1 are:

€ice

= 0.7 gn/cm3

Pice
depth
f

20 cm
13 GHz

When the exact air-bubble size distribution is available, the same

concept can be applied to calculate the empirical volume scattering

coefficient, °°v of the multiyear ice. If 10% of the air bubbles are

larger (3 mm diameter) than the 2 mm air bubbles, the o°v can be up to

1.3 dB higher.

TABLE 5.1

EFFECT OF SCATTERER SIZE DISTRIBUTION

Case 1

100% 2mm-
diameter
air bubbles

Case 2

102 1 mm
80% 2 mm
102 3 mm

Case 3

33% 1 mm
33% 2 mm
33% 3 mm

Case 4

100% 3mm-
diameter
air bubbles

Total number
of scatterers

0.87 N

0.67 N

0.30 N

Nob term in
eq.(4.19)

Ke

1 - 1/12

1.69 Noy,
1.46 K,
1.16(1-1/L2)

2-76 NOb
2.17 Kq
1.26(1-1/L2)

3-38 NOb
2.58 K,
1.29(1-1/L2)

oov(el)

0°,+1.3 dB

6°,+2.1 d8

o°v+2.3 d8
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5.1.2 Density Variations

The density of multiyear ice usually increases with depth. This
can either be modeled as: (1) the number of air bubbles decreases with
depth, or (2) the size of the air bubbles decreases with depth. In this
section, only case (1) is considered.

When the density profile is given as a function of depth, p = p(2z),
the corresponding number of scatterers per unit volume can be estimated

as a function of depth as follows.

N(z) = (1 - 243 / 4 or (5.8)

where r is the scatterer radius.

The extinction coefficient, Ke, is also a function of depth because
of changes in the density of scatterers which causes K and K, to
change. Therefore, the volume scattering coefficient, o°v, given in

equation (5.7) becomes

. -K (z)z'
0/..y _ (dsecH ' e
ov(e ) = fo N(z)cos® o€ dz
-Ke(z)z'

dz (5.9)

, (dseco’
9,050 fo N(z)e

This equation could be evaluated numerically if p(z) were given.
Alternatively, the following simple approximation seems to be better
when one considers the difficulties associated with the measurements of

the density of the sea ice.
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Let us assume that the measured density profiles show a iinear
increase with depth fram 0.7 to 0.8 gm/cm3. The average density is 0.75
gn/qn3 and this layer can be divided into two layers of equal depth with
densities of 0.7 and 0.8 gn/an3, respectively, maintaining the same
average density. Let a°1 be the volume scattering coefficient of the
first layer and 002 be that of the second layer. Then the total volume

scattering coefficient o0, is

Nyo, cpso
0o_ o 0,2 1% 1
cv-01+02/L = = l- 2)
el L1
N,0, cos6 (5.10)
+ 2°b 1 - 1 ) ( 12)
e2 L2z L1

where Ly is the loss through the first layer. This concept can be

extended further to divide the layer into smaller sublayers, and

o o, 2 0, 2 2 2 2, 2
9y + 02/L1 + 03/L1 L2 1 L2 L3 . ST

Q
[}

+ og/L

. 2
oycose’ N, (1-1/L,%) | Mp1-1/L°)

2 K. 2
el KeZLl

2 2 (5.11)
Ny(1-1/1,°) , Ny (1-1/L,%)

+oe e ]
77 772
) Kealila L3

K oL L

el

Table 5.2 summarizes the results for several approximations that

all have the same average densities and same size scatterers. As can be
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TABLE 5.2

EFFECT OF DENSITY VARIATIONS

One Layer
20 cm

Two Layers
10 cm each

Three Layers

Four Layers
5 em each

p=0.75 gn/cm3
scatterer
dia.=2 mm

6.7 cn each
pl=00 7
92=0075
p3=0a8

Number of
scatterers
per unit vol.

Ny=1.28 N
N2=N
N3=Oo 72 N

WP -

OO rs
.

~N W =N

<°,(87)

R CR)

o®,+0.19(d8)

3%, +0. 17(dB)

L)
<
+
.

seen from the table, the approximation of assuming the same average

density for the whole layer gives satisfactory results when compared to

the results of decomposing the layer into multiple layers with varying

densities.

5.1.3 Comments

The concept of adding the contributions of several layers to get

the effective volume scattering coefficient can be used to see the

effect of small air bubbles which are found throughout the multiyear ice

below the main scattering layer (milky portion).

In the clear ice

region, the densities are usually higher (0.85 - 0.9 gn/cm3), and the

air bubble sizes are small (diameter < 1 mm).

Moregver, the

loss

increases due to the slight increase in the salinity and therefore the

imaginary part of the dielectric constant.

At 13 GHz with HH-

polarization the contribution of the secondary layer of 50 cn clear ice




with p = 0.85 gn/cm3, and air bubbles of diameter = 1 mm to the total
volume scattering coefficient is about 17 dB lower than that of the main
20-cm deep scattering layer with p = 0.75 gn/an3 and air bubbles of
diameter = 2 mmn. The effect of the secondary layer with small air
bubbles seems negligible; therefore, the multiyear ice can be modeled as
the single-scattering layer of air bubbles as shown in Figure 4.1.

The empirical model given in equation (5.2) does not give the
cross-polarized scattering coefficient. If the scatterers can be
assumed to be spherical in shape, and if the scatterer distribution in
the layer does not show any particular directivity, the only difference
between VV- and HH-polarization is in the transmissivity term due to the
presence of the air-ice boundary. Therefore, with the empirical model,
oy is normally higher than o%y, and the difference becomes larger as
the incidence angle approaches the Brewster angle, which is about 60°
for an air-ice boundary. At 13 GHz when the incidence angle is 50° the
difference is about 1.2 dB.

The discussions so far considered only the volume scattering
contribution. However, as discussed in Section 4.2, and depicted in
equation (5.2), the surface scattering termm is always present and may
very well be the dominant factor at lower frequencies where the volume

scattering termm is small.

5.2 Volume Scattering Considerations
for Snow-Free First-Year Ice

Although surface scattering is considered the dominant scattering
mechanism for first-year ice, the semi-empirical volume scattering model
presented so far was tested for possible volume-scattering contributions

to radar return from snow-free first-year ice.
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The possible volume scatterers are the air bubbles and the brine
pockets. The air bubbles found in the first-year ice are smaller and
the density of the ice is higher (see Figure 4.2) which implies that
there are fewer air bubbles than for multiyear ice.

The brine pockets are approximately spherical in shape in the
frazil-ice zone [Ramseier et al., 1974] and the average diameter is far
less than 1 mm (0.025 mm [Pounder, 1965]; 0.092 mm [Anderson, 1960]),
although this is highly variable depending on salinity and
temperature. The brine pockets found in the columnar-ice zone are
reported to be elongated in the vertical direction with average length
of 3to 5 mm [Poe et al., 1974]. However, due to the high loss of the
frazil-ice zone, the columnar ice with elongated brine pockets is not
expected to be seen with microwave frequencies. Figure 5.5 shows the
calculated penetration depth through the first-year ice as a function of
frequency at several temperatures and salinities. In the calculations,
the empirical dielectric constant model by Vant [1978] was used
(equations (2.4) and (2.5)). However, as was noted in Section 2.2, the
empirical equations seem to estimate too low values of €" compared to
the measured values of frazil ice (see Table 2.1). The penetration
depths are less than about 15 an for the frequencies above C-band, and
can be as much as 45 on at 1 GHz, althodgh these values might be
exaggerated.

