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ABSTRACT. Previous observations have shown spatial covariances between
microwave emission from Antarctic firn at 6 cm wavelength, physical firn
temperature and  firn-density stratification. Such  observations motivate us to
understand the physics underlying such covariances and, based on that under-
standing. to develop estimation methods for firn temperature and layering parameters.
We present here a model for 6 em emission from firn in which density, and therefore
dielectric permittivity, varies randomly in discrete layers with mean thicknesses on the
order of centimeters. The model accounts for depth profiles of the physical
temperature, mean density and variance ol random density fluctuations from layer
to layer. We also present a procedure to estimate emission-model input parameters
objectively from in situ density-profile observations. as well as uncertaintics in the
input parameters and corresponding uncertainties in theoretical brightness-temper-
ature  predictions. We compare emission-model predictions with  ground-hased
observations at four diverse sites in Antarctica which span a range ol accumulation
rates and other parameters. We use coincident characterization data to estimate model
inputs. At two sites, layered-medium emission-maodel predictions based on the most
probable input parameters (i.e. with no model tuning) aeree with observations to
within 3.5% [or incidence angles <30, Corresponding ligures for the other two sites
are 7.5% and 10%. However, uncertainties in the input parameters are substantial
due to the limited length and depth resolution of the characterization data.
Uncertainties in brightness-temperature predictions are correspondingly substantial.
Thus brightness-temperature predictions for the last-mentioned sites hased on only
slightly less probable input parameters are also in close agreement with observations.
The significance of agreements and  discrepancies could be clarified using charac-
terization measurements with finer depth resolution.

Shuman and others, 1993

Remote estimation of these

Microwave emission from Antarctic firn has recently heen
shown to be correlated with mean annual temperatures
and snow-accumulation rates (Zwally, 1977; Rotman and
others. 1962 Fily and Benoist, 1991; Surdvk and Fily,
1993 ). In particular, vertically polarized emission near
Gem wavelength correlates strongly  with physical
temperature (Filv and Benoist, 1991). while the corres-
ponding horizontally polarized emission is aflected by the
surdyk and Fily, 1993).
Horizontally polarized emission at short wavelenoths

amount of stratification

1.6 and 0.8 em) is also evidently affected by surface hoar
and snow density in the first [ew centimeters of the surface
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variables would be valuable in studies of the dynamics
and thermodynamics of the Antarctic ice sheet. These
considerations strongly motivate a better understanding
ol how lirn structure aflects microwave emission.

Recent studies by Rott in east Antarctica resulted in
lirn-characterization data and coincident microwave-
emission  observations at 6 and 3em wavelengths at
several sites (Rottand others, 19934, b). The polar firn at
these sites, as elsewhere (Benson, 1959; Alley, 1988),
displayed numerous layers of dillering density on the
order ol centimeters in thickness. Boundaries between
adjacent layers were relatively sharp, i.c., the transition
between layers occurred over depth intervals much less
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than the typical layer thickness. Typical layer thicknesses,
mean firn density, the variance in density from layer to
layer, and microwave emission all varied considerably
between sites.

Individual layers of polar firn differ from each other in
erain-size distribution, texture, density, isotopic coneen-

trations and other properties. These properties are of

interest in many geophysical studies, but only those
properties that allect microwave scaltering are germane
to this study. In general, electromagneltic scattering
depends on the detailed diclectric structure of the firn.
Microwave scattering in particular is sensitive to two
types of dielectric discontinuities, volume inhomogeneities
such as ice grains, and abrupt changes in dielectric
constant at interfaces between lavers with diflering
densities (Miitzler, 1987).

Theoretically computed microwave emission [rom
homogencous (i.c. non-layered) firn with the observed
mean densities diflers considerably from 6 cm wavelength
observations (sce below). The predicted brightness tem-
peratures exceed those observed, while the predicted
difference between vertically and horizontally polarized
emission is much smaller than that observed. Previous work

Zwally, 1977; Cosimo and others, 1982; Surdyk and Fily,
1993 has shown that scattering [rom individual ice particles
is important at short wavelengths (e.g. 0.8 and L6em). At
longer wavelengths (e.g. 6 and 3¢m), calculations based on
scattering [rom individual ice particles in the firn do not
accurately reproduce the characteristics of available data
unpublished computations by R. West. D. Winebrenner
and L. Tsang). However, it is known that scattering from
layers similar to those observed in firn can signilicantly
lower brightness temperatures (from those in the corre-
sponding homogeneous-firn case) and increase the difference
between vertically and horizontally polarized emission
Tsang and others. 1987).

Thus, in this paper we study the effect of stratification
of firn density on microwave emission at 6 em wavelength
using signature modeling and Rott’s data set. We restrict
ourselves in this initial study to 6 em wavelength because
we want to minimize possible effects of scattering from
individual ice grains and thereby gain a clearer under-
standing of stratification ellects alone. We will extend the
present study to include grain-scattering effects at shorter
wavelengths in a forthcoming study.

The paper is divided into three major sections. First,
we introduce a model for the layered structure of firn
motivated by direct observations, and describe objective
statistical procedures to estimate model parameters [rom
the available characterization data. We discuss a rigorous
layered-medium emission model based on Maxwell's
equations and fluctuation dissipation theory. This model
is used to compute theoretical brightness temperatures
that depend on the physical-temperature profile and
scattering [rom interfaces between firn layers of diflerent
densities. In the penultimate section, we apply the
statistical procedures to characterization data, and use
the emission model to compute theoretical hrightness
temperatures. We describe a procedure to estimate
quantitatively the uncertainties in parameters used as
input to the emission model and the resulting uncertain-
ties in predicted brightness temperatures. In the final
section, we draw conclusions from the results.
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A MODEL FOR LAYERED ANTARCTIC FIRN

A number of investigators have described discrete
layering on centimeter scales in polar firn (Benson,
1959: Alley, 1988; Rott and others, 1993h). For
example, the solid line in Figure | shows the density
profile at Rott’s Veststraumen site (Rott and others.
1993h). The density measurements were made by
extracting and weighing successively deeper lirn sections
of known volume, The vertical extent of each section was
5cm and the centers of successive sections were Jcm
apart. The result is an averaged density profile. The
averaging obscures the underlying density profile some-
what; direct qualitative observations indicated that some
physical layers and crusts were actually thinner than
5cem. We provide information on glaciological and other
parameters at this site in the section on comparison ol
theory with observations,
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Fig. 1. The snow-density profile at Veststraumen ( solid
line). The profile was obtained by measwring the average
densily in consecutive 3em layers. The dashed line shows
the least-squares exponential fit to the measured profile.
The fitted exponential is: F(z) = 421 — 206 exp(7.82)
wilh z a negative value in meters, and F(z) measured in
kam >,

In Figure 1. we see a non-lincar trend in the mean
density as a function of depth. The trend is most
pronounced near the surface, and is also observed at
other sites (Rott and others, 1993h). Although it is not
visible in Figure 1. other studies of the depth indepen-
dence of firn density (Benson, 1959: Gow, 1968) have
shown a characteristic decrease in density variations with
depth, and an increase in the mean density level. The
decrease in density variation is most visible at depths
greater than 45m.

