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Backscatter model for the unusual radar properties
of the Greenland Ice Sheet

Eric Rignot
Jet Propulsion Laboratory, California Institute of Technology, Pasadena

Abstract. A number of planetary objects exhibit large radar reflectivity and
polarization ratios, and more recently, a similar behavior has been observed over a
vast portion of the Earth’s surface: the percolation facies of the Greenland Ice Sheet.
Surface-based ranging radar data and snow stratigraphy studies demonstrated that
the radar properties of that portion of Greenland are caused by enhanced scattering
from massive, large, solid-ice bodies buried in the top few meters of the dry,
cold, clean snowy surface of the ice sheet and created by seasonal melting and
refreezing events. Here, we model the icy inclusions as randomly oriented, discrete,
noninteracting, dielectric cylinders embedded in a transparent snow medium. An
exact analytical solution is used to compute the scattered field from the cylinders.
Using this model, we correctly predict the polarimetric radar observations gathered
by an airborne imaging system at three wavelengths (5.6, 24, and 68 cm), between

19° and 65° incidence angle. The diameter and number density of the cylinders
that are inferred from the radar data using the model are consistent with in situ
observations of the icy inclusions. The large radar reflectivity and polarization
ratios are interpreted as arising from internal reflections of the radar signals in
the icy inclusions that first-order external reflection models fail to predict. The
results compare favorably with predictions from the coherent backscatter or weak
localization theory and may provide a complementary framework for interpreting

exotic radar echoes from other planetary objects.

1. Introduction

Since the early 1970s, unusual radar properties have
been detected from the icy Galilean satellites, Europa,
Ganymede, and Callisto (EGC) by Earth-based radar
telescopes [Ostro, 1993; Ostro et al., 1992]. Their radar
reflectivity is several orders of magnitude larger than
that recorded for comets, the Moon, the inner planets,
and nonmetallic asteroids. Their circular polarization
ratio, pc (i.e. RR/RL or LL/LR, where LR is the echo
power measured receiving left-circular (L) polarization
while transmitting right-circular (R) polarization) is
greater than unity. Hence, in contrast to most other
natural targets, the scattering largely preserves the he-
licity of the transmitted signal. The linear polariza-
tion ratio, ur (i.e. HV/HH or VH/VV, where H means
horizontal and V means vertical), is also much larger
than that recorded for other planetary objects. Similar
unusual radar characteristics have been recorded from
the Mars residual south polar cap [Muhleman et al.,
1991; Harmon et al., 1992], portions of Titan [Muhle-
man et al., 1990], polar caps on Mercury [Slade et al.,
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1992; Harmon and Slade, 1992], and portions of Venus
[Tryka and Muhleman, 1992]. First-order scattering
models fail to explain the scattering behavior of these
objects or are inconsistent with their formation history
and geology [Ostro and Shoemaker, 1990]. Only re-
cently, the coherent backscatter effect [e.g., van Albada
et al., 1990; MacKintosh and John, 1988], also known
as weak localization theory, was suggested as a likely ex-
planation for these radar echoes which was both consis-
tent with their geology and capable of explaining their
large radar reflectivity and polarization ratios [Hapke,
1990]. Coherent backscatter arises from constructive
interferences in the radar backscattering direction be-
tween electromagnetic signals traveling along identical
but time-reversed paths. In the presence of wavelength-
sized objects, closely spaced (~ A) scattering hetero-
geneities of low refractive index embedded in a nearly
transparent medium (e.g., water-ice) are required for
the coherent backscatter effect to dominate. When the
scattering objects are much larger than the observing
wavelength, coherent backscatter is noticeable only if
the particle concentration is low [Kuge and Ishimaru,
1989; Mishchenko, 1992a]. Validation of the coherent
backscatter theory is however limited to laboratory-
controlled experiments [O’Donnell and Mendez, 1987,
MacKintosh et al., 1989; Hapke and Blewett, 1991]
due to the absence of detailed, in situ observations of
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the subsurface configurations responsible for the radar
echoes from these planetary objects.

More recently, a similar behavior has been observed
over a vast portion of the Earth’s surface: the per-
colation facies of the Greenland Ice Sheet [Rignot et
al,, 1993]. The percolation facies represent a major
fraction of the Greenland Ice Sheet which itself cov-
ers a 1,726,400 km? area [Benson, 1962]. It had been
known for several years that the percolation facies ex-
hibited an unusual strong type of radar backscattering
[Swift et al., 1985], but it was not until 1991 that cal-
ibrated radar data could be gathered in that region,
at three different wavelengths, multiple incidence an-
gles, and most important, with the full polarimetry,
using the NASA/Jet Propulsion Laboratory AIRSAR
airborne synthetic-aperture radar imaging system [van
Zyl et al., 1992]. The AIRSAR results showed that the
circular and linear polarization ratios of the Greenland
percolation facies are extremely large and comparable
in magnitude to the largest ratios recorded for EGC.
The radar reflectivity of the Greenland percolation fa-
cies is also one of the largest values recorded at the sur-
face of the Earth at centimetric wavelengths. Analysis
of signals recorded at 5.7- and 2.2-cm wavelength by a
surface-based ranging radar deployed on the ice sheet at
the time of the AIRSAR over flight demonstrated that
the unusual radar echoes are caused by strong scatter-
ing from the first annual layer of ice bodies buried at
depth (0.4 to 2.0 m, depending on the time of the year)
in the cold, dry, porous, snowy upper surface of the ice
sheet [Jezek and Goginent, 1992; Jezek et al., 1994]. Off
nadir, radar returns from the surface of the ice sheet,
as well as from deeper layers of ice bodies, are as much
as 10 dB weaker than that from the first layer of ice
bodies.