Figure 5.6 shows the calculated volume scattering term due to air
bubbles and brine pockets in the first-year ice compared to the surfacz
scattering termm calculated using the physical-optics model. When the
surface is smooth, and when the density of the first-year ice is low

(about 0.85 gn/cm3), the air bubbles of 1 mm in diameter [Poe et al.,
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FIGURE 5.5: Penetration Depth through Frazil Ice Calculated Using the
Dielectric Constant Model by Vant (1978). See Eqs. (2.4)
and (2.5).
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Sﬁ 1974] give a volume scattering contribution comparable to that of
{{ surface scattering at frequencies above X-band at angles away from i
‘i; nadir. ?
j§ The spherical brine pockets in the frazil ice layer (having ﬁ
a diameters less than 0.1 mm) have a negligible effect (see Figure !?
;S 5.6(b)). Larger brine pockets (diameter = 0.5 mm) which might be found Y
l% with warmer temperatures make some contributions at incidence angles ';
,; greater than about 50° and high frequencies above XKu-band, when the {
ZE surface is smooth. ?
3
) 5.3 The Effect of Snow Cover on Sea Ice ,
Zg The snow cover on sea ice has variations with all spatial scales .
;? [Carsey, 1982]. The snow cover can have various effects on the
Q. backscattering from sea ice, although it generally is considered to be <
:3 sufficiently transparent to the microwave frequencies when the snow :
_; layer is dry and shallow. g
. The thermal conductivity of snow is very low compared to that of %
‘é sea ice, so the snow-covered ice surface is warmer; in turn, the whole 'i
'E temperature profile of sea ice is warmer than that of snow-free sea )
3 ice. The warmer sea ice has higher average dielectric constant, ;
gs especially the imaginary part. The higher loss in the ice layer means g
}S smaller scattering albedo of any inclusions, thereby reducing the volume ?
- scattering contributions of the ice layer (see Section 4.2.1). »
53 The addition of a snow layer causes refraction of the incident ;
;f waves, therefore effectively changing the incidence angle to the ice K
%i surface. The new air-snow boundary may have to be considered as a .;
'57 source for surface scattering and also the volume scattering s
% :
- 95 X
: X
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FIGURE 5.6(b): Angular Behavior at 13 GHz. The.effect of air bubbles

and brine pockets in first-year ice are shown. All the
parameters are same as shown in (a)e.
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contribution of the snow layer must be considered. Furthermmore the
backscattered signal from sea ice is affected by the two-way loss
through the snow layer.

Thinner sea ice types often are topped by wet snow layers, but in
general the snow cover on the thick first-year ice and multiyear ice can
be considered to be dry during most of the year, and the effect of dry

snow cover will be considered first.

5.3.1 Average Snow Depths

Although the Arctic is generally a dry place, sea ice very often
has a snow cover with depths on the order of 10 centimeters. Figure 5.7
shows spatial variations of snow depths on several types of ice studied
during the 1981 Mould Bay experiment. The average snow depths were
about 5 cm in October. Figure 5.8 shows variations of average snow
depths and density during the winter of 1977-78 in Baffin Island, Canada
[Nawako and Sinha, 1981]. The average snow depth for the whole winter
was 11.4 + 4.2 cm, and the average snow density was 0.35 + 0.04
gn/cm3. Table 5.3 summarizes several available ice characteristics
together with snow depths. In this section, the effect of snow cover is

treated for snow depths of up to 20 centimeters.

5.3.2 The Effect of Snow Cover on Ice Surface Temperature

The thermal conductivity of snow is about 1/8 that of sea ice,
although these are variables depending on temperature, density, and
salinity [Schwerdtfeger, 1963; Nawako and Sinha, 1981]. The temperature
of the snow surface is close to ambient air temperature. By assuming

linear temperature gradients in both the snow and ice layers, Nawako and
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TABLE 5.3

SEA ICE CHARACTERISTICS

ice ice snow ice surface source
type thickness cover characteristics
thin 0.3-0.35m 5-8 om vertical roughness scale Oct. 81,
first 0.5-1.5 com Mould Bay
year (RADARSAT)
thick 1.65m 6-14 cm  surface composed of 2-3m May 77,
first diameter pans. Topography Point Barrow
year was flat except for 4 cm (Onstott, 1980)
shore high vertical steps at

pancake edges
multi- >3m 1-19 cm  small scale roughness 4 mm same
year occasional 1 cm roughness.
melt Hummock was-50 cm high with
hummock diameter of 3 m.
thick 1.37 m 2 om very smoosth, uniform, same
first unrafted
year
first 2.3 m 0-43 cm  composed of ice blocks of same
year 10 em thick. The total
pressure width of ridge was 2 m.
ridge
multi- >3m 0 flat on large scale with same
year pronounced small scale
fragment melt-produced roughness

of 0.5-1.0 cm high
lake 2.06 m 0 flat on both scale same
lake 0.74 18 cm very smooth same
thick ~“~1lm 2-5 om roughness elements June 82,
first 2.5 - 3.7 cm Mould Bay

year
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Sinha [1981] developed the following equation for the ice surface
temperature.

k;d. T + k.d.T

_i's'm s ia

Foy
[}

j = thermal conductivity of sea ice = 5 x 10'3 cal em~! s-1 deg'1

' (S = 69/00)

kg = thermal conductivity of snow = 6 x 1074 cal em-l s-1 deg'1
dy = ice thickness
dg = snow depth

-
[}

m = melting point of sea ice

-—
<7}
[}

air temperature

Using equation (5.12), ice surface temperatures under the snow
cover are calculated for several cases of ice- and snow-depths and air
temperatures (see Table 5.4).

As can be seen from equation (5.12) and Table 5.4, the surface
temperature of the multiyear ice (d = 3 m) under 10 cm of snow cover is
not much different from the air temperature, while 20 cm of snow cover
can change the ice surface temperature as much as 10° C. The thinner
types of ice will be more affected by the snow cover as far as the ice
surface temperature is concerned. These are approximate results, but
Nawako and Sinha [1981] found a good fit with the experimental results
(see Figure 5.9), and similar effects of snow cover have been reported
[Hallikainen, 1977; Digby, 1982].

The effect of the changing temperature of the ice surface may play

an important role in passive measurements; in active microwave
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Calculated and Measured Temperature Profile of Sea Ice.
The effect of snow cover (11 cm) can be seen (Nawako and

Sinha, 1981).
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- TABLE 5.4
,“ ESTIMATED ICE SURFACE TEMPERATURE
35
s
:;: Air Temperatures
- Ice Depths Snow Depths -30°C -20°C -10°C
-
. 3m . 10 cm -24.1 -16.2 -8.3
;ﬂ‘ 20 cm -20.2 -13.7 -7.1
N i1m 10 em -17.5 -11.9 -6.3
. 20 C“‘ -1206 - 808 ‘5.0
2o
LN
-
j;j measurements the effect, in most cases, seems to be secondary. Consider
> a first-year ice floe 1 m thick with 10 cn of snow cover. When the air
i;; temperature is -30° C, the ice surface temperature is -17.5° C and the
Kl
'35 dielectric constant of the snow-covered ice surface is 3.29 compared to
: ) 3.21 for the snow-free ice surface (calculated using equation (2.4))
Gﬁ; (ice salinity = 109/00; see Section 2.2). The resultant Fresnel
:tﬁ reflection coefficient changes from 0.289 to 0.284 at vertical
L
\: incidence, while at angles off-vertical the Fresnel reflection
:23 coefficient has to be evaluated at smaller angles due to refraction in
% '
;3 the snow medium. The effect seems to be minor at very low temperatures, ]
d
- but when the air temperature is above -20° C, the dielectric constant
V)] experiences a greater temperature variation and the effect may not be
>l
399/ negligible.
e
I When the near-surface layer of the multiyear ice (> 3 m) is
completely free of brine (salinity = 0°/00), the scattering albedo of
the air bubbles is approximately independent of temperature, and
therefore of the snow cover.
e