Firn layering is typically not horizontally coherent
over length scales of more than a few meters (Benson,
1959; Alley, 1988, figs 2 and 3). Satellite-emission
measurements cover a large footprint, and therefore
represent an average over density profiles present inside
the field of view of the radiometer. The ground-based
radiometer measurements are also averaged over several
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dilferent density profiles at each site. To model this type of

averaging, we [irst assume no horizontal variation in the
lavering, but then average results over several realiza-

tions.

Our model for density as a function of depth consists of

a sum ol a deterministic part, F(z), and a stationary
stochastic part, X(z): D(z) = F(z) + X(z2). The determi-
nistic function F'(z) models the non-linear trend apparent
in the measured profile. Since the measured profile shows
an apparent rise and saturation in mean level, we chose
an exponential functon lor F(z).

F(z)=a+ bexp(ez). (1)

The parameters a, b and ¢ are determined by fitting F(z)
to the measured density profile in the least-squares sense.
The dashed line in Figure 1 shows the exponential
function fitted for the profile at Veststraumen. The
primary importance of F(z) is to “detrend” the density
data. It is not related to the gradual densification of snow
which occurs at depths greater than a few meters. The
detrending allows a variety of statistical techniques to be
used on the remaining centered stationary process X ().
The scattering problem and computation of emission
described in the next section) are relatively insensitive to
changes in F(z) by itsell. However, the presence of the
non-lincar mean density prolile can slightly bias our
estimates ol other parameters. We discuss this issue
[urther in the context of comparing the emission model
with observations.

The stochastic process X(z) describes the randomly
layered structure in the upper few meters of firn. We
form X (z) from two single-parameter random processes.
one describing the thicknesses ol layers, the other
describing the variation from the mean density in cach
layer. We assume that the thicknesses of lavers are
exponentally distributed with parameter A
laver thickness = 1/X), and that the thickness of each
layer is independent of the thicknesses of all other layers.

average

Thus, the depth-of-layer interfaces form a Poisson
sequence. We assume that the variation from the mean
background density in cach layer (determined by F(z)
is Gaussian-distributed with zero mean and a standard
deviation a. We further assume that the deviations from
mean density are independent from laver 1o layer. The
combination of these two random processes is similar 1o
the random telegraph process described by Papoulis
(1991, ¢h. 10). Using the methods described by Papoulis,
we computed the autocorrelation function Ry y(z. 20)
and the spectral-density function Sy (w) of the stochastic
process X(z).

Ryx(z1,2) =e%e =2, (2)

Sy (w) 207\
Sxlw) === .
A2+ w?
Our profile data are not statistically sufficient o test the
validity ol these assumptions; the test of their validity will
be in the comparison of our combined firn-structure and
emission models with observations. There arve, however,
some grounds for optimism based on theory. in that
emission [rom random media slightly simpler than that

https://doi.org/10.3189/50022143000030537 Published online by Cambridge University Press

Weest and others: Microwave emission_from Antaretic firn

supposed  here is theoretically insensitive 1o plausible
variations in the distributions of layver densities (Klvatskin
and Tatarskii, 1977).

Our model includes the observed decrease in density
variations with depth, and the observed increase in mean
Benson, 1939; Gow. 1968). The

standard deviation of the density variations, o, is assumed

background density

to be constant in the top 4 m of firn. Starting at a depth of
4m, o is reduced as a lincar function of depth uniil it
reaches zero at a depth of 16 m. At 10 m depth, @ is half of
its maximum value. Also starting at a depth of 4m, the
mean background density level is increased as a linear
function of depth until it reaches a value of 600 kgm * at
adepth of 16 m. This gives a density profile similar to that
observed in the upper parts ol ice cores from Antarctica
and Greenland (Benson. 1959: Gow. 1968

To estimate A and o objectively from characteriza-
tion data, one might naively try to fit Equation (3). in
the least-squares sense, 1o a spectral estimate for
observed  detrended  density fluctuations. However,
three effects complicate the situation. First, the spectral
estimate includes the effects of a 5em moving average
due to the characterization procedure. Secondly, the
spectral estimate includes aliasing caused by the discrete
sampling used 1o obtain the density data. Finally, the
spectral  estimate will include distortion and bias
depending on the nature of the spectral estimator used.
These effects cannot be removed from the estimated
spectrum ol the data (Percival and Walden. 1993, ch. 6).
We therefore incorporate them into a modified spectral
model which we can then it 1o the characterization daia
directly.

The modified spectral model is formed by applying
the three distorting effects to the stochastic process X(z).
The 5em moving average is equivalent to convolving
X(z2) with a unit=square window of width 5 em. Let X, (2]
be the resulting moving-average process. '1'he spectrum ol
X.(2) 1s the product of the spectrum ol the window and
the spectrum ol X(z).

9y (W) = 802\ riiug(uu'%l) (1)

The quantity Ay in Equation (4 is the size of the moving
average (in the present data, 3em), The standard
deviation ol the moving-average process. a,. is deter-
mined by evaluating the autocorrelation of X, (2) at zero
lag. The autocorrelation of X, (z) at zero lag is just the
inverse Fourier transform of Sy (w) evaluated at z = (.
The result is a relationship between o, and .

o2 = ),\ﬁa (AAg — 1 4 My
il

—_
Sy ]
—

We use as our estimate for o, the standard deviation of
the detrended density data.

The moving-average process X, (z) is now sampled at
dem intervals, giving a discrete process X,,. The linite
sampling interval causes aliasing. Power at frequencies
"in this
I

higher than the Nyquist frequency (10 eyelesm
case) is aliased down into the range [0,10] cyclesm
1993, ch. 4

Percival and Walden, The resulting

spectrum is
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T (PP (6)
== DN, | W A,' -

k=—0¢

The nature of the measurement process makes the
sampling interval A. equal to the size of the moving
average Ay, Since Sy, (w) rapidly decays to zero with
increasing w. the infinite sum in Equation (6] can be
truncated after enough terms have been included to
capture most of the power in the continuous spectrum
Sy (w).

In this study, we chose the periodogram as the
spectral estimator, so we must consider a few additional
concerns raised by the nature of the periodogram. Iirst,
the theoretical spectrum should be scaled to match the
normalization of the periodogram. Secondly, the finite
length of the data makes it impossible for a periodogram
to estimate the zero-frequency component; we therefore
discard this component of the spectrum prior to the
least-squares fit. Finally, the spectrum of the square
window (implied by the finite length of the data record
can cause bias and distortion in a periodogram special
estimate (Papoulis, 1991: Percival and Walden, 1993).
However, the dynamic ranges of the firn spectra in this
study are relatively low (<20dB), so a periodogram
aives effectively unbiased results (Percival and Walden,
1993, ch. 6).

