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INTRODUCTION AND SUMMARY

" The work reported here,.—funded under Contract N00014-85-C-0765,
considers the computation of the microwave brightness temperatures of various
types of sea ice, The methodology is an application of theoretical and
experimental results obtained at Aerojet ElectroSystems Company under pre-
vious contracts with the Office of Naval Research. In these studies, the
bilocal approximation of strong fluctuation theory was used to develop
equations for the effective dielectric constant of both isotropic and aniso-
tropic random media as well as equations for calculating the brightness tem-
perature of isothermal isotropic media. The earlier work also examined the
present state of knowledge concerning the dielectric properties of the con-
stituents of sea ice. It was found that there were significant uncertainties
relating to the loss tangent of pure ice as well as the dielectric properties
of brine in sea ice. The latter problem was overcome by a systematic meas-
urement of the dielectric properties of brine and the derivation of Debye
parameters which allow the dielectric constant of brine to be calculated
throughout the microwave portion of the electromagnetic spectrum. The uncer-
tainties with respect to the loss tangen: of pure ice remain so that a tenta-
tive model based on available experimental data must be used. ‘\;;;

The specific tasks performed under the present contract consisted
of (1) the development of a computer program to calculate the brightness
temperature of an isothermal layered structure, each of whose layers could
consist of an anisotropic random medium and (2) the application of the model
to a variety of sea ice types at different tempefatures and the comparison

of calculations with some reported measurements. Section 1 of this report
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discusses the basic equations required for the computer program and concen- A;t
trates specifically on the modification of previously reported equations )
VY
o
\ . a0y
demanded by the introduction of elongated brine cells leading to a descrip- Yt
S
+
tion in terms of a tensor correlation function. Section 2 of this report :\_¢f

discusses computed brightness temperatures of various types of sea ice. In

u order to facilitate comparison with experiments, data on new ice, young ice,

first year ice and multiyear ice are treated separately. It is found that

the main features of the brightness temperature measurements on the first Fiﬁ{

three ice types can be explained by the model over a wide range of tempera- izgs
e

tures and snow cover conditions. For multiyear ice, however, discrepancies 5'

between the theory and experiments begin to appear somewhere in the 20-30 GHz ’QQ;'
Yol

range and become progressively more pronounced at higher frequencies. These %EE:

appear to be the result of the model underestimating scattering effects on Zﬁ;c

the brightness temperature for multiyear ice and indicates the need for

further theoretical developments, Finally, Section 3 contains conclusions

and recommendations.
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Section 1 .
AL
BRIGHTNESS TEMPERATURE OF A RANDOM ANISOTROPIC MEDIUM ~.":\': )
o
n.."‘_.
. f .'
i
Equations for calculating the brightness temperature of an isother-
mal layered medium have been discussed in [1]) for the case where the effective
dielectric properties of each of the layers is characterized by a scalar die-
lectric constant and correlation function. Since it has been shown in [2]
that certain forms of sea ice have anisotropic dielectric properties which
require a description by means of a second rank dielectric tensor, it is of
some interest to see how the basic equations may be generalized to the aniso- 3
= ]
tropic situation. This problem is treated here. ;}}?
s e
1.1 RELATION OF BRIGHTNESS TEMPERATURE TO SCATTERING CORFFICIENTS ':-:':"
DA
l. -.’A
For an isothermal medium there is a close relationship between the -
rnf\.
brightness temperature and bistatic scattering coefficients, which are pro- ;x;\
2
portional to the mean intensity of the scattered field, when the medium is }3;~
‘l ) '
1] . . . I‘ *
illuminated by a plane electromagnetic wave., Using the relationships devel- )
oped by Peake [3] and expressing the scattering coefficients of a random injﬂ‘
medium bounded by flat, parallel surfaces as the sum of a specular term and a j{$:
)
FRC
N
bistatic term arising from the random field within the medium, it was shown )
in [1] that the emissivity of the medium in the direction -k, (see Figure
1-1) corresponding to the polarization p may be expressed as fil'
o
2 1 . ALY
eplko) = 1 - |Ry|? - 7 | [Yphikork) + Ypylkook)1 sinBdBa¢d (1) e
AR
.";.-,*.
.,‘.(T'
il
where the integral is evaluated over the upper hemisphere 0 <6 < 71/2 , )
b g
o ‘-",.‘
0 < ¢ <2r . Here Rp is the reflection coefficient of the medium which, in r::&
o
1-1 Y
R
, NS
- Cal f-f /-I. 1'. -'. <~ -'. . '.-.‘ o -.-'-..- --'.-.'_' ‘--' St T ..‘,A-' T ."-'_.-'-.'- . -.'-.‘ -.‘ Tt t. . ol IO '*"‘\.
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the bilocal approximation of strong fluctuation theory, is determined by the
effective dielectric constant. The polarization p is customarily taken to
be either horizontal (h) or vertical (v) in remote sensing studies so that
the scattering coefficients appearing in (1) are of the form Yab(kork)

(a,b = h or v) where ko 1is the propagation vector of the incident plane

wave and k the propagation vector of the scattered wave in the direction

determined by the elementary solid angle d4Q = sinBd6dd .

. R . RO

With expression (1) for the emissivity, the brightness temperature ._;:;,;,

IR0

Y

of the radiation leaving the surface 2z = 0 in the direction -ko and with :»::;a:f
:'.:\:;-,‘-'\":

. : . RS N

polarization p 1is LA A A
_ "' .

-.':\_‘-.:.\':\

, L '-Z(:_.::'::f

Tplke:0) = €glky) Tg + |Rp|? Tgrylkey) + yy J[th + Ypv! Tgxy(k) sin6dagdasd ANTRNS
BN,

R

(2) . A' Z

S Sl

where Tg is the thermal temperature of the random medium and Tsky(ﬁ) is :*;*:*:ﬂf
- 6"

P e
SARNANR Gy

the brightness temperature of the downward flowing radiation arising from the i\ihi\;\:
OB

PO A

'.. ~~ .’

cosmic background radiation as well as the earth's atmosphere and incident on RN
- '_-.‘:. o

the surface from the direction -k . Further atmospheric effects arise if pﬁ\;\ﬂn;
SN ]

! !. -. 1. I.

RS SEC

the radiometer observing the surface is located at a significant height =z 5:x;u;=:
o:'J\)\'.-‘ -

AN

k>
.

above it. These consist of the reduction of Tp(Zo'O) by a transmission
factor L(k,,2z) and the addition of an upward flowing component of radiation

Tatm(ko,2) generated by the atmosphere between the surface and the radiometer.