o 103




~J IR
RO

:: When the surface layer is somewhat saline (S < 0.79/00), the
~,
E imaginary part of the dielectric constant changes with temperature and
*l
j therefore the scattering albedo is affected by the snow cover. The
"5 exact temperature behavior of the dielectric constant of multiyear ice
. is not established, but the empirical equations given in Section 2.2 can
,3 be used to show the relative effect due to snow cover. At frequencies
A:i lower than about X-band, the scattering albedo, for the layer with 2-mm-
-
- diameter air bubbles, is very small. Therefore the effect of snow cover
' v
Aj: is summarized only at 13 GHz in Table 5.5. The density of multiyear ice R
E- was assumed to be 0.75 gn/an3 and the depth of the air-bubble layer was :
-, N
= set to be 20 cm for the calculation of the optical depth. /
p-
e ,
- TABLE 5.5
- THE EFFECT OF SNOW COVER ON THE VOLUME SCATTERING ;
‘ CHARACTERISTICS OF THE MULTIYEAR ICE (13 GHz) -
{ J
AN .
o Ice Thickness = 3 m 5m
oo Air Temperatures
. -30°C -20°C -10°C -10°C
W T W T W T [} T
o 10 cm-snow |[0.403 0.893]0.347 1.042[0.244 1.474 10.254 1.415
ﬁi no-snow |0.432 0.832]0.377 0.955}0.272 1.321 |0.272 1.321
- w = scattering albedo
oy T = optical depth
. ice salinity = 0.6%/00 .
A "
-;3 The scattering albedo decreases and the optical depth increases due
! ) to the increase in the absorption loss of the air bubble layer when the ) ;
32 ice is covered with snow. The overall effect on the volume scattering 3
2N .
;: coefficient of the multiyear ice is to Tower the ¢® by about 0.3 dB when X
1i the 3-m ice is covered with 10-cm snow when the air temperature is ;
;if -20° C. This was calculated using the radiative-transfer model. When
l:: ::
; 104 >
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the ice is thicker or the snow cover is shallower, the effect seems to 1

_ be negligible. ‘
h

5.3.3 Backscattering Contribution of the Snow Layer on Sea Ice

When snow covers the ice, the empirical model for the scattering
given in equation (5.2) should be modified to include the effect of snow

Zi? surface and the volume. The new empirical model is as follows.

P60 = 5y (0) + T20) [65,0) + b
(5.13)
{c‘;s(e') + T,(0") o?v(e")}]

Eﬁ ) where:
e 0% (8) = o° for snow surface.

%, (8"') = o° for snow volume.

a%¢(8') = o9 for ice surface.

°°iv(°“) = g% for ice volume.

Ts(e) = power transmission coefficient of air-snow boundary.

i Ti(e') = power transmission coefficient of snow-ice boundary.
Eﬁ L{(8') = one-way loss through the snow layer.
_\‘ 8' = angle of refraction in the snow.
732 8" = angle of refraction in the ice.

For first-year ice, the last tem including °°iv becomes negligible

and can usually be anitted (see Section 5.2).

A S a'a’a 4 4 2 AWR. .3 5.2 6 4 4 0 ASE




5.3.3.1 Dry Snow
Ulaby et al. [1982] derived a set of empirical equations to

describe the effect of the snow cover on several natural surfaces
(concrete, asphalt, grass and packed ground). Their model behavior has
been tested for snow cover on sea ice. When the snow is dry, the
scattering contribution from the snow surface °oss can be neglected.
This is based on experimental observations which indicate that o© is
almost independent of snow surface roughness [Stiles and Ulaby, 1980].
Additionally, Ts2 is close to unity for dry snow because the real part
of the dielectric constant of dry snow is only about 1.6 to 1.7

(TS2 = 0.97) when the density of snow is 0.35 gn/cu3. This is based on
the model given by Hallikainen et al. [1982].

edry snow - 1+1.91 ®snow (5.14)

where p is the density in gn/cn3. Now the model given by equation

(5.13) reduces to

o°(0) = o0 (0') + 1/12 o9 (0') (5.15)

Also from the point of view of equation (5.7), the volume scattering

contribution of snow can be viewed as

a2, (0" =%, (1-1/% (5.16)

where °°svw is the volume scattering coefficient for snow of infinite

depth. Therefore equation (5.15) becomes



*
Py

—~
80, 8 4 b, _‘lf‘l o4

R

...................
......

0 = 0 _ 20 _ 0
g (8) = Oy 1/L (osvw ois) (5.17)

which is the form of the empirical equations given by Ulaby et al.

[1982]:

® = 0.63 - (0.36 - o?s) exp (-0.0344p_d secs'),
at 8.6 GHz, 6 = 20° (5.18)

«® = 0.20 - (0.20 - o?s) exp (-0.01980.d_sece'),

at 8.6 GHz, 8 = 50° (5.19)
o® = 1.26 - (1.26 - a?s) exp (-0.0273p.d sece'),

at 17 GHz, o = 20° (5.20)

o _ - _ 0 - '
g = 0.63 - (0.63 ais) exp ( 0.0373psdssece )

at 17 GHz, 8 = 50° (5.21)
where:
pg = density of snow, in gn/cm2
dg = depth of snow in cm.

Equation (5.17) implies that the effect of snow cover depends on

the relative magnitude of o© and o% o for infinite depths as well

SNOW
as the depth of snow.

The backscattering coefficient of the snow of infinite depth is
usually reported to be larger than that of sea ice, and the effect of
snow cover on sea ice will be to increase the o° of sea ice (ac® > 0).

Figure 5.10 shows the prediction of the empirical model given by
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equations (5.18) to (5.21). As expected from equation (5.18), when the
backscattering coefficient of the snow-free sea ice is very low compared
to that of infinite snow, the effect of snow cover can be severe (5 cm
of snow cover causes 8 dB increase in the backscattering coefficient for
the case shown in Figure 5.10(a)). Actually, 4-cm-thick snow cover on
lake ice was reported to give as much as 8 dB higher o° than snow-free

lake ice whose o® is on the order of -30 dB [Delker et al., 1980].

When the o© of bare ice (i.e., rough ice) is close to that of

infinitely deep snow, the effect of snow cover becomes negligible (see
Figure 5.10).

First-year ice measurements show large variations, and the effect
of snow cover can vary from major to minor. Multiyear ice normally
shows higher scattering cross-section than first-year ice, and therefore
the effect of snow cover will be smaller for multiyear ice than for
first-year ice with the same depth of snow cover.

Figure 5.10 also shows the measured effect of snow cover on thick
first-year ice [Onstott, 1980]. The agreement is fair at 8 § GHz and
poor for 17 GHz. This can be viewed from two aspects: (1) the
empirical model is based on the data with relatively larger depth of
snow, and it may not be able to predict the snow cover effect for a
small amount of snow; (2) the data points shown in Figure 5.10 may not
show the real effect of snow cover because the underlying ice surfaces
might have had different roughnesses and therefore different o®. Only
when the measurements were made continuously as the snow started to fall
on the bare ice surface can the effect of snow cover be determined

exactly.
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4
Zﬁ On the average, thick first-year ice with snow cover up to 8 om was
&
reported to have 1 to 4 dB higher backscattering coefficient than the
,f snow-free thick first-year ice. The effect was negligible at L-band,
f and increased with frequency up to 17 GHz. This is illustrated in
Figure 5.11.
3 5.3.3.2 Wet Snow
) When the snow contains liquid (free) water, as found on thinner ice
> types, the average dielectric constant (both the real part and the
. imaginary part) increases drastically, and it is no longer valid to
.&‘
N neglect the snow surface scattering contribution. Therefore the
fﬁ empirical model given by equation (5.17) has been modified as follows
. [Ulaby et al., 1982].
\ 0 2
S - 0 0 - 27 0 _ .0
5 ¢ (dsmv) Ogs * Teytw = L/L (USV|"' Uis) (5.22)
% where:
- 6% = o for snow surface.
= 0%y 'e = a© for wet snow volume (infinitely thick).
oA _ 0 .
% 6% = o° for ice surface
q
- L'2 = 2 exp (Bm ) = exp [(c. + Bm_ )p_d_seco'] (5.24)
w v 0 vi's's
¢
o
o
.d
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snow density in gn/cm3

(o1
1}

s snow depth in om

=
it

iy, liquid water content in percent

parameters determining the dependence of ¢©

Q
v
1}

Sve
and L% to m,.