In practice, we apply the least-squares fit 1o the
natural logarithm of the theoretical spectrum, Sy, (w),
and the natural logarithm of the periodogram of the
data because the log spectrum has constant variance as
a function of frequency: this property makes the fitting
procedure more convenient. However, taking the
logarithm of a periodogram introduces a bias relative
to the logarithm of the theoretical spectrum (Percival
and Walden, 1993, ch. 6). We correct lor this elfect by
adding the known bias (Euler's constant) to the
natural logarithm of the periodogram. Fitting the log
spectrum gives an estimate of A which can then be
used with the estimate ol o, and Equation (5) to
obtain an estimate for . Figure 2 shows the logarithm
of the estimated data spectrum and the litted log
theoretical spectrum for Veststraumen. The large
scatter of the estimated data spectrum is due to the
relatively short length of the data record, and leads to
a relatively high uncertainty in the estimates of A and
a. In the section discussing the observations, we
present a method of estimating quantitatively the
uncertainties in the parameter estimates, and the
resulting variation in the theoretical brightness
lemperatures.

The estimates of A and @ are used to generate many
realizations of simulated Antarctic firn for use in
subsequent  brightness-temperature  calculations. Note
that the computation ol brightness temperatures will
e based on the underlying stochastic process X(z), not
the sampled moving-average process X,,. The moving
average and sampling interval are artifacts of the
measurement process used to obtain the density prolile:
they have nothing to do with the emission measurement
or calculation. In the next section, we summarize a
theory for microwave emission from the randomly
layered physical model just deseribed.
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Fig. 2. A comparison beticeen the natural logarithm of lhe
periodagram _for the measured densily profile al Vestsirau-
men (open squares) and the theoretical log spectrum ( solid
line) [itled in the leasi-squares sense with 1/A = 3.10 om,
and o= A49.9%kem ", The spectrum itself has unils of
(kgm -’l)j_‘-"( 1m).

THERMAL EMISSION FROM A LAYERED
MEDIUM

The problem in this section is to compute the brightness
temperature of the stratified medium used to represent
Antarctic firn. The physical model developed i the
previous section is shown schematically in Figure 3. The
model assumes homogencous lavers with planar inter-
faces. Region 0 is free space, while all the other layers
consist of dry snow. Each laver is characterized by a
density and a physical temperature which is constant
inside the layer. The physical-temperature characteriza-
tion data are fitted by an exponential function of the form
T(z) = Ty + Ty exp(vyz). Ty is the mean annual tempera-
ture encountered at 10m depth, Ty + T, is the surface
temperature, and v is the temperature-decay rate as
depth increases (2 is 0 at the surface and negative inside
the layered medium). The density profile is converted
into a permittivity profile using the lollowing empirical

z
90
Region 0 W €y
z=0
Region 1 T, (17981
z=d,
z=d
Region n T | A
z=d,
Region t T By

Fig. 3.

Antaretic firn.

The layered-mediun model used 1o represent
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mixing formula given by Mitzler (1987) for dry snow.
1.60
oy 100
1—0.35p
&=l 10, -32,0 +0.62p%)

IC‘

g=re fel, (7)
In the equation above, p is the snow density in gem 7,
and ¢, = 0.00033 is the imaginary part of the dielectric
constant of pure ice at a [requeney of 5.25 GHz and
15°C (Matzler, 1987).
treated as a constant over the range of temperatures in the
profiles studied. In reality. there is a small change with
temperature,

temperature of This quantity is

but this is not large enough to cause a
noticeable change in computed brightness temperatures.
The imaginary part of the effective snow permittivity
represents the small amount of attenuation in snow at
microwave frequencies,

To determine the thermal emission of the stratilied
medium shown in Figure 3, we need to characterize the
source of the emission, and solve Maxwell's equations for
scattering in a one-dimensional geometry. A fully
coherent field solution is used because the wavelength
and layer thicknesses are comparable, and the scattering
rate in each layer is small enough that reflected energy is
not significantly randomized while propagating through
one layver. This means that phase relationships between
incident and veflected sources of intensity at a layer
interface may be important enough to affect the
calculation. In future work, we will compare these
results with results obtained using an incoherent
radiative-transfer solution. In the next several para-
graphs, we summarize the important features of the
coherent theory as they apply to lavered Antarctic firn.

Thermal radiation from snow is caused by therm: lly
induced movements of microscopic charges in the
medium. This random motion of charges can be viewed
as a randomly fluctuating equivalent current density. Let
Ji(F,w) be the equivalent thermal-current density in
region [ as a function of position and frequeney, There is
no net current, so the ensemble average is zero
((]f(?‘ )) =0). but the expected value ((J(r.w)
JI(F,w)) is non-zero. The fuctuation dissipation
lhr‘mmn Callen and Welton, 1951; Landau and
Lifshitz, 1960; 1987) relates the
equivalent current source with the physical temperature

Tsang and others,

and lossy characteristics of the medium. Tsang and others
(1987, ¢h. 2) summarize the derivation of the result

-1 " = ’ [
(I(Fw)J (F W) = —wo KT b(w - w)s(r — 7). (8)

K is Boltzmann’s constant, 77 is llw ph\ sical temperature
in region /. 7 is the unit dyvad, and € is the imaginary part
ol the permitivity in region /. Equation (8) is valid as
long as the Rayleigh Jeans limit holds (hw << KT,
where I is Planck’s constant) and local the ‘rmodynamic
cquilibrium applies. Both of these conditions are met by
Antarctic snow at microwave frequencies. This result also
assumes that the fluctuations of Jj(#. w) are uncorrelated
between neighboring volume elements (hence the term
6(F—F)).