Thus the observed brightness temperature is

Tplkor2z) = Llkgr2z) Tplko,0) + Tapmlke,z) (3)
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The main problem to be addressed in this section is the computation AN
of the reflection coefficient Rp and scattering coefficients Y,, when the :;|
(]
*
~
random medium is described by a tensor dielectric constant and correlation ; ¢
Q
function appropriate to sea ice as discussed in [2]). The atmospheric effects ﬁb
mentioned above may be treated by standard radiative transfer theory. ?)'
s A A
N
I
1.2 THE REFLECTION COEFFICIENT :,‘,;
N
ro
~
According to the bilocal approximation in strong fluctuation theory, f
the reflection coefficient Rp (p = hor v) in (1) and (2) is determined by C}
R
A
the behavior of the mean electric field which, in turn, is dependent on the -
o
o
effective dielectric constant, For sea ice with no preferred azimuthal A
direction, this is a second rank * :nsor of the form [2] ;i:'
.'_:.
:j{
Kl 1 0 Kl 3 'Ii"
£=1°9 K2 O i
Kl 3 0 K3 3 (4) :':\.
t:.\
Rk
if the incident wave is ko = ko(5inBy,0,-cos6,) . Since we consider the :{f
problem of a medium located in the region z < 0 with air above, (4) holds :R:‘
for 2z < 0 while for z > 0 , X is simply the unit dyad I . s
Thus, given an electric field fzx
LA
R
A . A
Ein = Eg p expli ky(sinfox - cosfyz)) (5) N
o
\.:’_'x
incident on the medium (see Figure 1-1) from above, the mean field may be :fg
N
expressed as )
u;;:
\‘.':
1-3 o

’ ' a . '~'.’ (RN . LI T TR e W e T e e P e e e e
WG LSt O L 4-_.‘-'_,,‘,_-,'.-_'. D SO A A W A A A ...- -,~‘.)_\.~\(_'.-._~'.\_-‘_..
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Ejn + szo’ﬁ exp[ikg(sin@yx + cosByz) ] if z>0
E, f(z) expliky sinByx] if z <0 (6)

The second summand in the first line of (6) represents the field reflected
in the specular direction while the second line of (6) represents the depth
dependence of the field by the vector £(z) . 1If a general layered
structure is considered, so that K in (4) depends on 2z , an explicit form
for f cannot be written., However, f(z) and R, are determined by the
fact that §m is a solution of Maxwell's equations with certain boundary

conditions, Thus EM™ satisfies
UxVx EM - kZKE" = 0 (7)

The boundary conditions require the component of §m tangent to the boundary
surface at z = 0 be continuous together with the tangential component of
V:cgm (which is proportional to the magnetic field)., The boundary condi-
tions lead to different results for horizontal and vertical polarization of
the incident wave. Thus, these cases are treated separately.

Considering, first, the case of horizontal polarization, the sym-

metry of the problem requires that f in (6) be of the form

1>

ftz) = f(z) (8)
where f(z) 1is a scalar valued function. Substitution into (7) shows that
f 1is determined by the ordinary differential eguation

1-4
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2
L, k2[Ky5 - sin2@,] £ = 0 (9)
az?

while the boundary conditions lead to the equation

af

az ik, cosBy £ = ~21i kg, cosBgy at z =0 (10)
and the relation
R, = f(0) -1 (11)

It is interesting to note that these equations are the same as those applic-
able to a scalar dielectric constant [1], [4] with the single exception that
the scalar dielectric constant is replaced by the 2,2 component of the
dielectric tensor for the anisotropic case.

The situation is more complex for the case of vertical polarization.
In this case, the symmetry of the problem requires that f(z) in (6) have

two components:

£(z) = £,02)% + £,(2) 2 (12)

Upon substituting (12) and (6) in (7) it is found that

i sinB, a fy _ K13

f,(2)

L}

f (13)
k°[K33 - sin29°] dz Ky3 - sin26° X




L ae

A . R o o
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and

azs sin2@ a K af

X 1 ] 33 X
+ - + 2i ko sinf, K —

dz2 K33 K33 - sin26° dz ° o 713 dz

kg i sineo d Kl3
+ = |Kyq(Kq3 = =in? + - k2
Kps |¥11(K33 = =in%6o) Xo dz 13
i sinf, K d K
- e =23 2216 = o0 (14)
ko(K33 - sin“By) z
The boundary conditions require
af, K33 - sin26, K13 sin@g K33 - sin26,
—= + ikg | - + fy = <-2ikg at z =0
dz K33 COSGo K33 K33
(15)
together with the equation
Ry, = 1 - £,(0)/cosB, (16)
While the derivation of eguations (13) - (16) required no approxi-

mations beyond those inherent in the bilocal approximation of strong fluctu-
ation theory, they are extremely inconvenient for numerical work because the
function f,(z) 1is an oscillatory function which must be found over dis-
tances of manv wavelengths in typical applications to snow-covered sea ice.
The numerical techniques discussed in [1] would be useful and applicable
except for the possible non-zero values of K13 and its derivative. For
this reason, these terms will be ignored so that the approximate equations to

be solved for vertical polarization are

LR . -
. B y

vy
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azs sin2g dx3 af K]
X _ 2 < 2 Kis | 3o * k2 =L (k}; - sin26,) £, = 0

dz2 K§3 - sinzeo z 3 dx K33
(17)

i sing@, af,
£, = n — e (18)
kolK33 - sin<g,]
with the boundary condition
af, ) K33 - sin?@, _ K33 - sin?g,
o " ik = fy = -2i kg ———————— (19)
X K33 C()Seo K33

at z = 0 . Here Kil and K§3 are slightly modified values of K;; and
K33 . The discussion below treats the validity of this approximation and the
fact that K3y and K33 should be modified when Kj;3 is ignored.

With equations (8) - (11) for horizontal polarization and (16) -
(19) for vertical polarization, the numerical problems for a multi-layered
anisotropic structure are exactly the same as those treated for the isotropic
case in [1]. Thus, the specification of the mean field and reflection coef-
ficients for both horizontal and vertical polarization may be considered com-
pleted when the components of the dielectric tensor are given. For sea ice,
these are discussed in [2],

The nature of the hypothesis that Kj3 may be ignored for the case
of vertical polarization will now be examined. To do this notice that,
according to the analysis in [2], the equation (4) may be written more

generally as

+B£5+C52+D(kz+g)‘5) {20)
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where the scalar coefficients A , B, C , and D depend only on k-z and

k2 .

For frazil or multiyear ice which, according to the model in [2], are

characterized by an isotropic mean structure, the coefficients C and D are

exactly equal to zero. But then the analysis in [5]) shows that for trans-

verse waves the coefficient B has no influence on the effective dielectric

constant so that K may be treated as equal to the scalar A . Thus, for

-

frazil and multivear ice, no apprroximation is made at all. For all types of

ice, no approximation is made at 6, = 0 because it was shown in [2] that
e o

K13 =

¢ whenever k, = 0 ., There is an approximation, however, for cther

angles for anisotropic ice forms. In order to treat this case, consider a

uniforr mediur without gradients so that f_(z) in (12) has an exponential

z dependence exp[-ik,z] = exp[-iko(K—sinzeo)zl where K 1is the effective

dielectric constant appropriate to g, . If it is required that k, be

equal to the exact propagation constant (i.e., obtained as in [2] without

neglecting Ky,3) then by substituting the exponential into (7) and specifying
13 Y

that

1]

Kll = K-~ (21)
I3 . ' .
it is found that K33 must be given by

: 2
' sin<b, Ki-
K33 = =t 1222
KZZ ¢+ s1n eo - K

Thus, a proceduire has heer found for modi1fvint the dielectri - Constants whichk

does not change the prorasatiar constart of the wave when X, 18 13nnred,
F { 1
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AR,

However, there is a change in the ratio f,(z)/f,(z) which is induced by

From (18), the approximate ratio is

this approach.

sinB, v K-sin?@,

K53 - sinzeo

£,/f =

q
a!

g
N}
)

h

while from (13) the exact ratio is

PN XN
Uy b
P l’"j

SinGOVK-sinzeo - K3 S
£,/fy = 3 (24) AN
K33 - sinZg, o
AL,

<o

f

Numerical comparisons for a variety of anisotropic ice parameters and angles

6, show that (23) yields values close to (24). The largest differences

occur for high salinities and temperatures near 0°C where differences of the

order of 10% in both the real and imaginary parts of the ratios were found

for large 6, and frequencies near 20 GHz. At frequencies below 10 GHz and ﬁﬂ.

above 30 GHz, Computations from (23) and

the error is significantly less.