A1l the model constants have been found from experimental data on

several target classes, and summarized in Table 5.6.

TABLE 5.6 ;
EMPIRICAL MODEL CONSTANTS [Ulaby et al., 1982] :
8.6 GHZ, 20° 8.6 GHz, 50° 17 GHz, 20° 17 GHz, 50° %
s 0.02 0.003 0.02 0.005
0° ¢ yeo 0.63 0.2 1.26 0.63
a 0.802 0.910 1.387 1.372
Co 0.0344 0.0198 0.0273 0.0373
3 0.143 0.0932 0.872 0.0522

The liquid water content in snow increases the loss through the
snow layer and in general makes the backscattered power less sensitive
to the underlying ice, as can be expected. Even a small depth of very
wet snow can saturate the return.

The model behavior is shown in Figure 5.12 for small moisture
contents in snow (mv = 1% and 3%). The o9 values for bare ice were
chosen to be the same as those used in dry-snow case (Figure 5.10) to
see the difference between dry- and wet-snow cover. For wet-snow cover,

it can be seen that o° approaches the value of infinite wet snow (dotted
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lines in Figure 5.12) fairly rapidly even with the small moisture

{ content. Because the o° for infinite wet snow decreases with moisture _

'E [Stiles and Ulaby, 1980], it is possible that the bare ice (especially i%

Zi multiyear ice) can have higher ¢® than thick wet snow. In this case, ﬁ
the effect of wet-snow cover will be to block the high return from i§

underlying ice, and therefore decrease the measured ¢® (see Figure N

2 5.12(b)).

The o° for multiyear ice decreases during summer conditions (see
o Figure 3.5), and the wet snow cover may be one of the main reasons.
When it is warm enough and the surface contains a water film or layer,

the effect on the return from multiyear ice will be more severe.

Slwns il

As stated in the previous section, this model is based on the data
fram a relatively large depth of snow, and the exact behavior for a
. small amount of snow may be somewhat different.
j? On thinner types of sea ice, moisture often occurs in the bottam of
ZE the snow layer, forming a slush layer (or snow-ice-water mixture) just
L above the ice surface. The model given by Ulaby et al. [1982] is
.: generally based on the data from snow-covered ground where the wetness
,& is caused by the solar radiation and found in the upper part of the
2 snow; so it may not be adequate for the wet-snow cover on sea ice.
ig Figure 5.13 shows the effect of wet-snow removal fram thin first-year
EE ice. The snow was 5 to 8 an deep and a slush layer was found at the
i bottom. It was possible that the ice surface characteristics might have
:: changed during the snow removal process. In general, removing the wet
'i snow layer caused o° to drop up to 3 dB, and the effect was generally
‘$ smaller at higher Ku-band frequencies. Detailed study of the moisture
: condition of the snow was not made, and the model could not be
h
-
< 114
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- FIGURE 5.13: Effect of Wet Snow Removal from Thin First-Year Ice. The

ice surface may have been disturbed. (Oct. 1981, Mould
Bay, N.W.T.).
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depend on specific requirements of different applications, and are not

considered in this study.

6.1 Summary of Experimental Findings

In this section, a careful summary is presented of experimental
findings reported so far in terms of better radar parameters for
differentiating multiyear ice from first-year ice. There are two kinds
of active-microwave data available. One is images taken using SLAR
(real- or synthetic-aperture) and the other is the backscattering
coefficient data taken using scatterometers. Both of these are

reviewed.

6.1.1 Frequency

From the point of view of the image interpreter, X-band or higher
freuencies are reported to be much better than L-band frequencies in
differentiating different ice types in cold conditions [Luther et al.,
1982; SURSAT Workshop Report, 1980; Gray, 1980]. L-band frequencies
normally show almost no distinction between first-year and multiyear
jce; radars at these frequencies are believed to be responding only to
gross surface features. C-band imagery appears more like X-band than
L-band imagery [Luther et al., 1982]. 13.3 GHz was observed to be
better than 400 MHz in detecting multiyear ice from thinner types of sea

ice [Parashar, 1974].

Multifrequency scatterometer data reported by Onstott et al. [1979]
also show that L-band frequencies do not have the capability to

discriminate multiyear ice from first-year ice under cold conditions.

P . DOV A LI S g

Their result showed that 9 GHz is the best among the frequencies between
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8 and 18 GHz and 1.5 GHz. In a recent experiment in Mould Bay, N.W.T.,
Canada, it was found that X- and Ku-band frequencies have similar
capability in differentiating multiyear ice from grey ice and are a
little better than C-band frequencies. Also, the Ku-band frequencies
showed largest separation between multiyear and first-year ice among the
frequencies between 4 and 17 GHz. (See Section 7.0 for the Mould Bay
experiment results).

A simple conclusion so far is that X-band or higher frequencies are
better than L-band or C-band frequencies in differentiating multiyear
ice from younger ice types, and due to the hardware complexities and
atmospheric attenuation problem at Ku-band, X-band was recommended

[Luther, 1982].

6.1.2 Incidence Angle

In general, incidence angles greater than 20° (SEASAT incidence
angle) are recommended to minimize the ambiguity between open water and
the ice [Gray, 1980]. Also, incidence angles smaller than 80° are
suggested because topography may dominate the backscatter at shallow
depression angles [Gray et al., 1977; SURSAT Workshop Report, 1980].

The difference in o between multiyear ice and first-year ice was
reported to increase up to about 30° and remain constant beyond that
angle [Gray et al., 1977]. Onstott, et al. [1979] reported that 20° to
40° are best for VV-polarization, and it was found that 40° to 60° were
better in discriminating multiyear ice fram grey ice and first-year ice
[Onstott et al., 1983]. When there is no open water, all the
scatterometer angles between 8° and 55° were reported to give the same

classification accuracy [Guindon et al., 1982]. Parashar's result
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[1974] showed that the incidence angles greater than 25° give better
discrimination than smaller angles at 13.3 GHz.
In summary, incidence angles between 20° and 80° are usually

recommended, while some measurements show 30° to 60° are better.

6.1.3 Polarization

Cross-polarization usually gives more grey-scale information in the
imagery, but new ice forms are harder to identify [Gray et al., 1977].
In o® the differences between multiyear ice and first-year ice are
usually larger for cross-polarization than like-polarization at X- and
Ku-band frequencies [Gray et al., 1977, 1982; Onstott et al., 1979;
Hawkins, 1980], although Guindon, et al. [1982] reported that there was
no evidence to favor any particular polarization in classification
accuracy. Parashar [1974] noted that the cross-polarization gives more
separation between thick-first-year and thin-first-year ice at 0.4 GHz.

It is usually said that, although cross-polarization has a little
better capability than like-polarization, it does not justify the added

cost and complexity [Gray, 1980].