The next step is to compute the clectromagnetic field
generated by Ji(7,w). According 1o Maxwell’s equations
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(in time-harmonic form), the electric field satisfies the
following vector-wave equation.
Nox ¥ x EF

W) — %E(r.d; = iwpdi (7 w).  (9)

E is the electric field, ¢ is the local speed of light in the
medium, and g is the magnetic permeability.
The solution of the wave equation can be expressed

compactly in terms ol a dyadic Green's function

E(Fw) = iwp /(T‘(-f. ) (7 w)dF . (10)
JV

Since the geometry of the problem is planar, the dvadic
Green’s function for a stratified medium is used. The
radiated intensity and brightness temperature are then
related to the correlation of the field. Tsang and others
(1987, ch. 2) apply a propagation-matrix formulation to
this problem and obtain a solution for the vertically and
horizontally polarized brightness temperatures in a form
casily solved on a computer,

kel

Tin(h) =—— | B[ 2 b
mn{Po) (‘()H()”:quf\“;r._[ il
n 1 2
3 ﬂ ["{1"| ((‘2.‘-‘;'_(’; - (I'_’ﬂ"';'ll'} ! }
COs 9,,', : 2€) A;’
“3/| (o2 _ o2Hd 1
AH’
Ay B} 5t i
(' f’ I((‘ rJ.J, d; e ‘_.l'rl\.'l'f |)
l.j_
J' ‘ ])’,' o i9f ¢
g T gy, (11)
. b el Tkl -8 i
Tise(0) = Tilfld 2| Dy e 2
cos Un ekl |k |

ko~ ek + &)
cos 0 4 2,:““,-,"-'

G v

k7.
l)" ¥ ¢ 2R ¢
) ‘,t,-ffl (e Mt _ g=2Hdr 1
Iz
ki [* — B0, 2
| iz R bt il 8 ( ’J'. 1 _ 12k d) |)
| K- I + k2 .’f\J
T [ = O o L
P ‘ l'-I ! e (‘1_1'., dy (.‘J'_j-‘, d) ‘) ) (12)

[ [ i,

We assume that the plane of observation is the rz-
plane, so k, = 0. In the two equations above we use:
ki = ki + ik = w\/fap,
layer 1. Region 0 is free space. so k, = kgsin @y is real and

where ¢ is the permittivity of

a constant_throughout the stratified medium. However.

is generally complex. For a  stratified

medium without other scattering mechanisms (e.g.
particle scattering or rough-surface scattering), the
solution is expressed entirely in terms of upward- and
downward-travelling vertically and horizontally  polar-
ized waves. The constants Ay, By, €} and D, are the

b7
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amplitudes of these waves. They are determined by a
recurrence relation.

Act‘—ll (\—p’?f.g_ =i

i!of,gm_[f, :Bu—u
B Aui) o2k e
BH—H

ei2kin:(da o —di) 4 Ry

R’,le]h(,fﬂ"; =l —dr) |

(13)

Ry 1yuis the Fresnel reflection coeflicient [or horizontal
polarization between regions I and [+ 1.

s ke — k)

Rigyin = y
Y ek + kg

(14)

C; and D satisfy the same recurrence relation as Ay and
By, except that Ry qyuis replaced by Iypiy)y which is the
vertically polarized Fresnel reflection coellicient. To
obtain Ry 1), replace o by € in Equation 14).

The brightness temperatures given by Equations (11)
and (12) are valid for a single realization of Antarctic firn,
a single incident angle, and a single [requency. As
discussed earlier, brightness-temperature data are typi-
cally spatially averaged over many independent realiza-
tions of a stochastic density profile. Furthermore, the
bandwidth of a radiometer also introduces some
averaging. As long as the ensemble-averaged emission is

essentially requency-independent over the handwidth of

the radiometer. averaging over frequencies is equivalent

{0 averaging over realizations at the center frequency of

Carver, 1977).
theoretical results with data, we average computed

the radiometer Thus, to compare
brightness temperatures from many independent realiza-
tions of simulated Antarctic firn.

We neglect contributions to  observed brightness
temperatures [rom sky radiation reflected into  the
radiometer antenna by the firn surface. Such radiation
might contribute approximately 5 K o observed bright-
ness temperatures for horizontal polarization and inci-

where the firn reflection coeflicient
Miitzler, 1992). However, we lack data
to estimate this effect quantitatively in the present

dence angles =70
would be largest

measurements, and therefore do not include it in our
model.

Finally, quantitative comparison ol the theory with
around-based data requires that we include effects due to
the beam pattern and side-lobes of the recciving antenna
on the measuring radiometer (henceforth the measure-
ment antenna). The measurement antenna in this study
was a pyramidal horn. The measurement-antenna beam-

width and side-lobes average emission from a range of

directions. We incorporate this effect into the theory by

convolving the theoretical results, as functions of

incidence angle, with the full beam patern of the
measurement antenna, including  side-lobes. We  com-
puted the beam-pattern of the measurement antenna
using the actual dimensions of the antenna and the
theoretical formula for the ideal horn-antenna pattern
(Stutzman and Thiele, 1981, ch. 8).
next section, beam-pattern averaging significantly lowers

As we show in the

vertically polarized brightness temperatures at incidence
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angles of =407, thus flattening any pronounced Brewster-
angle effect in the theoretical emission, because ol the
entry of radiometrically cold sky radiation through one of
the side-lobes.

COMPARISON WITH OBSERVATIONS

In this section we apply the spectral-estimation procedure
and scattering theory to four data sets. Three were
obtained during an over-snow traverse leading from the
coastal station Georg-von-Neumayer to the Heimefront-
fjella mountain range during the Antarctic summer of
1989-90. The three sites, designated Veststraumen,
Amundsen Ice, and Base Camp, were all at clevations
above 500 m and had no indications of melting (Rott and
others. 1993h). A fourth data set was collected on the
Ronne Ice Shell during January February 1992 (Sturm
and others, 1992: Rott and others, 1993a).

Veststraumen

The Veststraumen site was located at 74719.6"5,
13°44.9° W at 500m elevation. The 10m firn tempera-
mire at the site is 233 K, and the surface temperature at
the time of the observations in February 1990 was 264 K.
The accumulation rate at the site is 260 kgm a2l (Rott
and others, 1993b).

We have presented the 2.5m profile of density
observations vs depth at this site (Fig. 1), as well as our
estimates of the mean density versus depth (Fig. 1) and
the spectrum of density fluctuations (Fig. 2), in the
process of presenting our model for layered firn and our
parameter-estimation procedure. Applying the latter to
the characterization data, we estimate the [ollowing
parameters for the firn at Veststraumen:

F(z) = 421 — 206 exp(7-8z)
o, = 39.4kgm i,

0=499kgm*,
1

35 3.10 cm, (15)

where z is to be given in meters and F(z) has units of
kem *. Note that the estimated average layer thickness
1A of 3.10cm is smaller than the 5em width of the
moving average; the average layer thickness is close to the
smallest thickness we could expect to resolve, given the
averaging and sampling procedure.

Figures 4 and 5 show 5.25GHz (6¢m) hrightness-
temperature observations and model predictions  at
Veststraumen for vertical and horizontal pul;u‘izution,
respectively, versus incidence angle. Observations are
denoted by open circles. The thick solid curves show
predictions from our layered-medium emission model
using only the parameter estimates in Equation (13) and
site-invariant assumptions discussed in the second section.
(The dashed curves denote our estimates of confidence
intervals for the theoretically predicted emission, to be
discussed momentarily.) For comparison, Figures 4+ and 5
also plot (as thin solid curves) theoretical brightness
temperatures for firn with a temperature profile and
mean density profile identical to those at Veststraumen,
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Fig. 5. A comparison of horizontally polarized brightuness
lemperatures al 6 cm wavelength for Veststrawmen. ( Refer
to the legend and caption on Figure 4. )

but assuming no layer-to-layver density variation or other
scattering mechanism.