(24) are nearly identical for low ice temperatures and/or low salinity., Thus,

it is seen that the approximation in the dielectric constant for vertical

polarization of the incident wave leads to acceptably small errors in the

ratio f,/f, while preserving the magnitude and direction of the propagation

constant of the electromagnetic wave.

1.3 SCATTERING COEFFICIENTS

The computation of the scattering coefficients for sea ice follows

the pattern discussed in [4]. The essential difference is that the scalar

correlation function is replaced by a fourth rank correlation tensor describ-

ing the anisotropic inhomogeneities. This adds a number of new terms to the

scattering coefficients Y,y (a,b = h or v). -

1-9
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~l

: e
) o
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Specifically, the random electric field £Y in the bilocal BN
o approximation of strong fluctuation theory obeys the equation (see [4] and WQF
" the required substitutions mentioned in [6] to convert the results of [4] to dh

N 1
strong fluctuation theory) o
L. W\
. '
~p
A
VxV x EF - k2 Ko BT = ~EET (25) e
. = v
S where K, is the diagonal quasi-static dielectric tensor yt
Y ~ .

. La]
RN

S

o
Ky = diag {Ko1, Ko1v K03) (26) :g:"

;e
3 RS,
< discussed in [2] for sea ice. In (25), £ is the random second rank tensor SR
€ = ALIT + sAL)7] (27) N

A e
where S is the coefficient of the delta function in the Green's function };:

o for the operator on the left-hand side of (25) and e
ZF:

‘ -
I} [
AL = kZ(K, - K¥) (28) v

: e
Here, KY 1is the local dielectric constant (i.e., corresponding to air or an ﬂ}:

" ice grain which contains brine cells). {\{
o Proceeding as in [4], the expected value <5;1£)E§*(r)> (where the :ﬁ:
3 - N
* indicates complex conjugate) may be formed in terms of an integral over :::
i the Green's function, After a decomposition which represents the expected h:s
K

.:\

¢ '.r:'.
5 X
s::

1-10 SN
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value as an angular spectrum of random waves Ei(g) propagating in the
direction k (see Figure 1-1), it is found that

o o]
* - " * "
<E§(5)5§ (k)) = (2m7~2 E2 k2 cos@ I.dz' I dz" Ajx(z',k) Ajplz",k)
- 0 -0

£,02') £7(2") Wigmn(kox = kxs ky, 2',27) (29)

where the summation convention is used for repeated Latin letter indices, the

R e -

tensor A is the two-dimensional Fourier transform of the Green's function

~

o

exactly as in [4], f is the vector (6) describing the mean electric field

in the medium, and the fourth rank tensor W' 1is the Fourier transform

o
Wﬂgmn(g,ﬁ,z',z“) = jdxdy Cigmn(x,y,z',z") expli(Ex+ny)] (30)
-

R

LY

of the correlation tensor

s
YL 595n

WShNL NN

[4

{

Cﬁgmn(x.y,z',z") = <§kg(x + x', y+y', z") g;n(x', y', z')> (31)

NS

N
»

W % 4
‘.4
4

which is an even function of x and y . Finally, the scattering coeffi-

.

..
Y

A
a« _a »

1)
»

cients are related to (29) by [4]}

-,

L
*
.

M
= 2 . . r r* A
Yap(kork) (4mcosB/E2 cosBy) by bj (E](k) B (k)) (32) PV
s
o
To obtain practical expressions for Ya, it is necessary to DA
oyt
N
specify the symmetry of the tensors A and W' in more detail. 1In the k{h
o
.:\."
vl'\

<
L
Vsl
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case of the Green's function, the physical situation under consideration is

azimuthally symmetric., Just as in [4]), this implies that A 1is of the form

A¢¢ + cosz¢(App-A¢¢) cos¢ sind (App-Agd) cos¢Apz

= cosd sing (App-Ag¢ge) A¢¢+sin2¢(hpp-h¢¢) sindAp,

A»

& .\._‘v’.\,

coso¢ Azp sin¢ Azp Az, (33)

P
T

Wt
N

T

Further, since the Green's function is a solution of the vector wave equation,

-
..
-
.

the relations

>
N
I

p = -tanf APP (34)

-tan@ Ap, (35)

s b -

; are found to hold so that there are only three independent functions Ag¢¢ .,

."\".

App , and Ay, which need to be evaluated. These will be considered in more

,e
s

detail later. For the present, we turn to the tensors C;jkﬂ and wijkf in

order to be able to reduce (32) to a manageable form,

’
"

TR
ro'e e

It should be noted that Cijkﬂ differs from Cj4cp defined in [2]
for sea ice only by the fact that the complex conjugate is used in the second

factor on the right~hand side of (31), Thus, using the corresponding assump-

tions regarding an exponential correlation for air bubbles with a correlation
length [, and volume fraction vai, and grains of ice with correlation

length Zg and volume fraction Vg . One can immediately write

R e R N N T N N A T e e e e e e PR A AN
.
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_ o, _ _
[Eairij bairkl * §qij Eqkg = Sairij Eqkl - Eqij Eairkl]
Vair{l =~ Vajr) expl-|ry-11|/0,

+ Biij(O) exp[-|£2‘£1|/291

&7

5

AP
5%
(A

where

’
b

f

&

Bj kg (0) = lggij g;kl - égij §;k£1 Vgrain

94

R Py
O
)

L

The notation of [2]} is used. The most important immediate fact concerning

~ 4

(36) is that Cijk[ and, hence, its Fourier transform wijk? have the same

¢

symmetry as Cjjxp f(and Bjsxg(0)) in [2] with the exception that the sym-

s
e

metry under the interchange (ij)-—-(kf{) is lost. That is, they are invariant

wieoe ) L
»

under orthogonal transformations leaving the z-axis fixed and are symmetric

3

in the first two indices and last two indices. Hence, it is possible to

i‘ .
R

"'I .l a,

write

~
'.ff-'
l. -s’ l,..

3

Wigkg = a1 b33 bxg + aglégk 630 + 6if by

BAAS

+ by by4 by bf3 + baléjy 643 &3 * bif 693 bk3
+ by biy &3 + b4y bi3 by3) + by Oyp b3 643

* by b4y 655 by

'/

where the coefficients are scalars. Since C' 1is an even function of

P A
L%
‘I#If

Xx5-xy and ys-y; , (30) and (31) show that

.Q

‘.
¢

Yy o e
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(39)

Thus, using (38), it is found that ai -1 ) bé and c' are real while

bi* = bé . Furthermore, choosing particular values for the indices shows

that the coefficients in (38) are related to W' by

1]
Wi122
1]
Wi212
1]
Wi133
1]
Wi313

W3a33

= a)
[l
= aj
= a) + bl
[} [}
= 32 + b2

= ai + 2aé + bi + bé'+ 4b5 + c

(40)

which, with the exception of wi133 , are real., This set of equations is

easily inverted to yield

1]
= W1122
= W33
= W¥W)212
]
= W1333
L]
= W3333

1
- Wy122

1]
- Wi212

L] 1] 1] 1]
- 2Re Wj)33 + Wyjop - 4W13j3 + 2Wyp12

(41)

k)

i
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With the above equations for the structure of the Green's function
and Fourier transform of the correlation tensor, it is a straightforward but
lengthy calculation to evaluate (32) for the four combinations of the inci-
dent and scattered radiation polarizations of interest. It is found that, in

terms of the functions f , f, , and £, previously introduced for the mean

field,
kg cos?2p . .
Yhn Tcos0 {dz' dz" Agglz') Agglz") £(z') £ (2")
o) .
[(W1122 + Wi212) cos?é + Wiyy,) (42)
2
Y = ko R .
hv - Coseo "dZ' dz" f(z') £ (2") App(zl) App(z")
[(Wi122 + Wi212) sin?e + Wippp )
+ Rpglz') AS,(2") wi313$ (43)
ko cos?@ . ‘ .
Yvh =\ T cose, jdz' a2 Agalz') Adefz") ) fxlz') fx(2")