These icy formations are well known to glaciologists
[Benson, 1962; Pfeffer et al., 1991; Jezek and Gogi-
neni, 1992; Echelmeyer et al., 1992]. They form in the
top few meters of the snowy surface of the ice sheet
as a result of seasonal melting and refreezing events.
They differ from the glacial ice, 50 to 100 m under-
neath the surface, that results from diagenetic processes
transforming snow into solid ice. The physical processes
leading to the formation of the icy inclusions have been
studied in great detail [Benson, 1962; Pfeffer et al.,
1990]. At these high elevations (>2000 m above mean
sea level) and high northern latitudes (>63°N) snow re-
mains at temperatures <O°C throughout the summer,
except at point locations where meltwater can perco-
late downwards, along active channels, through much
of the previous winter’s accumulated snow. Meltwater
refreezes at depth (<1 m) when it encounters a discon-
tinuity in hydraulic conductivity associated with a fine-
to-coarse grain size transition [Pfeffer and Humphrey,
1992]. When activk, the percolation channels appear
slushy. When reftéezing, they form a network of ice
pipes, lenses and layers that distribute laterally, some-
times over great distances. Ice lenses are lens-shaped
layers which pinch out laterally, parallel to the firn (old
snow) strata; while ice pipes are pipelike, vertically ex-
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tending masses reminiscent of the percolation channels
which feed ice lenses and layers. Ice layers are typically
several millimeters to a few centimeters thick and ex-
tend over several tens of meters. Ice pipes (Figure 1)
and ice lenses are 2-20 cm wide and 10-100 ¢cm long
[Jezek et al., 1994].

Ice layers also form at lower elevations, in the so-
called soakedssnow facies [Benson, 1962], but the snow
there reaches 0°C in the summer and is therefore moist
and not transparent to the radar signals. Hence, the
radar signals cannot interact with the buried ice bod-
ies. In winter, the melted snow refreezes to form a su-
perimposed ice zone which acts as a continuous, thick,
impermeable horizon of low radar reflectivity and po-
larization ratios. Conversely, summer melting rarely
occurs at higher elevations, in the dry-snow facies [Ben-
son, 1962]. No icy formations are found in the top me-
ters of the snowy surface and the radar reflectivity and
polarization ratios are as low as in the soaked-snow fa-
cies.

Using the icy Galilean satellites as an analogy, the
coherent backscatter effect was suggested as a possible
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Figure 1. Photograph of an ice pipe found at 1.80 m
depth in the firn at Crawford Point on June 11, 1991.
The ice pipe is 70 cm long, with a diameter varying
between 3 and 10 cm (courtesy of K. Jezek, OSU).
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Figure 2. OC radar reflectivity 0%, circular polariza-
tion ratio u¢, and linear polarization ratio pr, recorded
at Crawford Point at 5.6, 24 and 68 c¢m as a function
of the incidence angle 8. The plot also includes disk-
integrated values of 0%, and pc recorded at 3.5 and
13 cm for EGC [Ostro et al., 1992]; and pr for EGC
at 13 cm only [Ostro et al., 1980]. The data points for
EGC, arbitrarily placed at 11° incidence (3.5 cm) and
69° incidence (13 cm), are disk-integrated values.

explanation for the radar properties of the Greenland
percolation facies [Rignot et al., 1993]. The upper few
meters of the ice sheet are sufficiently transparent to
allow long photon path length and higher order scat-
tering, and contain an abundance of solid-ice scatterers
comparable in size to the radar wavelength. These prop-
erties suggest that coherent backscatter could dominate
the radar echoes. Here, we present a revision of our
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earlier hypothesis that the Greenland radar echoes are
explained by the coherent backscatter effect. Qur ap-
proach is based on the modeling of the subsurface con-
figuration responsible for the Greenland radar echoes
and on an examination of the radar properties of the
icy scatterers. The results are used to address the fol-
lowing three issues: Is there a backscatter model that
can quantitatively mimic the radar properties of Green-
land at several radar frequencies, all polarizations, and
various incidence angles? What kind of geophysical in-
formation can we extract from the radar data using this
model? What can we learn from this study in terms of
interpreting unusual radar echoes from other planetary
surfaces? ‘