The brightness-temperature observations at  Vest-
straumen are significantly lower than brighiness tem-
peratures expected in the absence ol scattering. The
differences are approximately 22 K (10%) for vertical
polarization and 32 K (153% for horizontal polarization.
Thus. the observed polarization contrast (i.e. the
difference between emission at vertical and horizontal
polarizations) is larger than can be explained by the non-
scattering model (or by typical models for scattering [rom
individual ice particles in the firn, such as that of Comiso
and others (1982)).
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Agreement between observations and predictions from
the layered-medium  emission model is considerably
better. For incidence angles <407, the model predictions
agree with observations to within appoximately 6 K (3%
for both polarizations; the predictions are oflset above the
observations by approximately constant amounts over
this angular range. At larger incidence angles, the
vertically  polarized observations rise less near the
Brewster angle than do the theoretical predictions. even
alter accounting theoretically for the elffeets of the
measurement-antenna  beamwidth and  side-lobes  (see
previous section), The horizontally polarized observa-
tions decline somewhat less rapidly with increasing angle
than predicted by the theory (due possibly to our neglect
of reflected sky radiation). Thus, the predicted polariza-
tion contrast agrees with observations to within approxi-
mately 3 K [or incidence angles up 10 307, 6 K at 40", and
ITK at 50 . We note that these results are obtained using
only model input parameters that are determined
independently, and in most cases objectively. from
observations of polar firn.

In assessing the significance of this comparison, it is
useful to consider the sensitivities of the signature model
and uncertainties in the input parameters. The layered-
medium emission theory is most sensitive to variations in
Aand o (and relatively. though not in all cases absolutely,
insensitive to the other parameters in the model). The
characterization data tightly constrain a, and therefore
partly constrain o via Equation (3), but the estimation of
Ads. for two reasons, less precise. First, although the fit of
our model spectrum to the observations is good (Fie, 2.
the quality of this [it is not very sensitive to A near the
best-lit value. This can be understood  physically by
noting that the best-lit mean layver thickness (1/A) s
comparable to the averaging length in the characteriza-
tion measurements; the averaging process results in the
loss o information on the thinner layers that would
characterize the layering process more precisely, The
result is that our estimate of A is signilicantly uncertain.
The uncertainty in A causes a corresponding uncertainty
in . despite the well-characterized value of a,. The
second  source ol uncertainty in A s the statistical
uncertainty in the spectral estimate itsell] which is an
unavoidable consequence ol spectral estimation based on
Percival and Walden, 1993).

The consequence of uncertainty A s corresponding

a limited amount ol data

uncertainty in theoretical predictions ol brightness
temperature. Note that this type of uncertainty diflers
from uncertainty due to statistical fluctuation in emission
rom a statistically homogencous random medium. As
discussed in the previous section, such Muctuations are
negligible in most observations due to averaging inherent
in the measurement process.

We have estimated  the uncertainty  in predicted
brightness temperatures due 1o input-parameter uncer-
tainty by means of further Monte Carlo simulation.
Specifically, we simulated 1000 2.5 m long realizations of
layered-density profiles using our idealized model for the
lirn and the parameter estimates in Equation (15). We
then applied the parameter-fitting procedure to cach of
these simulated profiles to obtain 1000 sets of parameter
estimates in a case with known true parameters. We
found little variance in estimates of @, (as expected ), but
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significant variance in estimates of A and therefore a.
Correlaton between the errors in o, and A was small, but
errors in A were highly (positively) correlated with those
in @, as might be expected in light of Equation (3). The
observed distributions of A and ¢ are non-Gaussian and
asymmetric about their means.

We note also that power at low spatial frequencies in
the random density-layvering process, X, (z). is diflicult 1o
distinguish [rom variations in the deterministic mean
density function, F(z). on long spatial scales. Thus our
detrending of the density data may introduce biases into
the parameter estimates. In the simulation corresponding
10 Veststraumen, we observed only small differences
between the means of parameter estimates and  the
parameters used to generate realizations. The potential
sienature variations due to such biases are small relative
to those due to uncertainty (l.e. variance) in the
parameter estimates. Simulations corresponding to the
other sites discussed below showed that sizes ol biases
depended on the strength of the variation ol mean density
with depth; a stronger variation in mean density leads o

larger hiases. However, at all sites the potential effects of

biases remained smaller than those due to parameter
uncertainties. We therefore focus here on signature
uncertainties due to parameter uncertainties.

Having confirmed that errors in A and o are highly
correlated, we estimated the uncertainties in predicted
brightness temperatures at Veststraumen using the value
of @, given in Equation (13) and the simulated
distribution of A, We repeated our Monte Carlo
signature computations twice, using values of A corre-
sponding to the 16th and 84th percentile values in the
simulated distribution. (The choice of these particular
percentile values was somewhat arbitrary, motivated by
their correspondence to the percentile values separated by
one standard deviation from the mean in the case of a
Gaussian distribution.] The signatures corresponding (o
the 16th percenule A (i.e.
thickness) are shown as the upper dashed lines in Figures

the largest mean layer

t and 5. Those corresponding to the 84th percentile (the
smallest mean laver thickness) are shown as the lower
dashed lines.

The ranges of uncertainty in predicted brightness
temperatures based on the present data are significant.
Predicted brightness temperatures could evidently be
brought into very close agreement with the observations
at incidence angles <607 simply by changing the mean
layer thickness in the model to a slightly smaller, only
slightly less probable, value.

Note, however. that any such tuning would cause a
stronger Brewster-angle effect in the predicted vertically
polarized emission, whereas the opposite would be needed

to reproduce more accurately the angular dependence of

the abservations. This discrepancy may be due to our
calculation of the effects of measurement-antenna side-
lobes on the basis of theoretical formulae (as explained in
the previous section). Any departure of the actual
measurement antenna [rom the theoretical ideal would
likely result in higher than anticipated side-lobes. The
lattening of theoretical results near the Brewster angle is
sensitive to the side-lobe level because any sky radiation
entering via a side-lobe is radiometrically very cold.
Figure 6 illustrates this point with two plots of theoretical
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Lig. 6. A comparison between beam-averaged and non-
beam-averaged theoretical brightness lemperatures at 6 em
wavelength_for the lavered medium at Veststraumen. Note
that the beam pattern separales the vertically and
harizontally polarized brightness temperatures at nadir.

brightness temperatures for the Veststraumen site. The
solid lines show predictions for vertically and harizontally
polarized emission as would be observed using an
instrument with elleetively infinite directionality (zero
beamwidth and side-lobe level). The dashed lines show
the corresponding brightness temperatures with our best
theoretical accounting for the bheam pattern of the
measurement antenna used in this study. Even a minor
deviation of the actual [rom the assumed side-lobe level
could cause a less pronounced Brewster-angle effect in the
theory, similar to that observed.