[(Wilzz + Wi212) sin2d> + Wizlzl + fz(z') f;(Z") Wi313"

(44)

crs et e ..__ o ceat

oo "
= o - X - .
R P T ;Q;u ‘-Eeﬁ.f.lengfam.3c;c~i;JL....4L.AJ¢_¢_L_m;;. g&g&a&.~-
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~ "
2 ot

Yoo = Ko sz' dz" Vapolz') Abplz™) f£.(z') £5(z") oy v
vv cosf, | PP pp X % ]

[(wi122 + wi212) cosl¢ + wi212] h:\f{ti’

+ cosd[W1y33 Applz') Apy(z") £4(z') £5(z")

""‘IY
Lo d
5
A
0 s

44 4

+ Wi133 A;p(z") Apz(z') fxlz") £,(2'))

b &
[Nl
‘l.'.

i3 T
»
o

/
AME
o

+ W3333[Ag (2" ) Applz") f£,(2') £3(z")

. 4‘-.'-.
LA ) B ;
Chatd v
R -
4

(]
.'J

-

.
DO I R

* Rpp(z') Ag,(z") fy(2') £3(2")

T
h 4
RS
A
[ 4

’

BTE Y Y oy
e e
LS
.

Pl AR )

L%

+ cosd A, (z') Apz(z") £3(z") £,(2")

il
22

X
e

+ cos¢ App(z") RAgg(z') fy(z') f;(z")]: (45) oS

~
[

~
>
. \. }\l:.

Upon comparison with the corresponding isotropic, scalar case
treated in (4], quite a few additional terms are found. These terms arise
from the anisotropic tensor nature of the correlation function. Even for the
special cases of frazil and old ice, where the correlation tensor is invari-
ant under arbitrary orthogonal transformations, there is a difference from
the case of a scalar correlation function for not only ai , but also aé
do not vanish in (40) and (41). The true scalar case, where aé also
vanishes, would require that the ice grains be described by a scalar dielec-
tric constant or, equivalently, in terms of the model in [2], that the brine
cells be spherical rather than elongated in shape. Fortunately, although
there are additional terms for all types of sea ice, the 2z' and z"
dependence of the integrals will be of the form treated in [1] from the point

of view of numerical evaluation provided that the depth dependence of the

0 . MRS .
e . . .
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of the Green's function and correlation tensor are of the same nature as in
f1}]. It will be shown below that this is indeed the case so that computer
codes based on the same numerical scheme are applicable. Of course, they
will be considerably longer because of the new terms.
1.4 GREEN'S FUNCTIONS

The Green's function ‘5(5,5') to be used in computing the scatter-
ing coefficients is defined as the solution of the equation

VxVx - k2 Ky 6(r = ') (46)
= o= ~ -

~

n-l
"

’ where K, is the quasi-static dielectric tensor (26). If the Fourier

~
~

transform

!

@
Fjy = (2v)'2.i da¢ dn ajilz,z'.§,n) exp:i[g(x-x')+n(y-y’)]‘
-

8 '8

(47)
is introduced, then the tensor A in (33) is defined in terms of the value

at z =0 of a;j for the special values of the transform variables

§ = ko sing cos¢
N = kg sin@ sind (48)
as in [4]. Explicit differential equations for aj; are found by substitut-

ing (47) into (46). Since the symmetry of aj 4 is exactly the same as that

of Aij , the three independent functions describing A are readily found to

L be defined by the following. For A¢d>:
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A¢¢(z',§) = a¢¢(0) (49)
where
dza¢¢
—_— kg(KOI - sin2g@) agy = -6lz - z') (50)
dz?
and
dage .
32 - i kocosb agey = O at 2z =0 (51)
For App H
Applz',k) = ap,(0) (52)
where
d?2a s 2 dKg3 da 2 Kpi
- sin"© —EB 4 k2 === (kg3 - sin2g)a
dz Kp3(Kgo - sinze) dz dz Ko3 Pp
Koz - sinze
= - 3KO3 bz - 2') (53)
and
da K - sinze
—PP _ 03 =
a2 i ke Koz cos0 pp 0 at z 0 (54)
For Apz
Apz(z',k) = apz(o) (55)
where
dzap_z sin26 dKp3 da,,, 2 Xo1 (n28
5 " ) Az as + kg Tn (Kg3 - sin<Blap,
dz Ko3(Ko3 - sin<@) 03
C . o aK
isinB|_ 4 b(z z') . 1 03 iz - 2') (56)
ko Kp3 dz Ko3 - sinl6 4z

CaA A

.’""I.
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e
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and
da i ko(Kpz - sinZg) L
£z _ o 03 ag, = - isinb 6(z') at z =0 (57)
dz Kgy cosg P ks Ko3

In all cases the boundary condition as z — -o 1is that A be an outgoing
wave,

While slightly more complicated than the corresponding equations
for the isotropic case where the dielectric constant is a scalar, these
equations are still of the same mathematical form as treated in [1)J. Thus,
equivalent Riccati equations may be introduced and solved numerically as
discussed in [1].

1.5 CORRELATION PUNCTION

The only remaining problem to be discussed in connection with the
computation of the scattering coefficients is the treatment of the Fourier
transform of the correlation tensor (31). The first step is the computation

of the Fourier transforms of the two exponential functions in (36), Lettinag
[¢ 9]

ve(g,n,z,z') = | dx { dy exp}—|£—£'|/£] expl-i(£(x=-x")+nly-y"') (58)
¥ o)

when { may be either of the correlation lengths £, or Qg in (36), it is
seen that w;;mn(kox-kx,ky,z',z") in (29) has a kg,k, and spatial depend-

ence defined by the functions Vg(kox—kx,ky,z,z') (g = 4 or Qg ). The

integral in (58) may be evaluated explicitly to yield

VQ = 2r{2 u3[1 + ulz - z’|/Q] exp[-u|z - z'l/f] (59)
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where

w o= [1+ g2(£2 + n2y)1/2 (60)

Thus, upon using (36) and (37), the components of W' occurring in (42) -~

(45) may be expressed as

] ) r
Wi122 = B1122(0) Vyg + |€air - £q11|2 Vair(l = Vair) Via (61)
Wiz12 = Bl212(0) Vig (62)
] [} -~ * ot 4
W1133 = B1133(0) Vpg + (Eair1l - €q11)€air33 - £g33) Vair(l - Vair'Vyia
(63)
A 1
w1313 = B1313(0) Vigq (64
L L] -
W3333 = B333300) Vig + [€a5r33 - £5331% vair(1 - vair) Via (65)

The remainder of the problem is identical to the evaluation of the
tensor Cijk? in {2]. Approximations have to be made when the probability
of the orientation of the ice grains has a preferred direction just as in [2].
For frazil and old ice, where all solid angles are equally probable, a more
exact computation is possible. Since the details of the computation are
lengthy, but follow that in [2] (differing only in the occurrence of terms
containing complex conjugates), only the results will be given. Both gair
and the components of the tensor :gg are the same as in [2] so that only the
tensor B' needs to be described. Using the notation of [2], for all cases

except for frazil and old ice,
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Bi122(0) =

'
Biy15(0) =

B1313(0) =

B1133(0) =

where ©p is the

vertical. 1In the

B1212(0) =

B1122(0) =

1
33333(0) =

where the doubly

Bijji(O)