2. Radar Observations

The NASA/Jet Propulsion Laboratory airborne SAR
(AIRSAR) operates a synthetic-aperture imaging radar
simultaneously at three wavelengths (A = 5.6 cm (C
band); 24 cm (L band); and 68 cm (P band)), record-
ing the complete scattering matrix at each wavelength
by alternatively transmitting and receiving vertical and
horizontal-polarized radar signals. With an operating
altitude of about 9000 m above ground and a 10-km
swath, the radar system collects images where the inci-
dence angle of the illumination varies typically between
19° in near range (closest point to the radar) to 65° in
far range (furthest point from the radar). The data are
processed into a 10 km x 10 km quadrant, with a pixel
spacing of about 12 m on the ground in both azimuth
(along-track) and range (across-track) directions.

The radar data gathered at Crawford Point (69.87°N,
47.11°W) (see Figure 1 of Rignot et al., [1993]) were
averaged along-track and plotted as a function of po-
larization, frequency, and incidence angle in Figure 2.
The OC (opposite sense circular) radar reflectivity and
the polarization ratios are computed, respectively, as

ocbc=RL; pc=RR/RL; pr=HV/HH. (1)
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The polarization ratios are defined such that for pure
reflection off a perfectly smooth dielectric surface pc =
0 and pr = 0 because a pure reflection reverses the
handedness of the helicity of the incident circular polar-
ization (hence RR or LL = 0), but preserves the orienta-
tion of the incident linear polarization (hence HV or VH
= 0). In the case of volume scattering from randomly
distributed dipoles, we have pc 1 and pr = 1/3
[Long, 1965]. For pure double reflections off a perfectly
smooth dielectric dihedral whose lower face is horizon-
tal, uc = oo (because RL = 0) and pr = 0 (because
HV = 0).

Also shown in Figure 2 are the disk-integrated mea-
sures of the radar reflectivity and polarization ratios of
EGC at 3.5- and 13-cm from Ostro et al. [1980, 1992].
Both EGC and the Greenland percolation facies exhibit
strong radar reflectivity, ¢ > 1 and pp > 1/3. Most
natural terrestrial surfaces and Inner Solar System plan-
etary bodies exhibit lower radar reflectivities, pc <<'1
and pp << 1/3.

To illustrate the discussion with real examples, we
listed several AIRSAR measurements of heavily vege-
tated areas (forests) and very rough surfaces (lava flows)
in Table 1. Both situations are expected to yield large
radar reflectivity and polarization ratios via multiple
scattering interactions. In broadleaf-upland tropical
rain forest in Belize (-17.58°N, 89.0°W) [Freeman et
al., 1992], 6 is lower than that recorded for Green-
land at the same incidence (Figure 2), and pc =~ 1
and pr ~ 1/3 at 24 and 68 cm. These values of u¢
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and pj are consistent with scattering dominance by
the volume of tree branches and foliage of the forest
canopy which act as randomly distributed thin cylin-
ders or dipoles. At 5.6 cm, pc < 1 and pp < 1/3
because the branches are no longer thin compared with
the observing wavelength. There are, however, numer-
ous cases of forested areas where pc > 1 at the longer
wavelengths. For instance, in palm-tree communities of
the Manu National Park tropical rain forest, in Peru
(-11.98°N, 70.8°W) AIRSAR measured pg¢ > 1.5 and
pr < 0.1 at 68 cm (Table 1), with 63, much lower
than that for Greenland. Similarly, in the flooded flood-
plain forests of the Bonanza Creek Experimental For-
est (64.75°N, -148°W), near Fairbanks, Alaska, uc > 1
at 24- and 68-cm, 0% is large, and ur < 1/3. We
interpret this behavior as being due to double-bounce
reflections of the radar signals from the tree trunks to
the wet ground back to the radar direction. Double-
bounce scattering increases with increasing tree height
[van Zyl, 1993] (hence is largest for tall forests), in-
creasing wetness of the ground layers and/or of the tree
trunks (hence largest for flooded forests), and increas-
ing radar penetration (hence largest at the longer wave-
lengths and/or for sparse forests). Double-bounce re-
flections yield uc >> 1 and up = 0 unless the tree
trunks are slanted or damaged [van Zyl, 1993]. These
examples illustrate that situations where pc > 1 are
not uncommon in forested areas and are explainable in
terms of trunk-ground scattering interactions. The ob-
served radar reflectivity remains, however, much lower
than that recorded in Greenland.

Table 1. OC Radar Reflectivity 6%, Circular Polarization Ratio pc, Linear Polarization Ratio pr, HH/VV
Ratio, and HH-VV Phase Difference ¢gz—vv + Standard Deviation, of Seven Sites Imaged by the NASA/JPL

AIRSAR Instrument.