Finally. we note that the beamwidths and side-lobe
corrections in spaceborne radiometers are typically quite
different from those in the present ground-based study:
readers should therefore take such differences into
account when considering the implications of our study
for the interpretation of data from such systems.

Amundsen Ice

The Amundsen Ice site was located at 75733.0'S,
10°17.42° W, at an elevation of 2250m. The 10m firn
temperature at this location is 240 K. and the surlace
temperature at the time of data acquisition was 259 K.
2a ! (Rott
and others, 1993h). Note that both physical temperatures

The accumulation rate at the site is 150 kg m

and the accumulation rate were significantly lower at
Amundsen Ice than at Veststraumen. Rott and others
(1993Dh) earlier reported observations of significant hoar
layers at several depths at this site.

Figure 7 shows the 2.5 m firn-density profile acquired
at this site. In contrast to the Veststraumen site, there is
little or no visually apparent trend in mean firn density as
a function of depth at this site. "This impression is borne
out by attempts to fit an exponential profile for mean
density to the observations; such attempts fail due to
numerical ill-conditioning. We have therefore modelled
the mean density as a function of depth at this site as
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Fig. 7. The snow-density profile measured ai Amundsen
lee (solid line). The profile was oblained by measuring
the average density in consecutive 5em lavers. The dashed
line shows the leasi-squares constant fit to the measured
profile. "The fitted constant is: F(z) = 366 ke m

constant and equal to the mean of the observed density
profile, 366 ke m 4

The other parts of the parameter-estimation proce-
dure can be applied unchanged to this site. We obtained
the following parameter estimates:

a, = 45.1 kgm

=56.1kgm *

el

= 535 6. (16)

Note that the estimated average laver thickness diflers

little from the corresponding value at Veststraumen of

3.10cem. despite the difference in accumulation rates
between the two sites, The standard deviation of density is
much greater at this site, as scems consistent with the
qualitative observation of depth-hoar layers at Amundsen
L

Figures 8 and 9 show hrightess-temperature observi-
tons and model predictions for vertical and horizontal
polarization, respectively, as [unctions of incidence angle.
Vertically and horizontally polarized brightness-tempera-
ture observations (open circles) are both consicerably
lower at Amundsen lee than at Veststraumen, For
vertical polarization, the difference hetween sites is 239K
at 10 incidence angle, and decreases to 18K at 507, The
difference at 507 can be aseribed almost entirely to the
[ K lower mean annual temperature at Amundsen lee.
The dilference in horizontally polarized emission at the
two sites exceeds that [or vertical polarization (c.o. 28 K
at 50" incidence anglel. making the polarization contrast
markedly larger at Amundsen Iee. Dillerences between
observations and emission in the absence of scatlering
(denoted by thin solid lines) are also much larger at this
site, e.g. 36 and 533K [or vertical and horizontal
polarization, respectively. at 30
these observations indicate strong scattering at Amundsen
lee.

The thick solid lines in Figures 8 and 9 show the

https://doi.org/10.3189/50022143000030537 Published online by Cambridge University Press

incidence angle. All of

West and others: Microwave emission_from Antarelic firn

250 |- -

N
N
wn

200

[

wu

(=1
1

Non-Scattering Model -

== Layered Medium Emission

125 = =
Confidence Limits

brightness temperature (K)
5
wn

O O O Data

[
(=]
o
1

75 1 1 1 L 1 1 1 |
10 20 30 40 50 60 70 80 90

incidence angle (°)
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Fig. 9. A comparison of hovizontally polarized brightness
lemperatures al & enr wavelength for Amundsen lee. ( Refer
lo the legend and caption on Fioure 8. )

predictions of the layered-medium emission model, and
the dashed lines represent confidence limits, analogous to
and derived via the same procedure as) those given for
Veststraumen. Again, all model parameters have been
estimated objectively from characterization data or lixed
by assumption at site-invariant values. Similar 1o the
situation at Veststraumen, the theoretical predictions are
ollset above the observations for hoth polarizations; the
offset is larger in this case, approximately 153K, The
computed polarization contrast agrees with the observa-
tions to within 5 K for incidence angles <40, but exceeds
that observed by 13 K at 50. As at Veststraumen, these
differences are due to a more pronounced Brewster-angle

f
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eflfect, and a faster decrease in horizontally polarized
brightness temperatures with increasing incidence angle,
in the theory than is shown in the observations.

At incidence angles of 407 or less. it appears that the
discrepancies between theory and observation could
again be explained by a mean layer thickness shorter,
but not much less probable, than our estimate. At larger

incidence angles, inadequate theoretical treatment of

measurement-antenna side-lobes may play a role. The
theory without antenna-pattern corrections shows a
sharper rise and fall of vertically polarized brightness
temperatures near the Brewster angle at Amundsen lce
than at Veststraumen. (This occurs because vertically
polarized emission at small incidence angles is preferen-
tially lowered by the stronger scattering at this site.) We
would therefore expect any error in computing side-lobes
effects to be more apparent at Amundsen Ice.

One other potential source of the discrepancy should
be considered. The depth-hoar layers reported at this site
(Rott and others, 1993b) contained hexagonal ice plates
up to 4mm in diameter which might have caused
significant scattering, even at Gem wavelength. This
type of volume scattering would tend to lower brightness
temperatures overall and to reduce the Brewster-angle
effect in vertically polarized brightness temperatures
(Tsang and others, 1987). However, it would be difficult
to explain the observations of large polarization contrast
at small incidenee angles on the basis of this mechanism
alone (unpublished computations by R. West, D. Wine-
brenner and L. Tsaneg). It therelore scems likely that its
importance to 6 cm emission, if any, is limited to vertical
polarization and the angular region near the Brewster

angle.
Base Camp

The site Base Camp was located at 74°45.4'S, 12723.7"W,
at an elevation of 1200m. The 10m firn temperature a

this site is 248 K; the surface temperature at the time of

data acquisition was 261 K; the accumulation rate is
= 9

300 kgm ~a
Veststraumen and Amundsen Ice geographically and in

Thus this site is intermediate between

terms of mean annual temperature, but the accumulation

rate is larger, apparently due to its location at the base of

a mountain range Rott and others, 1993b).