6.2 Theoretical Model Behavior

In this section, the surface-scattering model for first-year ice
(see Section 3.0) and the volume-scattering model for multiyear ice (see
Sections 4.0 and 5.0) are considered together in an attempt to find an
optimum set of radar parameters in distinguishing multiyear ice from :
first-year ice. The possible ranges of o® for multiyear ice and first- E

year ice as all the model parameters are varied within reasonable values
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are calculated and the optimum set of radar parameters is selected from

i_‘ these ranges of values.
Eﬂk 6.2.1 Frequency

Figure 3.8 shows that the physical-optics model using an
exponential correlation function can predict the frequency behavior of
o o® for first-year ice with proper choice of surface-roughness

parameters. Figure 4.13 shows that the radiative-transfer model

f: combined with the physical-optics model gives a good match with the data
;é; taken from the multiyear ice. The volume-scattering calculation was

iJ simplified by using the semi-empirical model described in Section 5.1

ié (see Figure 5.2).

EE In Figure 6.1, typical frequency and angular behaviors of o® for
:i multiyear ice and first-year ice predicted by the physical optics model
{;: for the surface scattering and by the empirical model for the volume

‘53 scattering are shown. The model parameters were adjusted to match the
i: data shown [Onstott et al., 1983]. Note that the curve for multiyear
fg' ice includes both the rough-surface scattering and the volume-scattering

D™

contributions, while the curve for first-year ice includes only the

[4
o
€

surface-scattering term. From the figure, it can be seen that the

~

difference in o° between multiyear ice and first-year ice increses as

(AR A

the frequency is increased. The difference is about 5 dB at 4 GHz and

s %

PR T
AL A

about 11 dB at 18 GHz. One should note that this is for just one case
of the physical parameters of first-year ice and multiyear ice, which
are all variables depending on temperature history, temperature,

salinity, etc.
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The surface roughness plays an important role in determining the o°
of first-year ice (see Figures 3.6(b), 3.10 and 3.11) as well as that of
multiyear ice (see Figure 4.12).

As temperature changes, the dielectric constant of the ice changes,
as discussed in Section 2.2, although the expressions given by equations
(2.4) through (2.7) are approximate and the exact dependence of the
dielectric constant of sea ice on temperature has yet to be
determmined. The change in the dielectric constant of sea ice causes a
change in the Fresnel reflection coefficient, resulting in a variation
of o up to about 2 to 3 dB for first-year ice (see Section 3.1). The
change in €" due to temperature change causes a change in the volume
scattering characteristics of the multiyear ice, and the o® of the
multiyear ice can have variations of as much as 6 dB (see Section 4.2.3)
under different temperature conditions.

The average air-bubble size in the multiyear ice has significant
impact (up to 10 dB) on o%, and so does the density of the multiyear ice
(2 to 3 dB).

Figure 6.2 shows the ranges of theoretical o° for multiyear ice and

first-year ice as the model parameters are varied. The lowest curve (1)

is for first-year ice with a smooth surface when the salinity and
temperature are very low. As the salinity or temperature is lowered,
the dielectric constant decreases. The next lowest curve (2) is for
first-year ice with a medium-rough surface and increased salinity and
temperature. The next curve (3) is for multiyear ice with medium-rough
surface and small air bubbles when the temperature is lTow. The highest
curve (4) is for md]tiyear ice with rough surface, larger air bubbles,

and zero salinity, which causes a larger volume-scattering contribution
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FIGURE 6.2:

5 10 15 18
Frequency (GHz)

Theoretical @ for multiyear ice and first-year ice. The =
ranges of values are illustrated as several model -
parameters are varied. (1) smooth first-year ice (9=0.15, -

2=8.9 om), 5=8%/p0, T=-25°C; (2) medium rough TY ice
(0=0.37, 2=8.5 an), S$=10%/00, T=-15°C; (3),64) Multiyear
ice: (3) mediun rough surface (g=0.37, 2=8.5 cm),
$=0.69/00, T=-20°C, p=0.75 gn/cm*, air bubble dia.=1.6 mm,
bubble Tayer=20 cm; (4) rough_ surface (0=0.81, 2=8.2 cm)
$=00/00, T=-15°C, p=0.7 gn/cm3, air bubble dia.=2 mm,
bubble layer =50 cm.
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55 due to decreased absorption loss. Note that the effect of higher

;l temperature is to increase the o© of first-year ice (mainly due to the
E} surface scattering) and to decrease the o of multiyear ice (mainly due

v
-

R OYNA

to volume scattering for frequencies higher than about X-band (see
Figure 4.12)). Therefore at higher temperatures the difference between
signals of first-year and multiyear ice decreases. In Figure 6.2 it can
be seen that the difference between multiyear and first-year ice still
exists for the cases considered for nearly all the frequency range
considered. It can also be seen that higher frequencies give better
discrimination.

In Figure 6.3, the model parameters are varied further to include
the case of very rough first-year ice with high salinity and temperature
(curve (2)). Lossier multiyear ice with medium-rough surface and higher
salinity and temperature than curve (3) of Figure 6.2 is considered
(curve (3)), and multiyear ice with a rough surface and larger air
bubbles and zero salinity is plotted (curve (4)). In these cases, a
large overlap between the ¢ for first-year ice and multiyear ice can be
seen except above 17 GHz.

The surface roughness is the major factor in detemining the o of
first-year ice, and the first-year ice with a very rough surface can be

confused as smoother multiyear ice with smaller air bubbles unless the

frequency is high enough.

AT .
P ST PR AT U ]

i
'

The ranges shown in Figure 6.3 are in no sense the absolute ranges

-i of o9 for muitiyear ice and first-year ice. Only the small-scale

E; surface roughness is considered, and the effect of ridging (larger scale

h% variation) is neglected. The range of surface roughness for multiyear b
EE ice and first-year ice have never been determined. Also the maximum or Ei
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* minimum average diameters, or the distribution of sizes of air bubbles,
(: is in question. The temperatures above -5° C where the dielectric
constant of sea ice is very sensitive (see Figure 2.5) are not
considered.

The effect of snow cover is most severe for first-year ice with a

smooth surface (see Section 5.3.1) whose o© is very low, and the result

(S WL S AN

(s

is to raise the overall level of the curves (1) in Figures 6.2 and

BN

-

6.3. In temms of frequency, higher frequency seems to be more easily

affected (see Figures 5.10 and 5.11), but the exact frequency behavior

A

has not been established.

4
A -
v ‘(B A

With all these limitations in mind, one can generally say that
" higher frequency is better in discriminating multiyear ice from first-

- year ice.

6.2.2 Incidence Angle

In Figures 3.10, 4.10 and 6.1(b), the ability of theoretical models
to predict the o® of first-year ice and multiyear ice was shown. In
Figure 6.4, the ranges of theoretical angular response of o° of
multiyear ice and first-year ice at 5 GHz and 13 GHz are shown. The

model parameters are the same as those used in Figure 6.2.

g
;

- Due to the volume scattering contribution at higher frequencies

{"o' "'. / ".

than about X-band, the ¢° of multiyear ice decays slowly as the

incidence angle increases, while o° of first-year ice decays faster.

. .'-'- l-'
. » . .
’ [ -

Therefore in terms of discrimination capability, larger incidence angles

d

(greater than 30° to 40°) seem to be better.

" As the model parameters are varied further to include very rough

first-year ice and more lossy multiyear ice, the overlap between
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multiyear ice and first-year ice occurs in all the incidence angles as
shown in Figure 6.5. Several reported measurements are shown together
in the figure, and it can be seen that the theoretical model can bound
all the measurements except one case. As mentioned in the previous

section, the boundaries are not the absolute limits, and further study

is needed.

6.2.3 Polarization

In Sections 3.3.3 and 4.2.5, polarization considerations are given
for first-year ice and multiyear ice, respectively.