Site and CM Number A, cm 0, deg coe pe 2L HH/VV  ¢up-vv, deg

Belize CM1213 5.6 45 0.22 0.73 0.26 1.07 -5+ 36

( 94:140,374:402) 24 45 0.11 1.04 0.31 0.92 -2 £ 65

68 45 0.05 1.16 0.28 1.01 15 £ 77

Manu CM3700 5.6 40 0.16 0.57 0.22 0.93 0+16

(110:154,656:670) 24 40 0.11 1.17 0.24 1.18 8 £ 59

68 40 0.08 1.57 0.12 2.67 71 £100

Bonanza Creek CM3136 5.6 34 0.16 0.85 0.18 1.38 13+ 35

( 68:114,258:286) 24 34 0.17 1.711 0.14 1.72 84 + 77

68 34 0.21 1.72 0.08 1.39 114 + 28

Lunar Crater CM2061b 5.6 21 0.22 0.29 0.13 0.86 2415

(606:642,202:224) 24 21 0.14 0.35 0.16 0.87 3+ 18

68 21 0.07 0.36 0.13 1.28 9+15

SP Flow CM0189 5.6 37 NA 1.36 0.30 1.38 14 £ 21

(770:820,408:448) 24 37 NA 1.03 0.33 1.03 9+ 51

68 37 NA 0.43 0.16 0.88 1321

Inyo Domes CM3793 5.6 41 0.23 0.32 0.15 0.89 5410

(606:684,390:432) 24 41 0.16 0.60 0.23 1.01 -1+13

68 41 0.17 0.87 0.33 0.77 4 4 22

Greenland CM3206 5.6 42 0.35 1.61 0.41 0.87 -25 £+ 80

(230:346,506:562) 24 42 0.12 1.22 0.24 1.19 -29 £ 56

68 42 0.02 0.48 0.08 2.29 -1+£10

The CM number refers to the nomenclature used to archive the AIRSAR images, A (cm) is the observing wavelength,
and 6 is the incidence angle. The box of image pixels used to extract the average radar characteristics in each AIRSAR
image is indicated in the first colum in (row:column) format. For SP flow, 6% is omitted (NA, not applicable) because it
could not be calibrated with confidence, but the polarization ratios are correct. The 5.6-cm SP flow data were corrected
for an erroneous antenna pattern correction introduced during the original processing of the SAR data.
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Enhanced radar backscatter and strong depolariza-
tion of the radar signals may also occur on surfaces that
are very rough at the scale of the radar wavelength, for
instance through multiple reflections of the radar sig-
nals on the large facets of blocky structure of the sur-
face. Several authors [Fahnenstock et al., 1993; Jezek
et al., 1994] argued that the unusual radar properties
of the Greenland percolation facies are caused by sur-
face scattering from the rough ice layers. To determine
whether this is a valid explanation, we examined the
radar response of several types of very rough surfaces
and experimented with theoretical backscatter models.

Lava flows are good examples of rough terrestrial ter-
rain. Table 1 shows the radar characteristics of Qb3 lava
flow (quaternary volcanic basalt flow, younger type) of
the Lunar Crater Volcanic Field (38.47°N, 116.07°W),
in the Mojave Desert, Nevada [Evans et al., 1992; Scott
and Trask, 1971]. The surface rms height was esti-
mated from stereo imagery to be about 24 cm, the
largest value recorded in the area. At 30° incidence,
03¢ is much lower than that recorded in Greenland
(Figure 2), pc < 1 and gz < 1/3. This example sug-
gests that rough surfaces are unlikely to exhibit exotic
radar characteristics. Radar observations of the basaltic
lava flows of the Kilauea Volcano, Hawaii, confirm this
presumption [Campbell et al., 1993]. Recent AIRSAR
observations of the silicic lava flows and domes in the
Inyo volcanic chain in the Eastern Sierra of California
(37.7°N, 119.1°W) [Plaut et al., 1993, 1995] also show
that even when the surface rms height exceeds 80 cm,
the corresponding radar signatures are not exotic (Ta-
ble 1). Circular polarization ratios greater than unity
have however been reported for SP flow of northern Ari-
zona (35.8°N, 117.42°W) [Campbell et al., 1993] (Ta-
ble 1). SP flow is a blocky basaltic andesite lava deposit
whose surface is characterized by roughly cubical blocks
10-100 cm in size and whose sides are smooth on the
scale of a few centimeters. Interestingly, ur = 1/3 in SP
flow (Table 1). These large polarization ratios cannot
be caused by the coherent backscatter effect because the
refractive index of rock in air is too large to yield coher-
ent backscattering [Peters, 1992; Mishchenko, 1992b,
1992c]. A more likely explanation is that scattering
is dominated by multiple double-bounce reflections on
the dihedrals formed by the large facets of the blocky
structure of the surface. As yr > 1/3 at 5.6 and 24
cm, the dihedrals must be systematically randomly ori-
ented, otherwise ur = 0 (see (5)). The lower values of
pe and pr at 68 cm are consistent with block sizes of
less than 1 m. Similarly, the HH/VV ratios are close to
1 (Table 1), as predicted from double-bounce scattering
from randomly oriented dihedrals (see (7)).