Figure 10 shows the measured density profile for Base
Camp; at this site, the density profile extends to 3m
depth, and we have used the entire record for parameter
estimation, as in our discussion in the second section.
Thus. we obtain the lollowing parameter estimates:

F(z) = 586 — 195 exp(0.28z) .
7, =2.6kgm *,

oc=37.Tkgm™?,

1
R:l.lh’('m. (17)

where, again, z is to be given in meters and the units of
F(z) are kgm . Notice that a,, the standard deviation of

density in the measurements, is considerably smaller al
this site than at the previous two. Notice also that the
estimated mean laver thickness is considerably smaller as
well, and is indeed much smaller than the averaging
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Fig. 10. The snow-density profile measured al Base Camyp
(solid line). The profile was obtained by measuring the
average density in consecutive 3cm layers. The dashed line
shows the leasi-squares exponential fit to the measured
profile. The fitled exponential is: F(z) = H86
—195exp(0.282) with z a negalive value in melers, and
F(2) measured in kg m

length in the characterization measurements. This
suggests that the estimate of A at this site is likely to be
substantially uncertain.

Examination of the spectrum of detrended  density
fluctuations confirms this inference. The spectrum, shown
in Figure 11. is essentially flat over the range of
observable spatial frequencies up to the Nyquist
frequency. Model spectra (see Equation (6]) with a
range of different A values [it the observed spectrum
almost equally well; the only eriterion on the A values is
that they correspond to mean layer thickness much
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Fig. 11. A comparison between the natural logarithm of the
periodogram for the measured densily profile al Base Camp
(open squares) and the theoretical log spectrum (solid
line) fitted in the leasi-squares sense with 1/ A = 1.16 cm,
and o =37.Tkgm >. The spectrum itself has unils of
(kem "))



https://doi.org/10.3189/S0022143000030537

shorter than the averaging length. Whether this situation
arises because the true mean laver thickness is very small,
or simply because density layering at this site is weak and
therefore difficult to characterize, is unclear. In any case,
the particular estimate of X in Equation (17) is highly
uncertain. The uncertainties estimated by Monte Carlo

simulation in this case are comparable to the parameter

estimates themselves. The corresponding uncertainties in
predicted  brightness temperatures are therefore also
large, as we will show momentarily.

The brightness-temperature observations for this site
(plotted as open circles in Figures 12 and 13) are slightly
higher than those at Veststraumen, despite the fact that
mean annual temperature is 5K lower at this site. The
polarization contrast here is smaller than at Veststrau-
men, and much smaller than at Amundsen Iee. Thus, it
appears that scattering at the Base Camp site is weaker
than at the other sites. as might be expected given the low
value ol a, at this site. The observations nonetheless fall
approximately 13K below brightness temperatures
computed on the hasis of no scattering (plotted as thin
solid lines in Figures 12 and 13).

The thick solid lines in Figures 12 and 13 show
brightness temperatures predicted by the lavered-medium
emission model based on the parameter estimates in
Equation (17, The single dashed line represents the
model prediction based on the 161h percentile value in the
simulated distribution of A, which corresponds 1o a mean
layer thickness of 2.10em. The plot of brightness
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Fig. 12, Vertically polarized brightness temperatures at
tiem wavelength for Base Camp. The brighiness
temperatures for the non-scattering model were computed
wilh the same mean density profile as the layered-medium
model. The dashed lines show the range of theoretical
brightness-temperature curves associaled with the range of
A that lies within a 68% confidence interval about the
estimated N Temperature profile: T(z) = 248
+ 13.3 exp(0.42). The single dashed line represents the
model frediction based on the 16th percentile value in the
simulated distribution of X, which corresponds to a mean
layer thickness of 210 cm. ‘The plot of brightness
lemperatures for the &4th percentile value of X is so low
as to be off the scale of the figure.
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Fig. 13, A comparison of horizontally polarized brightness
lemperatures al G em wavelength for Base Camp. ( Refer to
the legend and caption on Fioure 12.)

temperatures [or the 84th percentile value of X is so low
as to be oll' the scale of the figures. The mean layer
thickness implicd by that value of A is less than a
millimeter; we rvegard such a mean layer thickness as
unphysical in view of the size of individual ice erains in
firn (roughly 0.5 1lmm). The large uncertainty in A
translates into very large uncertainties in predicted
brightness temperatures.

The theoretical predictions based on Equation (17
lall approximately 20K below the observations at small
incidence angles (or both polarizations, and show a more
pronounced Brewster angle than is observed for vertical
polarization. However, brightness-temperature predic-
tons based on the 16th percentile value of A are shghtly
above the observations, and display only a slightly greater
Brewster-angle effect than that observed. This SUGLesls
that the layered-medium emission model can explain the
observations at this site as well, and that the discrepancy
between the solid line and observations in Figures 12 and
13 is due to the difliculty in accurately estimating the
mean layer thickness at this site.

Ronne Ice Shelf

T'his final comparison involves not a single site but rather
a collection of eight sites on the Ronne Iee Shelf between
latitudes of approximately 77° and 78 30'S and lone-
itudes of 62" and 68" W. The data from these sites were
acquired during January February 1992 (Sturm and
others, 1992; Rott and others, 1993a). The radiometric
observations presented below  result from 50 sets of
measurements near the eight sites: we therelore present
the mean. maximum and minimum brichiness Lempera-
tures for all observations, at cach incidence angle and
polarization. Sturm and others (1992) present detailed
stratilication  observations for one of the eight sites
(spectlically, site 5), including a 5m profile of density.
again averaged in 5 em increments. We assume here that
this profile and other physical properties are representa-
tive of the firn at all the sites, and compare brightness-

~1
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temperature predictions based on those characterization
data to the full set of radiometric observations.

The 10m temperature at the site is 248.5 K, and the
surface temperature at the time of data acquisition was
approximately 263 K. The accumulation rate, estimated
ftom several data sources, is 161 kgm “a ', Figure 14
shows the 3m density profile for this site; note the
apparent decrease in the variance near the bottom of the
profile. For this reason, and for consistency with our
physical model of the fim, we have used only the upper
4m of this profile for parameter estimation. Qualitative
observations at this site included a number of very thin ice
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Fig. 4. The snow-densily profile measured by Sturm and
others (1992) at one location on the Ronne Iee Shelf (solid
line). The profile was obtained by measuring the average
densily in consecutive 3cem layers. The dashed line shows
the least-squares exponential [it to the measured profile
(using the top 4m of data). The filted exponential is:
F(z) = 429 — 91 exp(0.88z2) with z a negative value in
melers, and F'(z) measured tn kg m

crusts and depth-hoar layers (Rott and others, 1993a):
thus. there were apparently significant density variations
below the scale resolvable with the characterization
method, and the observed standard deviation of density
is relatively large. Our parameter estimates for this site

are

F(z) = 429 — 91 exp(0.88z2) ,
o, = 44.4kegm i

o =583kgm *

—=2.62cm, (18)
where again z is to be given in meters and the units of
F(z) are kgm *. The estimated mean layer thickness is
again small comparted to the averaging length in the
characterization measurements. Though the situation is
not quite so problematic as at the Base Camp site. the
uncertainties in o and A are significantly larger here than
at the first two sites. Veststraumen and Amundsen Ice.
Figures 15 and 16

show brightness-temperature
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Fig. 15. Vertically polarized brightness temperatures at
6em wavelength for the Ronne lee Shelf. The brightiess
temperatures for the non-scallering model were compuled
with the same mean densily profile as the layered-mediwom
model. The dashed lines show the range of theoretical
brightness-lemperature curves associated with the range of
X that lies within a 68% confidence interval aboul the
estimated X, Temperature profile: T(z) = 248.5+ 17.5
exp(0.37z).
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Fio. 16. A comparison of horizontally polarized brightness
temperatures al Gem wavelength for the Ronne Iee Shelf :
( Refer to the legend and caption en Figure 13.)