Here, the second
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S3g2cos2655in265)

‘1 S3ﬁzcosegsin263,2 . E

= - Re
'4 oy gll ey
_ 1[psinZeglay+sypl|? |

8 o,y [ Vgrain
1|psin2@glo3+syp) |2
8 a1y grain
1{pcosbgsinéy 2
P v Vgrain
35333(0) = 0

mean angle between the axes of the brine cells and the

case of frazil and old ice,

L}
B1313(0) = = lY Vgrain

L] -]; 1] 1
81133(0) = 3 [Bijji(O) - 1281212(0)]

Bi122(0) + 2Bi212(0)
contracted term in (71) is given by

‘Tr(

!

|
Tr Py Vgrain

n
1
w |~

P

Qo

rank tensor P is the diagonal tensor

oL ‘.'_:.',;.'\‘.r_‘.- e A et

S AN
L »

>
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(6€)

(67)

{68)

(69)

(70)

(71)

(72)

(73)
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2 2(
ko(Kof‘Kl) kO Kof-KI\

= diaqg

’

v

4 )
1 e kgsfrxof—kp L+ K2Se Kok

2
kol Kog-K3)

3 (74)
1 + kosf'KOf-K3)
and Tr mean trace,
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Section 2

THE BRIGHTNESS TEMPERATURE OF SEA ICE

The theory developed in Section 1 may be applied to the computation
of the brightness temperature of various types of sea ice. It will be seen
that it leads to predictions of microwave brightness temperature signatures
that do not necessarily fall neatly into the categories which have been
developed by the World Meteorological Organization (WMO) for the visual
identification of ice types., A difficulty of this nature has also been noted
in {1] where a comparison of the ice types distinguishable by the radiometric
observations discussed in [1] is shown not to discriminate between young ice
and first-year ice. A different classification was proposed in [1] (see
Table 2-1). This classification still has an element of dependence on ice
thickness. However, the computations based on the theory of this report
indicate that the deciding factors determining the microwave signature are,
except for the very thinnest of ice covers (of the order of 1 cm thickness
where the underlying sea water may influence the signature), thickness
independent. The critical factors are the ice salinity and the presence or
absence of snow cover for new, young, and first-year ice. The conventional
WMO categories, however, will be retained here in order to facilitate compari-
sons with published results. New, young, first-year and multiyear sea ice
are discussed below.

2,1 NEW ICE

Although reports on the microwave brightness temperature of sea ice

have appeared in the literature since 1972 [2] and distinguished between "old"

and "new" ice, a more systematic classification of the "new" ice category

2-1
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N
occurred only in later studies. Several recent observations of new ice have
been reported in the literature. These include those of the NORSEX Group [3], Eé
“
Hollinger, et al [1], and Troy, et al [4]. Before examining the results of E:E
~
these particular experiments, it will be useful to make some observations on P‘¢
the physical characteristics of sea ice from its formation to the beginning {b
oo
of the melting season. &:
MY
A very useful description of these characteristics is given by :
Nakawo and Sinha [S]. They observed ice at Pond Inlet, Canada from freeze-up fg:.
through May with a careful documentation of salinity profiles, temperature, E?i
-
and snow cover., An important observation from the point of view of microwave S
radiometric studies was that the initial salinity of the ice after formation i;
kY
can be extremely high, For example, a value of 25°/00 was measured in one f;-
case and the authors commented that even this may not be the upper bound "
because of possible brine drainage during the removal of the core from the -;h'
N
ice sheet. This initial salinity drops very rapidly to a more stable value. ?és
In the example cited, the salinity had dropped tq 8.5°/00 within a week. uj\
Afterwards, it remained relatively constant with a tendency to decrease ;::
slowly during the rest of the season. The air temperature was generally Eiv
below -20°C during these measurements. For warmer days, one would expect the S
high initial salinity to drop even faster because of the enhanced brine q;g
AN
drainage. The growth rate of the ice depends, of course, on the air tempera- f&:
s

ture, Typical rates ranged from about 0.7 to 1.7 cm/day for the temperatures

prevailing at Pond Inlet (-20 to -40°C except during a warmer period in the

3 N

first few weeks ). The snow cover, which will be of interest below, was also

RO

"

monitored. Within a few weeks of the freeze-up the snow cover was already .
BN

about 8 cm thick and throughout the remainder of the season it fluctuated RN
=5
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o

L
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around 11.4 $4.2 cm. The snow density was 0.35 $0,04 g/cm3 during most of

)
X
S

A,

the season in agreement with earlier reported results. However, it was men-

A

J tioned that the density may have been lower than this during the early
5%
2
growth period.
Turning to the microwave observations, the NORSEX results [3) will Zﬁ
. o
A3 be considered first. The observations were made between the end of September :::
P
and early October 1979, The ice temperature was of the order of -1°C. Meas- :
CA
urements at frequencies of 4.9, 10.4, 21, 36 and 94 GHz with both vertical ~$j
e
e
- and horizontal polarization were made at a nominal angle of incidence ‘e,
P{N
© = 50° (this varied by about $3° due to heeling of the shipboard platform).
N
. o4
A Figure 2-1 is a plot of the deduced emissivity (i.e., after removing atmos- ‘;~.
- :.’:.
pheric effects and dividing by assumed ice temperature of 272 K) of the calm }ﬁ}
A
sea near the ice together with newly frozen pancake ice (case C in Figure 4 ==
of [3])) for both horizontal and vertical polarization. The computed sea 'ﬁx'
. _\':-.
. water emissivity is also shown and is mainly of interest as a check on the A
LI e
atmospheric correction procedure and the calibration of the instruments since
A e
the radiometric behavior of sea water is relatively well understood., Com- .ﬁa:
- 23
puted values, assuming an ice density p = 0.9 g/cm3, a salinity s = .;z:
A,
12.3%/00, frazil (i.e., random ice grain orientations in the theory of
» .Q
“
Section 1) with a mean air bubble diameter d, = 0.5 mm and a grain diameter i}i_
)
)
Y dg = 4 mm, and no snow cover, are also shown for an angle of incidence 6 = o
&J'
avhn
50°. The agreement is quite good. Although the salinity of the ice was not ]
X stated in [3], the assumed value appears to be reasonable on the basis of the 'Cj-
warm temperatures and the discussion above, Computations (not shown) were N
-\
also performed for columnar ice with a mean brine cell angle from the vertical
: of 24°, 1In this case, a salinity of 13%/oo (which is still quite reasonable) ';}
! A
-.’\.
e e
W ;:-; i
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1A
had to be assumed in order to obtain a fit to the experimental data which is
. roughly as good as that shown for frazil. For columnar ice, S = 12,3%/00
A\ yields a distinctly poorer fit to the data, 1In view of the fact that the
uppermost layer of ice is generally frazil or randomly oriented columnar ice
\
) (1], {6], the initial assumption is probably more realistic although the
'ﬁz microwave evidence does not indicate a distinct preference for one or the
i other of these models, The underlying sea water has almost no effect on the
b
? computed emissivity for an ice thickness of 1 cm because of the high attenua-
ir., tion through the ice. Thus, for all practical purposes, the ice thickness
| has no direct bearing on the emissivity. A characteristic feature of these
}i: results is the monotonic increase of the emissivity with increasing frequency.
This can be traced directly to the fact that at this high salinity and high
| temperature, both of which imply a large brine volume, the dielectric con-
E’ stant of the sea ice is quite large at the lower frequencies but gradually
~
7 decreases as the frequency increases,
For the warm ice temperatures under the NORSEX conditions one would
0
expect rapid surface desalinization and, perhaps, a lowering of the ice sur-
? face density due to brine drainage as the ice develops. Thus, it is not
surprising that for the densely packed 3 cm thick pancake ice (case D in
LN
v Figure 4 of [{3]) the emissivity is considerably higher than for the thin
13 pancake ice. Figqure 2-2 is a plot of this data together with computations
‘ which assumed an ice density p = C.8 g/cm3, salinity S = 9,3%/00, mean air
LSi bubble diameter d, = 0.5 mm, and mean grain size dg = 4 mm. Again, no
~ preferred orientation of the ice grains is assumed although, with an adjust-
A
ment of the salinity, similar results are obtained for columnar ice with a
188 mean brine cell angle of 24°, 1t is seen that while the comput~tions for

Jet A AR R R RNy R DAL .
a0t ey L AL R AT DR ’ LI IR, N
.