Radar scattering models for randomly rough dielec-
tric surfaces are usually not valid over the complete
range of surface roughness values encountered in nat-
ural terrain settings. One of the most comprehensive
models to date is the integral equation method (IEM)
[Fung et al., 1992]. The IEM model unites the small
perturbation model [Rice, 1951] for slightly rough sur-
faces and the Kirchhoff theory for very rough surfaces.
We tested the IEM model using the roughness values
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measured with a mechanical comb gauge at the sur-
face of an ice layer (3-cm rms height and 3-cm corre-
lation length [Jezek et al., 1994]). The results, shown
in Figure 3, illustrate the incompatibility of the model
predictions with the AIRSAR observations. The con-
trast between 5.6- and 24-cm echoes is overpredicted
and the modeled radar reflectivity at small incidence
is several decibels below that recorded for Greenland.
Hence, the IEM model predictions, together with nu-
merous radar observations of rough terrestrial surfaces
(Table 1), strongly suggest that surface scattering from
the ice layers cannot explain the radar characteristics
of Greenland.

3. A Backscatter Model for the
Percolation Facies

One common deficiency of many backscatter models
is that they are only approximations to the exact solu-
tion of the scattered field from the scattering objects.
Higher-order modes of interactions of the radar signals
with the objects are simply ignored. Although this sim-
plification is justified for most natural targets, it is not
the case for Greenland, where higher-order internal re-
flection terms are predominant.

The exact solution of the scattered field from dielec-
tric objects exists for a few simple objects including
spheres, cylinders, and spheroids [Bohren and Huffman,
1983; Asano and Sato, 1980]. Here, we use discrete,
dielectric cylinders to model the icy inclusions of the
percolation facies. The ice layers are not represented,
as they probably are too thin compared with the ob-
serving wavelength to scatter the incoming radar sig-
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Figure 3. Backscatter model predictions of the radar
reflectivity at HH-polarization from the IEM theory
(continuous thick lines) compared with the ATRSAR
measurements (dashed lines) at 5.6, 24, and 68 cm ver-
sus the incidence angle 8. The surface rms height is 3
cm with a 3-cm correlation length.
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Figure 4. Configuration of the vertical and horizontal cylinders used in the backscatter model,
with the definition of the incidence angle, 8, the orientation angles of the vertical cylinders, 8¢

and o}, and the orientation angles of the horizontal cylinders, 0

nals efficiently. The ice pipes are modeled as verticallv
oriented cylinders. Each cylinder has a radius r,, and
N, is the number of vertical cylinders per meter square.
Because the ice pipes are not strictly vertical in reality,
the vertical cylinders are randomly oriented within +6*
in the plane of incidence and *«? in the vertical plane
(Figure 4). As the role of 6" is merely to smooth out the
trend in radar backscatter of the cylinders versus the in-
cidence angle, its value is noncritical. We chose #¥ = 5°
because it provided a reasonable amount of smoothing
of the backscatter curves, while remaining compatible
with the field observations. The angle a? is not known a
priori and is used as a free model parameter. Similarly,
the ice lenses are modeled as Ny, horizontal cylinders of
radius rp, randomly oriented within £6" in the plane of
incidence and Za” in the horizontal plane (Figure 4).

We fixed 6% = 5" Since the cylinders are randomly
oriented in the horizontal plane, we have o? = 90°.

Because the ice pipes and lenses are typically sepa-
rated by much more than one wavelength, the scattered
field from these objects is uncorrelated. As a result, to-
tal radar backscatter from a distribution of discrete,
dielectric cylinders is computed as the incoherent sum
of the scattered field from the noninteracting, discrete
cylinders.

The absorption properties of dry, cold snow are as-
sumed to be negligible. Snow is nearly transparent
to radar signals at those wavelengths. Snow, however,
steepens the incidence angle of the radar illumination
through refraction of the radar signals at the air-snow
interface, reduces the dielectric constant of water-ice
in dry air (¢ = 3.2) to a lower value corresponding to
water-ice in dry snow (¢ = 1.78 for a snow density of
0.4 kg/m?3 [ Tiuri et al., 1984]), and reduces the effective
wavelength of the radar signals by /¢, here 256%.

and a

The exact scattering matrix for a dielectric cylinder of
infinite length is given by Bohren and Huffman, [1983].
The analytical solution for a finite cylinder is computed
by scaling the solution for the infinite cylinder by a
shape factor, f,

f= k;r—hsinc(k h cos 6) (2)
where k is the wavenumber in the propagation medium,
h is the cylinder length, 6 is the incidence angle, and
sin.(z) =sin(z)/«. If the cylinder length varies ran-
domly by a quantity e, the average solution for the
scattered field intensity is obtained by averaging f? be-
tween h — ¢, and h + ¢,. When ¢, >> A, the effective

value of f2 is
1

25
< —
> = r%cos?’