observations (open circles) and theoretical predictions
for this site for vertical and horizontal polarization,
respectively. The range of observations at cach incidence
angle is denoted by a vertical bar. Vertically polarized
brightness temperatures at 30" for this site fall 10K below
those at Base Camp, despite a negligible difference in
10m [irn temperatures at the two sites. In contrast, the
difference in 10 m firn temperatures between this site and
Amundsen lce matches precisely the difference in
vertically polarized brightness temperatures at 50°. The
polarization contrast on the Ronne [ce Shell is also very
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similar to that at Amundsen Ice. Brightness temperatures
expected in the absence of scattering are roughly 35K
higher than the observations for vertical polarization at
this site. The corresponding figure is 45 K higher for
horizontal polarization, at incidence angles of roughly 30
or less. Thus, this appears to be a strongly scattering site,
somewhat similar to Amundsen Ice.

Predictions from the lavered-medium emission model
for horizontal polarization (Fig. 180 aerce well with
observations up to 307 incidence angle, alter which the
data fall off less rapidly than the theory; this phenomenon
is stronger here than at the fivst three sites. Predictions for
vertical polarization fall 56 K above the observations for
mncidence angles <407, and 9K above at 50°. Again, the
ideal horn antenna-pattern correction leads to a some-
what greater Brewster-angle effect in the theoretical
predictions than is observed.

CONCLUSIONS

We have compared a model for microwave emission from
density-stratified firn at 6 cm wavelength with ground-
based emission and characterization measurements, at
four disparate sites in Antarctica. According 0 our
model. emission is controlled by scattering from inter-
faces between firn layers of differing density and
thicknesses ranging from a few centimeters down to thin

crusts (in addition, of course, to the controlling effeet of

physical temperature). The model is derived [rom
fluctuation-dissipation theory and the theory of propaga-
tion in layered media, and involves averaging over
realizations  of randomly layered firn. Quantitative
comparison with ground-based observations also requires
accounting for effects due to the beam pattern and side-
lobes of the measurement antenna.

To compare the emission model with observations, we
have developed a procedure (o estimate model input
parameters using the available charvacterization data.
This procedure provides objective estimates ol the most
sensitive emission-model input parameters: thus our
comparisons of theory with data involve no parameter
tuning. Note, however. that our parameter estimation
procedure is separate from and independent of the
emission model iselll Uncertainties, present shortcom-
ings, or future improvements in inpul parameter
estimates will therefore affect signature predictions
independently of the merits of the electrodynamic
caleulations.

The four sites in our study span a significant range in
terms of glaciological and radiometrie properties. Accu-
mulation rates range [rom 130 to 350kem "a ' firn
densities at (roughly) 3m depth range from 366 to
586 kgm ' and 10m firn temperatures range from 240 (o
253 K. Layer-to-layer density fluctuations were strong at
the two low-accumulation-rate, low-density sites
Amundsen Iee and the Ronne Iee Shell) and weak at
the high-accumulation-rate, high-density site (Base
Camp). One site (Veststraumen) was intermediate. The
Amundsen Tee and Ronne Iee Shelf sites displayed
evidence of strong scattering, i.e.. brightness tempera-
tures hased on a non-scattering model (but with the bulk
densities and physical-temperature profiles appropriate o
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cachsite) exceeded those observed by 40-33 K (20 28% ),
and the observed contrasts between polarizations were
much larger than could be explained by such a model.
Scattering at the Base Camp site was weaker, though
certainly not insignilicant, and the Veststraumen site was
again intermediate in this regard. We note that these
observations are consistent with much larger-scale,
though unavoidably less precise, observations by Surdyk
and Fily (1993) using satellite-radiometer and historical
ground-survey data,

The layered-medium emission model racks the site-
to-site variations well and provides a quantitative
physical explanation of the data. Brightness tempera-
tures based on the most probable input parameters as
determined by the characterization data) agree with
observations to within 3.5% (8K for incidence angles
<50 at the Veststraumen and Ronne Tee Shell sites. The
standard deviation of random fluctuations in laver
density and mean layer thickness most strongly deter-
mine the level of scattering in our model. However. these
quantities are determined by our estimation procedure
only 1o within substantial uncertainties, due o the
unavoidably limited length and depth resolution of the
density characterization. Thus, values of sensitive input
parameters within significant ranges are only slightly less
probable than the most probable values, given the
available characterization data. The ranges ol corre-
sponding brightness-temperature predictions are there-
fore also significant. The agreements between
observations and theoretical predictions based on the
most probable input parameters at Amundsen lee (15K,
and Base Camp (22K, or 10%)
assessed in - this light. Estimation of the mean layer

or 7.0% should be
thickness for the Base Camp site was especially proble-
matic. In both these cases, input parameters only slightly
less probable than the most probable values lead 1o very
good agreement between theory and data away from the
Brewster angle. Small additional diserepancies near the
Brewster anele  (at all sites mayv well be due 1o
inadequate accounting for actual antenna side-lohe
elleets. as opposed to the correction for an ideal antenna
assumed in our caleulations,

Thus, o within the present uncertainties in model
input parameters, the layered-emission model is capable
ol explaining 6 em wavelength radiometric variability at
four substantially differing sites and, by implication, over
larger areas of polar firn. It should be noted, however.
that the present study cannot rule out the possible
signilicance of other scattering mechanisms (e.g. volume
scattering from  depth-hoar crystals) in at least some
situations. Therefore, the most obvious further research
called for is studies similar o that reported here but
involving finer depth resolution in density-characteriza-
tion records and coincident, quantitative grain-size
information.

Desivable further work notwithstanding, our present
results contribute o efforts o estimate glaciological
variables remotely from microwave observations. Be-
cause long-wavelength (4.5 6 em ), dual-polarization
emission observations can be quantitatively related to
the T0m firn temperature and layering parameters, such
observations may, in principle, be used o estimate 10m
firn temperatures over wide arcas of the dry-snow zones of

~1
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Antarctica and Greenland. We will present a physically
based algorithm to do so. together with tests against
independent temperature data, in a forthcoming study.
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