"w ..‘ I' -“l’.‘ e N T h‘- .
o e e T I‘I,.J‘__- ‘J Pl
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vertical polarization agree well with the measurements, they are too low for
horizontal polarization. There does not seem to be a ready explanation for
this discrepancy. As in the case of thin pancake ice, both theory and experi-
ment show the same characteristic increase of emissivity with increasing
frequency.

Another set of data on snow-free new ice is found in {1] where
nadir-viewing (8 = 0°) measurements were made at frequencies of 19, 22, 31,
and 90 GHz during the freeze-up period in October 1981, The ice temperature
was approximately 270 K during the experiments. Figure 2-3 is a comparison
of the experimental data (together with an indication of the range of

observed values) with computations which assume randomly oriented ice grains

in ice with p = 0.85 g/cm3, dz = 0.5 mm, d3 = 4 mm and a number of different

salinities. These parameters were not measured in the aircraft measurements
program, However, increasing the density to 0.9 g/cm3 reduces the computed emis-
sivities slightly. It is seen that the computations generally fall within the
measured range but that the higher frequency data fall on the lower salinity
curves. This is quite plausible since the smaller penetration depth of the
higher frequencies would emphasize conditions closest to the surface where
some brine has probably drained out. No attempt was made to model this situ-
ation because there is no data available on salinity gradients within a
centimeter of the surface, It should be noticed that an increase of emis-
sivity with increasinag frequency occurs in this data just as in the NORSEX
experiments although the magnitude of the change is smaller. This is due to
the lower brine volumes resulting from the lower temperature.

Data on new ice at much lower temperatures is given in [4] where

nadir viewing (6= 0°) measurements at 14, 19, 31, and 90 GHz were made during

2-5
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'l April 1977. The ice temperature ranged between 261 and 264 K. An assumed ice '

" temperature of 263 K was used in the computations shown in Pigure 2-4., It is 'i
E? seen that, except for 90 GHz, the data tend to follow a curve with high density ;
!’ and very high salinity. This is entirely reasonable considering the time of :

* year. The ice will be classified as new only for a short period because of i
tt the rapid growth to be expected so that possibly very high salinities could é
- arise as pointed out above. The exception at 90 GHz could be accounted for

éz by a desalinization of a very thin surface layer, Again, there is a charac-

- teristic increase in emissivity with increasing frequency which is due to

é the decrease of the dielectric constant with increasing frequency. =
}: Before leaving the subject of new ice, some observations will be ?
X

made on a possible model for new and young ice which has been mentioned

~

several times in the literature (see e.g., [1], [3], [4]). It is suggested

" that these types of ice have a thin film of water on the surface. Model E
ts computations have been made for new ice covered with a film of brine with i
a

I' salinity high enough to prevent freezing and with thickness ranging from
- 0.007 to 0.1 mm. The results are shown in Figure 2-5 at nadir for p = 0.9 ;
Eg g/cm3, 8 = 10°/00 and Tg = 270 K and in Figure 2-6 for p = 0.9 g/cm3, s = ;E
_ 10.39/00, and Tg= 253 K. These should be compared with Figures 2-3 and 2-4 .
{3 respectively., Considering Figure 2-5 first, it is seen that a film of brine i
> with a thickness of the order of 4 to 20 micrometers would be required to E
e explain the observations below 31 GHz but, for the assumed ice salinity of e
:1 10°/00 cannot explain the measurements at 90 GHz. However, just as for the i‘
‘-
) computations of Figure 2-3, if it is assumed that a lower ice salinity exists ;:
ii near the surface layer which affects 90 GHz, the computed emissivity at 90 ,:
-l GHz can be raised slightly., For S = 6°/o0o, the emissivity at 90 GHz :
3
2-6 ;
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e

becomes 0.900 for a film thickness of 4 micrometers but only 0.888 for a film

..

thickness of 10 micrometers. This is still significantly below the measured

:: value and below the value 0.912 achieved at 90 GHz for the film-free case in

. Figure 2-3. It is not known if the required film thickness below 40 GHz are

-

31 reasonable. No measurements exist, but the required values do seem to be

. small, Similar comments may be made concerning Figure 2-6 where a film

> thickness of the order of 20 to 50 micrometers is required to explain the
data below 31 GHz but causes difficulty at 90 GHz. Upon reducing S to
6°/00 not much improvement is obtained because the low temperature already

gg implies a low brine volume. Increasing the salinity to 20°9/oo reduces the
required film thickness to about 20 micrometers up to 31 GHz but again results
in an emissivity value which is much too low at 90 GHz. 1In view of the fact

. that high frequency data in all cases would be difficult to explain if a film

were present, it is probable that this model is not correct. Rather new and
young ice will feel moist to the touch simply because the high salinity will

lead to high brine volumes in the ice. This is a volume, not a surface

I'=
LR

effect.

- 2,2 YOUNG ICE

]

)

Both [1] and [4] present data on young ice observed at nadir from

3? an aircraft., The emissivity behaves differently in the two experiments.

- While the emissivity data in [4] basically shows the monotonic increasing

E; behavior with increasing frequency discussed for new ice, the data in [1] has

e a somewhat higher, almost frequency independent emissivity that is indistin-

B guishable from that of first year ice (to be discussed below)., While the ice

i; temperatures differed in the two cases, this does not appear to be the source
of the differences. Rather, the presence of a thin layer of wet snow in the

;i: ice observed in [1] seems to account for the difference.

F‘ 2-7
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Figure 2-7 is a plot of the relevant data. Measurements from [1]
are for an ice temperature of 270 K. There was very little snow on the young
ice at the time of the overflights but detailed ground truth data at Mould
Bay on the young ice during the time of the overflights showed that the ice
was covered with 3.2 to 6 cm of snow with a bottom layer of wet snow whose
thickness ranged from 1 to 3.5 cm. Details of the volume fraction of water
in the snow and its density were not published in [1] but it was indicated
that at several sites the bottom layer was slush while at other sites it was
not fully saturated. For the computations, it was assumed that volume frac-
tions of water v, = 2 and 3% (far from being slush) existed in the bottom
layer and that the snow density was 0.35 g/cm3. Considering the time of day
of the measurements, the top layer could have had a very small amount of free
water. It was assumed that v, ranged from 0.5%8 to 0.8% in this layer.
Computations were averaged for a number of total and bottom layer thicknesses
in the stated range and assuming a mean snow grain diameter of 1 mm. As for
the underlying ice, the grains were assumed to have no preferred orientation.
The other ice parameters were p = 0.85 g/cm3 , S = 10.9°/00, mean air bubble
diameter d; = 0 ° mm, and mean grain size dq = 4 mm, It is seen that the
average of the computations yield a generally high emissivity which deviates
by at most 0.01 from a mean value of slightly more than 0.95. There is
little systematic frequency dependence in the computations. Of course, by
changing the snow and ice parameters somewhat, one could obtain slightly dif-
ferent average values than those shown. One should compare these results
with Figure 2-3 which shows roughly the same ice conditions but without snow

cover. The effect of the snow is to raise the emissivity considerably and to
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AR

flatten the frequency response curve., The former effect of snow on ice has
often been pointed out in the literature. For the snow-free young ice dis-
cussed in [4], the ice temperatures ranged from 256 to 260 K. A ‘-alue of
258 K was assumed in the computations together with the same ice parameters
as above except that the salinity was allowed to vary. The computed results,
which tend to reproduce the data, are considerably lower than for the 270 K
data and look very much like the computations shown for new ice in Figures
2-3 and 2-4. The main difference is a shift to higher emissivities which is
readily understandable on the basis of the lower ice temperature and hence
lower brine volume.