3)
which is independent of both h and ¢,. This result
means that when the cylinder length fluctuates by ~ A
or more, the mean cylinder length has no influence on
the radar properties of the cylinder. Given the typical
sizes of ice pipes and lenses, this condition is easily sat-

isfied at 5.6 and 24 cm. We assume it also applies at

68 cm. Hence, the shape factor f? is only a function of
the incidence angle.

We now examine how to compute the scattered field
from randomly distributed discrete, dielectric cylinders,
given the solution for one cylinder. The scattering ma-
trix [S] = [SwH, Sav, SvH, Svv] of a single, dielectric,
vertical cylinder is

[5]= (4)

where a¢ and b are complex numbers whose magni-
tude and phases are functions of the cylinder dielec-

[a,0,0,b]
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tric constant and diameter [Bohkren and Huffman, 1983].
To calculate the average covariance matrix for vertical
cylinders randomly oriented in the vertical plane be-
tween —a? and +aj, we apply a rotation operator to
[S], compute the cross-products of the rotated scatter-
ing matrix [S][S*]* (where the asterisk means complex
conjugate and superscript ¢ means transpose), and av-
erage the results between —a and +a). The results

are
< SgvSgvx> = la—blz I59 (5)
< SyuSup*> = (la|*+|b|?) L+ 2Re(a*b) 52 (6)
< SvvSvv* > = < SupSurx> (7)
< SgupSvv*> = (la|>+|b |2+ 2Re(a*b)1s (8)

v
/ao

—av

ao

cos?(a) sin?(a)de

L, = cos*(a)da

a;
Iy, = /

At circular polarization, the cross products are

(9)

1
< SrrSRR* >= 5(14 + 122) | a—2b |2 (10)
< SprpSpp* >=< SRrRSRR* > (11)

1
< SprSrrL* >= -2—(14 — Igg) l a+b |2 + 159 | a—2b |2 (12)

The polarization ratios are simply deduced from (5)-(7)
and (10)-(12). Equations (5)-(12) also apply to horizon-
tal cylinders randomly oriented in the horizontal plane,
provided that o} is replaced by a® = 90°, and 6 is re-
placed by 90° - 8 (Figure 4).

When a¥ =90° and b approaches zero (thin cylinder
limit), we find gc =1 and pp = 1/3, as for the case of
scattering from a forest canopy where branches are thin
compared to the wavelength. When | b | approaches | a |
(thick cylinder limit), we find pc = 0 and pr = 0, as
expected since [S] becomes the identify matrix. When
a = —1 and b = 1 (case of a dihedral reflector), we
find He = (I4 + .[22)/(2 .[22) and HL = I22/(I4 -
Iy2). Hence, large polarization ratios may be obtained
from a distribution of randomly oriented dihedrals. For
instance, pc = 2 and py = 0.5 when af, = 90°, perhaps
explaining the radar echoes of SP flow.

When a% = 0 (purely vertical cylinders), we find
pr = 0 and pc =| (a — b)/(a +b) |2. Hence, vertical
cylinders do not generate any cross-polarized intensity
unless they are systematically randomly oriented in the
vertical plane. We assume that the randomness in ori-
entation of the ice pipes reflects spatial irregularities in
shape and orientation of the ice pipes along their longest
dimension at a scale comparable to or larger than the
wavelength (Figure 1).

Using this backscatter model, we predict large polar-
ization ratios for the icy inclusions. To illustrate this
result, Figures 5a-5¢ show the radar reflectivity and po-
larization ratios of various sized cylinders as a function
of the size parameter (k . r), where k is the wavenum-
ber and r is the cylinder radius. Narrow peaks in uc
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and pr observed for particular values of (k . r) coin-
cide with a +180° phase difference between HH- and
VV-polarization. These peaks are caused by internal
reflections of the radar signals in the cylinders, which
include the glory ray effect [Bohren and Huffman, 1983]
as well as other types of internal reflections included in
the exact analytical solution to the scattered field. In-
ternal reflections are the only type of returns that would
cause a large phase difference between H-polarized and
V-polarized radar signals. As the refractive index of
the cylinder increases, the magnitude of these internal
reflections is expected to decrease, as shown in Fig-
ures bd-bf for water-ice cylinders in vacuum (refractive
index ~1.8). Hence, the refractive index of the cylin-
ders needs to be small enough (typically <1.6) to yield
strong internal reflections and p¢ > 1, and the cylin-
ders need to be randomly oriented to yield large values
of py.