The radiative transfer model predicts higher °°VV than °°HH for
multiyear ice (volume scattering), while the physical-optics model
predicts lower o%y than o%y for first-year ice (surface scattering),
mainly due to the Brewster angle effect. Therefore, in terms of
discrimination capability, VV-polarization should be better than HH-
polarization according to these models (see Figure 6.6). However, the
measurements do not always show that kind of behavior (see Figures 3.9
and 4.14), and the limitations of these theoretical models can be
seen. Additional terms (i.e., volume scattering) may have to be
included to properly explain the behavior with VV-polarization.

°°HV is zero for the physical-optics model unless the multiple
scattering is considered. Therefore a quantitative comparison of the
capabilities of the like-polarization and cross-polarization is not
made. Since the cross-polarized component in surface scattering (first-
year ice) is a second-order term, cross-polarization should be better in

distinguishing multiyear ice from first-year ice.
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i?— 6.3 Summary

. The theoretical model behavior seems to confimm the experimental

findings about better radar parameters to be used in sea ice monitoring,

'ii although the theoretical considerations are of first-order and
s
i preliminary. Higher frequencies than about X-band, and incidence angles

K< larger than about 30° to 40° seem to be best suited for sea-ice
&: monitoring. No specific resonances have been found to suggest any

\ particular frequency or incidence angle, either in the measurements or

:;_ in theoretical model behavior.
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7.0 RADAR BACKSCATTER STUDY OF SEA ICE IN THE FALL

Measurements of the radar backscatter properties of sea ice under
fall conditions were made during October 1981 as part of the FIREX/
RADARSAT Project.

The measurements used the helicopter-borne University of Kansas
microwave active spectrometer (HELOSCAT), operating over a frequency
range of 4 to 17 GHz and an incidence-angle range of 10° to 70°. A
detailed systen specification can be found in Onstott, et al. [1982].
Initially the helicopter was not available due to weather conditions,
and a surface-based system was assembled and used to make similar
measurements with more carefully controlled ground truth.

Multiyear ice, a very large multiyear pressure-ridge, first-year
ice with varying degrees of small-scale surface roughness, grey ice with
varying degrees of deformation, fast ice and lake ice were investigated
with the airborne system. A multiyear meltpond, a multiyear hummock,
and a smooth area of first-year ice were investigated with the surface-
based system.

The complete o© data base is reported in Onstott, et al. [1983],
and the ground truth is summarized in Digby [1982]. In this section, a
brief summary of measurement results is given. Also, by using the

theoretical and empirical models given in Sections 3.0 through 5.0, an

attempt is made to correlate the available ground-truth with the o°

data.

7.1 Helicopter-Borne Experiment Results

Most of the backscatter data were obtained using the helicopter-

borne system (HELOSCAT). The measurements are recorded as a function




time to traverse the flight line. From these profiles, average o° for
each ice type is derived as a function of frequency, incidence angle and

polarization.

7.1.1 Multiyear/Grey lce

Multiyear ice frozen in grey ice was easily detectable due to its
higher (5 dB or more) o than that of grey ice, for almost all the

frequencies from 4 to 17 GHz at incidence angles of 20° to 70°. Figures

7.1(a) and (b) show typical profiles for the composite ice floe,
together with the histograms which show the distribution of ¢ in 1 dB
intervals. In the profiles, one can see the large variation inside the
multiyear ice which included a pressure-ridge and a hummock. The
variations inside the grey ice are due to varying degrees of
deformation; also, a piece of multiyear ice can be seen embedded in the
grey ice.

The multiyear pressure-ridge and the hummock did not show up
clearly in the profiles, and the separate flight along the pressure-
ridge showed that the average ¢® for this pressure-ridge was slightly
Tower than that for multiyear ice with VV-polarization.

Typical angular behaviors of average ¢0 of multiyear ice and grey

ice are shown in Figure 7.2, together with that of first-year ice.

Figure 7.3 shows the difference in average o° between multiyear ice and
grey ice as a function of frequency with HH-polarization. Except for
10° incidence, multiyear ice always showed 5 to 10 dB higher o° than
grey ice. Ku-X-band frequencies had slightly better discrimination
capability than lower C-band frequencies, and the incidence angles

larger than about 30° to 40° seen to be better.
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In Sections 3.0 to 5.0, the physical-optics model for surface 4
scattering and the radiative-transfer model (or semi-empirical model)
for volume scattering are shown able to predict the backscattering data
fron sea ice. These models are tested here against the average o of

multiyear ice.

PR OT W S e

No ground truth is available for the ice floe, and the model

parameters are selected arbitrarily within typical reported values to

match the data at the incidence angle of 40°., In Figures 7.4(a) and

(b), the frequency behavior at several incidence angles and the angular

behavior at several frequencies predicted by the model and measured

multiyear ice data are shown. Even though the model parameters are not
optimized in any sense, a good general agreement can be seen in both the
frequency and angular behavior.

More scatter in the data at low frequencies (C-band) might be due
to the variations in the surface roughness, since at low frequencies
surface scattering may be the dominant backscattering mechanism for
multiyear ice even at large incidence angles (see Section 4.2 and Figure
4.12). The volume scattering is characterized by a very slow angular
drop-off (see Figure 7.4(b)).

In Section 3.0, it was shown that the physical-optics model, using
the exponential correlation function, may be able to explain the data
frqnvthick first-year ice. The model is tested for the data taken from
the grey ice (about 15 am thick). The air temperature was about -20° C,
and the salinity data was not available, although it is usually high for
thin types of sea ice. Therefore, the dielectric constant was set to be
3.5 (see Figure 2.7). The small scale roughness was not measured, so it

was adjusted to match theoretical scatter and data at 40° incidence
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angle. In Figures 7.5(a) and (b), the measured and predicted frequency
(. and angular behavior of o® of grey ice are shown. The match is not as

. good as was the case with multiyear ice. Most of the multifrequency

“i data were taken using the frequency-stepping scheme while flying over an

ice floe with varying degrees of deformation, so this is not

E; surprising. Also, at low frequencies, it is possible that the irregular
:' ice bottom might have been reached with the waves (see Figure 5.5),
\\: while the model does not include the effect of ice bottom. Even so, the
‘xé shape of the model prediction matches that of the data reasonably well.
Eé In Figures 6.1(a) and (b), predicted and measured o® of the
:}: multiyear ice and grey ice were shown together.
X
';E 7.1.2 First-Year Ice
‘:: The first-year ice in Mould Bay was about 30 to 3% cam thick at the
'}} time of measurement and the surface was covered with 3 to 10 omn of
{E snow. The ice surface had varying degrees of roughness, primarily due
? to rafting. Figure 7.6 shows two of the profiles across Mould Bay. The
,fj flight line across Mould Bay was divided into 10 intervals. The first
;22 and last are the heavily rafted areas near the shore and they usually
AEJ show higher o® than the rest of the intervals.
;;_ The average o¥ values for these intervals show up to 4 to 5 dB
(¥ differences. Quantitative surface roughness information is not
f; available, but according to the descriptive surface information the ice
.ﬁi had widely varying (from smooth to very rough) surfaces; so the
.E; differences in average o® between the intervals are not surprising (see
:;§ Figure 6.5). The flight line had varying thickness of snow cover and
:; sometimes large snow drifts were included. Actually, the snow cover !
3 :
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might have reduced the variation in measured o in the sense that snow
cover on smooth ice with low o® contributes more than the snow cover on
rough ice with high o° (see Section 5.3.3.1 and Figure 5.10).

Sample snow and ice thicknesses, and also salinity profiles are
available for each interval, but this sparse information is not expected
to correlate directly with the measured @ because the surface roughness
is expected to be the dominant factor determmining the response from
first-year ice.