2.3 PIRST-YEAR 1CE

There are two data sets for first-vear ice that will be examined

here, First, consider the NORSEX results |3 where the ice temperature was a
warm 272 K, but the first-year ice was Covere’ wit' srow. As was mentioned
in the discussion of new ice, both wvertica.l. ani = riz~rtally polarized

brightness temperatures were measure? for ar ar~-.e ~f 1nci1derce 6 = 50°, The
NORSEX data for first-year ice is shown in Fiqgure -8 wrere, excert for the
4.9 GHz and to a much smaller extert the 17.4 GHz data, not much frequency
dependence is evident in the emissivity. Model corputations for the two
polarizations were averaged over 8, 10, and 12 cr deprths of snow (a range was
chosen since the snow depth was not specified) and a small ranae of angles
near 50° to simulate the angular uncertainty in the NORSEX data. This proce-
dure also had the advantage of averaging over some angular structure which

arose in the models due to the plane parallel layered nature of the snow

model being investigated. Of course, in actual experiments, one does not
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expect to find layered structures whose thickness over a radiometric foot-
print is constant to within a fraction of a centimeter. As for the snow
conditions, one should expect some moisture in the snow layer nearest the ice
(recall the ground truth measurements for warm conditions mentioned for Mould
Bay in the previous section) both because of the warm temperature and the
fact that salt from the highly saline ice will infiltrate the nearest snow
layer thus allowing free water to form in the snow., Hence, computations were
performed where the bottom 1 or 2 cm of snow were wet with a volume fraction
of 9 to 10% free water. However, the bulk of the snow (7 to 9 cm thick) was
allowed to be either dry or with a very small amount of free water (0.5%) to
simulate, perhaps, a trace of melting due to solar radiation. In all cases,
the snow density was assumed to be 0,35 g/cm3. The ice conditions were
assumed to be p = 0.85 g/cm3, S = 10.9%/00, d; = 0.5 mm, dg = 4 mm and no
preferred orientation for the grain axes in the uppermost part of the ice.
Computations for the two assumed snow conditions are shown in Figure 2-8,
Considering the uncertainties in the assumed conditions, it is seen that the
computations are reasonably close to the measurements with the case where the
upper snow layer has a trace of free water being slightly better than the dry
upper layer.

Much colder first-year ice (Tg = 25C to 257 K) was measured at
nadir in the aircraft program described in [4]. The data are shown in Figure
2-9 together with the results of computations with two different snow cover
models, both at a temperature Tg = 253 K. The lower curve represents average
values for dry snow with a range of thicknesses up to 9.5 cm, a density of

0.35 g/cm3 and mean grain sizes of 0.7 and 1 mm. The upper curve represents
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an average for a layered snow model with a volume fraction of free water
Viw = 1 or 2% in the bottom layer of thickness ranging from 2 to 2.5 cm to
simulate possible infiltration of salt into the snow and an upper layer with
a trace of free water (v,, = 0.5%) to represent possible effects of solar
radiation. The total snow thickness for thissituation ranged from 9 to 12.5
cm and, again, the density was taken to be 0.35 g/cm3. The ice in both cases
was assumed to have an upper layer of frazil with p = 0.85 g/cm3, dy = 0.5 mm
and dg = 4 mm. For the dry snow over ice cases, the ice salinity was 10.9%/00,
but was reduced slightly to 10°/oo for the second set of snow conditions. The
model with a trace of water yields emissivities closer to the measurements, but
there is no independent information to support the assumptions made. Consider-
ing the expanded scale and lack of definitive knowledge of snow conditions, the
agreement of the measurement and computations in Figure 2-9 is reasonably good.
The principal cause for possible concern is the tendency for the computed emis-
sivities to fall somewhat faster with frequency than the measurements above
20 GHz. A possible reason for this is the fact that the loss tangent of the
ice grains in the snow at the low temperatures prevailing here is not well
known at these frequencies. Since this has an influence on the computed scat~
tering from the snow, the computations are somewhat uncertain. Increasing
the loss tangent would raise the computed emissivity at high freguencies.
2.4 MULTIYEAR ICE

The emission characteristics of multiyear ice have been discussed
since the earliest microwave observations of sea ice. Usually, no finer dis-
tinctions concerning the ice age is made but occasionally, as in [1}, second-
year ice is separated from older ice. 1In the present discussion, all multi-

year ice is treated as one kind of ice not only because of a lack of

2-11
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microwave data over a wide range of conditions but also because a clear
delineation of differencesin the physical structure of various age subdivi-
sions is not available,

First consider relatively cold multiyear ice such as observed in
{4) in the temperature range 247-256 K at nadir. This may be supplemented
by the data of Gloersen, et al [7] for ice at 250 K, Campbell, et al [8] for

ice in the 257-260 K range, and Gloersen, et al [9] for ice near 260 K. Figure

2~10 is a plot of the measured nadir emissivities in the frequency range below » :\f-
A -._‘\._‘.
Y TR Y
KA

40 GHz. No indication of the variability was given in [7] and [9], but it is ;:}::t;.

reasonable to expect the same variability as indicated in [4] and [8]. Snow {'\(:f:

was always present on the multiyear ice but details were not given in any of
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the reports. For the computations, ice with two basic types of snow cover

<
4 4

il

<,

s

were investigated. The first was a uniform dry snow layer in the 14-17 cm thick-

s
»

{

»

ness range with a density of 0,35 g/cm3 and mean grain diameter of 1 mm. 1In

SR
some cases a 1 to 2 mm thick crust with a density of 0.5 g/cm 3 and 1 mm mean Q;:;:;:

::-:x" S
grain diameter was added. The second type of snow cover was a multilayered ‘{sz:A

snow structure based on the description of snow cover given in [10]. A
covering of snow with two random fresh water ice layers embedded in the snow
was assumed. Of the 14 computed cases, the top, middle, and bottom snow
layers had mean thicknesses and standard deviations from the mean of 4.31
$0.12, 3.07 $0.27 and 8.90 $1.3 cm while the two ice layers had mean thick-
nesses and standard deviations of 7.35 $0.98 and 4.37 $t0.96 mm leading to a
mean snow-ice cover thickness of 17.5 cm on the sea ice. The snow had a
density of 0.35 g/cm3 and mean grain diameter of 1 mm while the fresh water
ice had a density of 0.9 g/cm3 with a 0.1 mm mean air bubble diameter. The

0ld sea ice in both the random and nonrandom snow cover cases was assumed to ’\{xjc