Model predictions for an ensemble of horizontal and
vertical cylinders are shown in Figure 6 along with the
AIRSAR data. Several model parameters were tuned to
best fit the model predictions with the AIRSAR data.
These parameters are rp, vy, Nj, N, and a. The pa-
rameter tuning was done as follows. Test values for
r, were selected among those producing a peak in po-
larization ratios (Figure 5) because the model showed
that the value of r, controls the polarization ratios of
the ensemble of horizontal and vertical cylinders at high
incidence. Since uc and pp are low at low incidence,
the value of r, is less critical. We chose r, = r, = r to
simplify the procedure. The selected average cylinder
radius was then used to generate a normal distribution
of cylinder radius, with a relatively small standard de-
viation (see caption to Figure 6). The best results were
usually obtained with r ~ A/2, which is not surpris-
ing, since it corresponds to wavelength-sized objects.

Given r, the number densities were selected to best fit
0y because the model showed that o, is proportional
to Np at small incidence and to N, at high incidence.
Note here that with vertical or horizontal cylinders only
(Ny = 0 or Np = 0), the model could not predict the
correct trends in pc and py versus the incidence an-
gle. Both horizontal and vertical cylinders are needed
to match the AIRSAR observations. The angle a? was
finally selected to properly balance ur and pc, as the
model showed that these ratios vary in opposite direc-
tions when a? changes. Because of the large number of
constraints provided by the multiparameter radar data,
only one set of r, Ny, N and o} values was found to
yield a good agreement with the AIRSAR data, at each
radar wavelength. The HH/VV ratio of the ensemble
of cylinders is predicted to be 1 (see (7)), in agreement
with the 5.6- and 24-cm data (Table 1), and is there-
fore not discussed. Finally, the HH-VV phase difference
(fifth independent parameter of the covariance matrix)
is predicted to be close to zero by the model, but with a
large standard deviation caused by internal reflections
(Figure 5), which is consistent with the AIRSAR ob-
servations of large standard deviations of the HH-VV
phase difference (Table 1).



RIGNOT: RADAR PROPERTIES OF GREENLAND ICE SHEET

9396

0¢ Gl

£Ip ut 901-103BM) 81T =

00

101

0¢

1

O =

00

160

0¢

OF=

Oro

SOI}DY UOIIDZIID|OH

SOI}DyY UOI}DZIID|Od

4
0¢ Gl Ol S
-]
o) 1 d
4
0¢ Gl 0l S
J% ]
J 1 d

‘sqjSuspaem (J 19199]) Wd-g9 pue
‘(1 21391) ¢ ‘(D ©119]) -9°G 1® (3) ySnoiyy () ur payedtput ore wd ['¢ = 4 I0f (4y) 1jourered
9ZIS 9} Jo sonyeA oY, "(Wnmnoea Ul 0I-10jem) g'¢ = *» 10} payjo[d ssnyrjuenb sureg (J)-(p) ‘sniper
Iopul[£d 33} SI & pUE JoqUINULARM 57} ST § 2I1oYm ‘(4y) Isjourered azis 5} Jo UOI)IUNY € Se (MOUS
3 914 I9pUT[AD 3)1ul ‘STIPIAIP ‘S[3urs e 10§ ULIIYIP aseyd AA-HH (9)
pue Aj1a1300pa1 repel DO (q) ‘(seur Y1y snonujuod ut 7rf) soryes uoljezirejod (e) ‘¢ eanSrg

081—
ocl—

09—

09

0cl
081

08l—
0ci—

09—

09

ocl
081

90UB.844Ip 3SDYd AA—HH

90UBJaYIP 8S0Yd AMA—HH

0c¢

Gl

R

0l

O

O
re
|

O
M
I

@]
I

O

(@]
N
|
(gp) Ayanos|jey Jopoy 00

(@)
T

o
i

o
|

O
AN
|
(gp) A1anos|jey Jopoy 20

O



RIGNOT: RADAR PROPERTIES OF GREENLAND ICE SHEET

5:
3 o
> E
> =57
5 [
o
< —10
o
3 -15 €
o ~
o ~
Q —20 i \\ ]
@]
-25 s, e, s, s i
10 20 30 40 50 60 70
Incidence Angle
0.50 T T
.2 :
o 0.40F
o i
c [
.2
= 0.30F
N
S
o 0.20¢F
[l
S
2 0.10¢
=
0.00t
10 20 30 40 50 60 70
Incidence Angle
Figure 6. Model predictions for discrete, nearly

vertical and horizontal, dielectric cylinders (continu-
ous lines) compared with the AIRSAR measurements
(dashed lines) at 5.6-, 24-, and 68-cm wavelengths. At
5.6 cm (thick lines), we used r = 3.1 £0.05 cm; o) =
70°; N, = 5 cyl/m?;, Nj = 1.5 cyl/m? At 24- and
68-cm, we used » = 8.9 £0.05 cm; a¥ = 50° N, =1
cyl/m?; N = 8 cyl/m?.