On the average, first-year ice showed ¢® similar to that of grey
ice with HH-polarization (see Figure 7.2), while o® of grey ice was
higher than that of first-year ice with VV-polarization as shown in
Figure 7.7. In Figure 7.8, the difference in average ¢ between
multiyear ice and first-year ice with VV-polarization is shown. X-Ku-
band frequencies seem to be better than C-band frequencies in discrim-

inating multiyear ice from first-year ice.

7.1.3 Shore-Fast Ice

Heavily deformed shore-fast ice at Hardinge Bay was also
investigated. A river-like flat area was running through the fast ice,
but due to the malfunction of the target encoder switch, this was hard
to separate. A very high ridge (6 to 10 m tall) gave about 20 dB higher
return than the flat area with 4.4 GHz, and various ridges had 5 to 10
dB higher o© than uniform shore-fast ice. On the average, the whole
floe of shore-fast ice showed similar or 2 to 3 dB lower ¢© than
multiyear ice with Vv-polarization (see Figure 7.7). The X-band SLAR

imagery of this area showed many dark spots, and the average o°
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calculated may be a little too low because the averaging process

averaged the whole flight 1ines, including all these flat areas (river).

7.1.4 Lake Ice

Fresh-water lake ice showed average ¢© similar to the first-year
ice at C-band frequencies as shown in Figure 7.9. Above X-band
frequencies the lake ice had higher o© than first-year ice. Detailed
ground truth is not available, but it may be possible that the lake ice
contained a large enough amount of air bubbles to show a significant

volume scattering effect at high frequencies.

7.2 Surface-Based Experiment Results

A smooth area of thin first-year ice in Mould Bay and a large,
mobile multiyear ice floe were investigated with the surface-based
system. Unusually warm weather (-4° C) when the first-year ice was
investigated caused a part of the snow layer (about 0.5 to 1.2 cm) to be
water-saturated, and it provided a unique data set. The multiyear ice
exhibited very uniform hummock and meltpond formation, and a large
hummock and a large meltpond were picked for separate investigations,

which are not usually possible with airborne systems.

7.2.1 Thin First-Year Ice Under Warm Temperature

A representative area (10 meters by 20 meters) of first-year ice in
Mould Bay was chosen for a detailed study. The ice was covered with §
to 9 am of snow (see Figure 5.7(b) for a profile), and the snow was
composed of 3 main layers; the top was a fine-grained, low-density

drifted snow 2.6 to 4.8 an deep; the second layer was a wet layer 0.4 to
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1.2 om thick with very high salinity (15% to 20%); the bottom snow layer
was the old frost-flower zone of 0.6 to 1 an (often filled with water).

This type of 4-layer (3 snow layers and ice) situation is beyond
the scope of this study from the points of view both of the
backscattering theories and of the available works on the dielectric
properties of wet snow layer saturated with saline water. Also the
dielectric properties of a water-filled frost-flower zone or the sea ice
at high temperature (-2° C) have never been well established.

The scatterometer was moved 20 times within the studied area to get
spatially independent samples, and some detailed ground truth is
available for selected sites. The situation seems to be very
complicated, and no simple relations between the backscattered power and
the ground truth were found.

The average o9 of thin first-year ice (about 30 am thick) under wet
snow cover is shown in Figure 7.10, together with that of multiyear

ice. The multiyear ice was studied at a colder temperature (-15° C),

and direct comparison may not be very meaningful. Figure 7.10 shows
that the average o¢° of thin first-year ice at a warm temperature is

quite comparable to that of multiyear ice at a colder temperature.

7.2.2 Multiyear Ice

The area chosen for the surface-based study was in the center of a
large, mobile multiyear ice floe. Two sites were selected; one was a

representative hummock area, and the other was a refrozen meltpond.

NN W NP EE AR S NPIENE | NN

Both are integral parts of the multiyear ice.
The hummock area was covered with 2 to 5 an of hard, crystalling

snow (see Figure 5.7(a) for a snow profile of the studied area) and a

.
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gradual snow-ice interface (about 1 cm} was found on top of the milky,

opaque ice layer. Several ice samples were collected from the hummock

. ¥

..
. L}
b

area to measure the density and salinity profiles of the multiyear

jce. The ice cores showed typical multiyear ice characteristics, having

Saa

t"- y

a milky layer on top followed by the clear ice layer. The milky ice

layer with air bubbles was 10 to 20 on thick, and the density of the top

-“l

layer was low, from 0.62 to 0.8 gu/qn3. However, some of the salinities

.
» »

l" "' ’

of the top layer were unreasonably high, from 0.8 to as high as
8.9%/00. This means that the loss through the air-bubble layer is very
high, and therefore the volume-scattering contribution of the air
bubbles could have been reduced significantly (see Figure 4.6(a)).

The shape of the angular behavior of o of multiyear ice shown in
Figure 7.10 is very similar to that of first-year ice, and one possible
reason may be the high salinity of the multiyear ice which reduced the
volume-scattering contribution of the multiyear ice.

The absolute calibration of the surface-based system was in
question, and therefore the theoretical model fit discussed in previous
sections was not attempted for the surface-based results.

The refrozen meltpond was about 40-cm thick and had 3 to 9 amn of

fine-grained snow cover on top (see Figure 5.7(c) for the snow profile

of the studied area). The meltpool formed during the summer was not
completely refrozen to the bottam by October, and beneath the refrozen

ice layer, there was about 30 an of water pool above the main multiyear

ice floe which was suspected to be more than 3 m thick.
The salinity profiles provided an interesting contrast with that of
the multiyear hummock ice. The shape of the profile resembled more that
of first-year ice than that of hummock, having high values of salinity E
N
::
o
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at top and bottom. The salinity of the top 1 to 2 am was 3.3 to
6.8%/00. The density was generally higher than that of the multiyear
hummock, suggesting that there were fewer air bubbles in the meltpond
jce. Due to the high salinity and high density, the volume-scattering
contribution of the ice layer is not expected to be very much. The
thicker layer of snow on the meltpool might have contributed more volume
scattering at higher frequencies than about 13 GHz as suggested in
Figure 7.11(a).

Unlike the helicopter-borne data set, the surface-based results
always show higher o® at low C-band frequencies and at high Ku-band
frequencies. Same of the differences are suspected to result from the
calibration error.

In Figure 7.11(b), the frequency behavior of <@ of thin first-year
ice is compared to that of the weighted average of multiyear ice. The
exact relative percentage of meltpond or hummock was not determined, but
70% hummock and 30% meltpond was assumed in the calculation. The
difference between thin first-year ice under warm temperature and the
average multiyear ice seemed to be approximately constant (about 1 to 3
d8) up to 10 GHz, with an increase above 13 GHz. The lines drawn in
Figure 7.11 are eye-fit curves to show approximate behaviors.

The smaller contrast between the two major types of ice compared to
that of helicopter-borne results (see Figure 7.8) might have resulted
either from the higher o® of thin first-year ice under warm temperature
or lower o@ of multiyear ice with high salinity (loss) or both. Also,
in the surface-based experiment, two different like-polarizations were

used; VV for first-year ice, and HH for multiyear ice.
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7.3 Summary

The measurement results of sea ice under fall conditions are
summarized in this section. At late October, it was shown that large
contrast exists in o® between multiyear ice and grey ice or first-year
ice. In early October, when it was wamm, the thin first-year ice and
the multiyear ice gave similar signatures.

An attempt was made to fit the observations with the theoretical
models presented in Sections 3.0 to 5.0. With appropriate choice of
model parameters within reported ranges of values, the model prediction !
matches the multiyear ice data very well, and the grey ice data to some
degree.