2-12
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have a density ¢ = (0.€ q’cm3 near the surface, salinity S = N0.01° 00, a
mean air bubble diameter d, = 1 mm, and a mean grain size dq = 4 mm, The
temperature was set equal to 253 K for all of the computations. Average
emissivity values for the two distinct snow cover models are shown in Figure
2-1C. The randor layering leads to a lower emissivity than the uniform snow
cover model. Also, a detailed examination of the cases in the first snow
- model (not shown separately in the figure) shows that a crust on the snow
tends to lower the erissivity slightly. <Considering the fact that the true
¥ physical state of the snow cover is unknown, the computations are seen to
reproduce the main features of the measurements to a frequency of about
30 GHz. Above 30 GHz, the computations begin to show an increase with fre-
gquency and at 90 GHz average emissivity values of 0.915 and 0.860 for the
uniform and random snow cover models are found. These are somewhat higher
X than the value 0.81 ¢ 0.04 reported in [4]. Although the computations appear
to be too high at 90 GHz, it is interesting to note that particular samples
of data discussed in [4]) show that there may be an increase in the emissivity
of multiyear ice between 31 and 90 GHz. Thus, at least qualitatively the
+ upturn predicted by the theory at high frequencies is confirmed. However,
the results in [1], which are considered next, indicate that the increase in
emissivity does not begin until a much higher frequency is reached.
The old ice in [1], observed at a temperature Tg =< 270 K, was
characterized as second-year, multiyear and old shorefast ice. The old shore-
f fast ice had emissivity values lying between the second-year and multiyear
jce and will not be considered further here., Figure 2-11 is a plot of the

measurements and shows that the multiyear ice has a consistently lower
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emissivity than the second-year ice. Computations using exactly the same
sea ice and snow conditions as discussed for Figure 2-10 except that the
thermal temperature is raised to Tg = 270 K are also shown in Figure 2-11,.
Again, the true state of the snow cover is not known, Although the frequency
range of the measured data is not as large as shown in Fiqure 2-10, one can
see a general agreement between the computations and the data at least to a
frequency of 22 GHz. The computations are too high at 31 GHz for the multi-
year ice but not for the second-year ice. At 90 GHz, the computed emissivi-
ties are definitely higher (0.927 for the uniform snow cover) than the meas-
ured values for either the second or multiyear ice types (0.84 and 0.67
respectively),

One may conclude from these examples that the theory is able to
account for, in a quantitative fashion, the general decrease in the emis-
sivity of multiyear ice to a frequency somewhere in the 20~-30 GHz range.

The theory overestimates the emissivity of multiyear ice at higher fre-
quencies. There are two probable reasons for this discrepancy. First, the
effect of the snow cover is not being computed correctly because . the lack
of knowledge of the true loss tangent of dry snow. This is more important
than in the case of first-year ice because of the lower emissivity of the
underlying multiyear ice compared to first-year ice. Second, and probably
more important, is the fact that the theory requires an expansion in a small
parameter. Truncating the expansion after the leading scattering terms, as
in the bilocal approximation, underestimates the effect of scattering and
hence overestimates the emissivity of the underlying sea ice (and, perhaps,
snow cover). The agreement between the computations and measurements at
lower frequencies is a result of the fact that scattering is less important

at lower frequencies so that the truncation is valiad.
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TABLE 2-1, SEA ICE CLASSIFICATION
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Selected WMO Terminology
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Microwave
General Specific Ice Thickness Classification (1]
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N, Young Ice ‘gray 10-15 cm
RN | lgray-white 15-30 cm
first-year ice
9. thin 30-70 cm
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v Ice
. thick >120 cm
- 014 Ice ‘second—year ice up to 2,5 mor more second-year ice

'multiyear ice up to 3 m or more multiyear ice
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6= 50° (Tg = 272 K, § = 9.3%00, p= .8 g/cm3)
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Section 3

CONRCLUSIONS AND RRCOMMENDATIONS

A theory of the microwave brightness temperature of sea ice based
on the bilccal approximation in strong fluctuation theory has been developed
and shown to be able to account for reported measurements on new, young, and
first-year sea ice over a variety of temperature conditions and frequencies
up to 140 GHz. Experimental data on multiyear ice are explainable at low
frequencies, but the theory begins to become less quantitatively correct in
the 20-30 GHz range. Calculations for multiyear ice at higher frequencies
do not accurately reproduce measurements,

The theory shows that snow cover on sea ice has a significant
effect on its emission characteristics and is responsible for the differences
in the observed spectral signature of new and young ice without snow cover
compared to young ice with snow cover and first-year ice (which almost always
is covered with snow). The effect of snow is not only to increase the emis-
sivity of these types of sea ice but also to flatten the spectral curve so
that the emissivity becomes almost independent of requency. For these rea-
sons, young ice (which may or may not have snow cover) can appear to be radi-
ometrically either like new or first-year ice. This has been observed in the
literature. Also, for these ice types, where the salinity is high, it appears
that salt from the ice can infiltrate the bottom-most layer of snow and cause
the appearance of some free water in the snow even though the temperature may
be quite low,

For snow-free ice, a model with a film of water on the ice surface

was investigated., This model has been suggested in the literature to explain
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certain features of the microwave signature (which can also be explained on
the basis of a higher bulk salinity). It was found that the required film
thickness is very small - no more than 20 to 30 micrometers. This is, per-
haps, too small to be reasonable so that such a model may not be plausible,
In addition, it does not reproduce high frequency (90 GHz) data as well as
models without the film, Because the explanation of published data does not
actually require such a hypothesis, it was rejected in this study.

The principal difficulty with the theory appears to be in account-
ing for the high frequency (above 30 GHz) decrease in the emissivity of multi-
year sea ice. A possible cause for this problem may lie in the fact that the
loss tangent of pure ice (as it exists in the ice grains of the snow cover)

is incorrectly specified and thus leads to a poor estimate of scattering

effects in the snow and its consequent influence on the ice emissivity. The
lack of knowledge concerning the dielectric constant of pure ice has been
pointed out in previous studies. Another, possibly more significant, reason
for the failure to predict the small emissivity of multiyear sea ice at high
frequencies is the fact that the bilocal approximation in strong fluctuation
theory ignores second and higher order terms in a perturbation expansion of
the random field scattered by the inhomogeneities of the medium., The reduced
scattering implies a higher emissivity. At lower frequencies, where scatter-
ing may be adequately treated by keeping only the leading term, the theory
was able to reproduce the experimental data quite well. Thus, the develop-
ment of a method for including higher order scattering corrections should

receive high priority.
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'l On the experimental side, this study has shown that ice conditions
such as density and salinity gradients within the first few centimeters of the

surface (or ice-snow boundary) may be quite important, Yet, almost ro experi-

mental data is available on this subject. Much more attention should be paid
to this area in studies related to microwave radiometry. Also, the question
of whether future models should consider possible water filims on the ice
depends on measurinag a film of water only a few tens of microreters thick.
Tentatively, this model has been rejected, but a definitive decision reqguires
more data. Finally, an extrerely important area fror the npeint of view of
radiometric studies is a full description of any snow cover on the 1ice,
Descriptions of this nature have almost never agppeared but, as this study has
shown, the snow cover 1s verw sianificant. Whether 1t is dry or wet, urifrr-
o multilavered with emhedded 1ce lavers, thick or thin can have an 1~:ortar®*
role in the interrretaticn, comiutation, and, ultimate achieverert ~f a ]!
understandina of sea i-e erissivity. Of course, to obtair surk data rea:ires
ground truth data tha* 1s often not availatle when aircraft or satellite cver-

fliqght of ice are made, However, as at least one examile ir this st ;4. rae

shown, surch data car be very valual.le s~ that ocrasional supportins ar~unid

parties should be fielded to surport these remote experiments.
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