Most of the data were collected using the helicopter-borne system, ;
but the ground-truth support was limited to first-year ice due to
logistics problems. The available ground truth shows large variations (
of snow and ice characteristics even within a l-m by l-m area, and
raises a question about the oversimplified models. The snow cover on
sea ice has several layers with different characteristics (moisture I
condition, salinity, etc.), and the gradual snow-ice interface layer
suggests that it may not be valid to treat a snow layer just as an

additional scattering layer on top of ice. A further experimental and 1

theoretical study is needed.




8.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

; 8.1 Summary and Conclusions

4

A The main objectives of this research were to:

E (1) develop a better understanding, theoretically and

-

experimentally, of radar backscatter from sea ice; and
- (2) identify optimum radar parameters (frequency, incidence
“ angle, and polarization) for discriminating different ice
types.
To fulfill these objectives, the following studies were
~ conducted. First, an extensive literature search was done to gather all
the available physical and electrical characteristics of sea ice
2 considered to be relevant to microwave remote sensing.
Many measurements of the dielectric properties of sea ice have been
S reported, and they show large variations depending on temperature,
salinity, ice types, and also on the measurement or sampling schemes. A
dielectric constant model using a complicated dielectric mixture theory
. was reported, but to minimize the model parameters in further

development of a backscatter model for sea ice, it was concluded that

'S the simple empirical equations relating the dielectric constant of sea
. ice to estimated brine volume of sea ice would suffice. In this study,
: the empirical equations given by Vant [1974, 1978] and Hallikainen

f [1982] were used and summarized in Section 2.0. Other characteristics
'é . of sea ice were stated in appropriate sections where they were needed.
< Next, the assuhption was tested that surface scattering is the

%2 dominant backscattering mechanism for first-year ice, and that the

i% volume scattering is dominant for multiyear ice.

157

.
.

(]
'my
i




........

..........................................................

The surface scattering theories were reviewed, and the signatures
of first-year ice were tested against the predictions of surface
scattering models. The measurements of small-scale surface roughness
[Onstott, 1983] satisfy the requirements of the Kirchhoff model for the
frequencies between 4 and 18 GHz, and it was shown that the physical-
optics model using an exponential correlation function provides a good
fit to measured angular and frequency behaviors of the backscattering
coefficient of first-year ice. This was summarized in Section 3.0.

Section 4.0 treats the volume-scattering model for multiyear ice.
A scattering volume can be modeled either as a continuous random medium
characterized with correlation lengths and variances, or as a discrete
medium embedded with randam scatterers characterized with scattering
albedo and optical depth. In this study the latter approach was adapted
using the radiative-transfer model.

The air bubbles in the recrystallized ice layer in the top portion
of the multiyear ice were assumed to be the primary volume scatterers,
and the effect of varying physical characteristics (air bubble size,
density, loss of the ice, layer depth) was studied. The surface
scattering is always present, and when the frequency is below about
X-band, it was shown that the volume scattering contribution can be
smaller than the surface scattering contribution. The backscattered
power is the sum of these two; this sum provides a good general
agreement to the measured frequency and angular behavior of o of .
multiyear ice.

The complicated theoretical solution of the radiative-transfer
equation reduces to a simple analytical solution if the multiple

scattering and the volume-surface interaction can be neglected. In
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Section 5.0, the volume backscattering coefficient given by the sum of
the backscattering coefficients of all the single scatterers was shown
to be a good approximation to the value calculated with the radiative-
transfer equation. Using the simple model, the volume scattering
contribution of first-year ice was calculated and it was shown to be
negligible for most of the cases.

The effect of snow cover on sea ice was also studied in Section
5.0 The low thermal conductivity of snow compared to that of sea ice
effectively raises the temperature of ice surface and changes the
Fresnel reflection coefficient of the surface and the volume scattering
characteristics. However, for active remote sensing, it was shown that
the temperature effect is small (less than 0.3 dB) when the air
temperature is below -10° C.

The backscattering contribution of the snow cover was calculated
using the empirical equations [Ulaby et al., 1982] describing the effect
of snow cover on natural surfaces. The basic concept of the empirical
model is that the effect of snow cover on some surfaces depends on the
relative difference between the o° of bare surface and that of snow of
infinite depth.

The o© of dry snow is far greater than that of a smooth ice
surface, and the effect of snow cover can be severe (5 cmn of snow cover
can raise the ¢© by 8 dB at 9 GHz). For a large floe of first-year ice
with a varying surface roughness, the effect of snow cover would be to
reduce the variation of o® due to surface roughness variation of the ice
surface. The presence of wet snow cover can block the volume scattering

contribution of the multiyear ice.
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In an attempt to identify a better set of radar parameters for sea
jce classification, Section 6.0 provides a summary of experimental
findings reported so far in terms of preferred radar parameters. Also,
the theoretical models which seemed to be able to predict or match the
data sets with a reasonable set of model parameters were selected. By
adjusting the model parameters within reported ranges of values, the
possible ranges of values of @ for multiyear ice and first-year ice
were calculated. Fram these ranges of values, it was shown that the
best radar parameters for sea ice monitoring are (1) higher frequencies
than about X-band, and (2) incidence angles larger than 30° or 40°. No
specific resonances have been found that might favor any specific
frequency or incidence angle, and the theoretical findings agree with
the general experimental conclusions.

The optimum polarization could not be selected. This was partly
due to the lack of reliable cross-polarized data for the whole frequency
range, and partly due to the inability of scattering theories to
properly explain the polarization dependence of the backscatter fram sea
ice. Because depolarization is a secondary effect for the surface
scattering (first-year ice) while this is not true for volume scattering
(multiyear ice), cross-polarization should be better than like-
polarization in discriminating multiyear ice fram first-year ice.
Because the cross-polarized ¢® is big enough for multiyear ice, it could
be used to detect multiyear ice from all the surroundings without having
to have a greater dynamic range.

Measurements were made during October 1981 of the radar backscatter
properties of sea ice under fall conditions in Mould Bay, N.W.T.,

Canada, as part of the FIREX/RADARSAT project. Section 7.0 provides a
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brief summary of the experimental findings. Late in October, a large
contrast in o® existed between multiyear ice and first-year ice or grey
ice. However, in early October, with warmer temperatures, the thin
first-year ice and multiyear ice can give similar signatures.

The theoretical models presented in Sections 3.0 to 5.0 were tested
with the data taken during the expedition. With appropriate choice of
model parameters, the model prediction matches the multiyear ice data

very well, and the grey ice data to some extent.

8.2 Recommendations

The limitations of the present results, which can also be viewed as

recommendations for future research, are:

(1) Although the small-scale surface roughness information given
by Onstott [1983] provided general guidance on the ranges of
values it may have, these may not be the absolute limits.
There is a definite need to do similar measurements, and to
tabulate the ranges of values of small-scale surface roughness
of multiyear and thinner types of sea ice.

(2) The behavior of the dielectric constant, especially the
imaginary part, needs to be studied further to accurately
model the o° of multiyear ice.

(3) For multiyear ice, the characteristics of the volume-
scattering layer need to be established (average or the
distribution of the diameter of air bubbles, density of
multiyear ice). The reported values, or the values used in
this research may not be representative of the characteristics

of multiyear ice in all regions or under all conditions.
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(4)

(5)

(6)

The effect of snow cover needs to be studied further. The
measurements of dielectric constant of saline-water-saturated
snow has rarely been reported, and the snow-ice transition
layer effect should be investigated.

The polarization dependence of the backscatter from sea ice
has to be studied further, both experimentally and

theoretically.

In summer conditions, when the melting starts, the surface

conditions change drastically. The concepts presented in this Y

el

reearch are not expected to be valid during summer, and only a X
continuous monitoring of sea ice would describe the change of li

the microwave signature properly.
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