At 5.6-cm wavelength, the model predictions are most
accurate with » = 3.1 cm, N, = 5 cyl/m? (cylinder per
square meter), a? = 70°, and N = 1.5 cyl/m?. The
value r = 2.2 ¢m produces low estimates of 08 when
pc and pg are correct, whereas the larger value, r = 4.0
cm, produces correct estimates of 0% but low polar-
ization ratios. Snow stratigraphy studies reveal that ice

2.0

8

o
w

Circular Polarization Ratio
o

20 30 40 50 60 70
Incidence Angle

pipes are several tens of centimeters long and of diam-
eter varying anywhere between 2-4 c¢cm and 10-20 cm.
The number density of icy inclusions was not measured
per se (such measurement would require the digging of
a large number of snow pits), but snow stratigraphy
studies and Benson’s [1962] earlier results suggest that
a few pipes and lenses per square meter is a reasonable
number. Hence, the model results are qualitatively con-
sistent with in situ observations.

At 24 cm, we found 7 = 8.9 cm, N, = 1 cyl/m?, o? =
50°, and Nj = 3 cyl/m?2. Field observations suggest this
value may be at the limit of being too large to represent
an ice pipe. We could not match the AIRSAR data at
both 5.6 and 24 cm using a single normal distribution
of the cylinder radius with a large standard deviation.
The model requires a bimodal distribution of » to yield
a good agreement with both wavelengths. We do not
know whether a bimodal distribution of the cylinder
radius is realistic. The 24-cm radar signals probably in-
teract with more than one layer of ice bodies, yielding
more complex interactions than those accounted for in
our model. Unfortunately, no surface-based radar rang-
ing data were gathered at that wavelength to determine

whether the dominant scatterers are still localized in the
first annual layer of ice bodies.

At 68 cm, the polarization ratios and radar reflec-
tivity are always low for r between 3.1 and 8.9 cm and
would only be large for r ~ 15-20 cm. Icy inclusions are
never this large. Both the model and the 68-cm radar
observations are therefore consistent with the typical
size of the inclusions. An example of model prediction
at 68 cm is shown in Figure 6 using the model parame-
ters optimized at 24 cm. The agreement with the AIR-
SAR data is reasonable, except for the radar reflectivity.
One possibility is that (3) does not apply at 68 cm (~68-
cm fluctuations in length of the ice pipes is excessive).
The polarization ratios are unaffected, but the radar
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reflectivity could be overestimated. Another possibil-
ity is that scattering is of a different nature at 68 cm.
This result is suggested by HH/VV >> 1 and the low
value of the standard deviation of the HH-VV phase
difference at 68 cm (Table 1). As ice becomes nearly
transparent at that wavelength, radar signals probably
interact with much deeper layers of solid ice.

4. Discussion

The modeling results demonstrate that internal re-
flection of radar signals in horizontal and vertical, dis-
crete, solid-ice inclusions buried in the snowy, radar-
transparent, surface of the ice sheet can explain the ex-
traordinary radar properties of the Greenland percola-
tion facies. The agreement with the AIRSAR data is ex-
cellent at 5.6 cm. At the longer wavelengths, the source
of scattering is less certain in the absence of surface-
based radar ranging measurements. Nevertheless, the
backscatter model provides reasonable estimates of the
size and number density of icy inclusions. More detailed
and extensive in-situ observations of icy inclusions are
required to establish on a firmer basis the development
of a quantitative inversion model for icy surfaces. The
length of the cylinders cannot be estimated from the
model. Additional constraints on the aspect ratio of
the ice bodies are necessary to estimate the volume of
ice bodies from the radar data. Measuring the volume
of water-ice retained in the ice sheet after summer melt
in the percolation facies would be of considerable inter-
est to estimating the mass balance of the Greenland Ice
Sheet [Pfeffer et al., 1990].

Several backscatter models have been proposed in
the past to explain unusual radar echoes from plane-
tary surfaces. The mode-decoupled refraction scatter-
ing [Hagfors et al., 1985; Eshelman, 1986] would not
apply for Greenland because it requires exotic subsur-
face structures that do not exist. The total-internal
reflection model [ Goldstein and Green, 1980] is similar
to the present model. Here, we use a complete analyt-
ical solution of the scattered field, and henceforth can
predict under which circumstances internal reflections
may dominate other forms of scattering and by what
amount. For example, we predict that internal reflec-
tions in pure water-ice cylinders in vacuum would not
likely yield pc > 1 (Figure 5). As a result, the radar
echoes of Ganymede may not be solely caused by inter-
nal reflections in a crazed and fissued water-ice regolith
with a large number of ice-vacuum interfaces.

The coherent backscatter effect is most effective with
wavelength-sized scatterers, in which case it requires
closely spaced, forward scatterers of low refractive in-
dex in a weakly absorbing medium [e.g., van Albada
et al., 1990; Peters, 1992; Mishchenko, 1992b, 1992¢].
There is no requirement on the geometrical shape of
the scatterers. The present model also requires scat-
terers of low refractive index embedded in a weakly
absorbing medium, but not necessarily closely spaced.
In situ observations of the subsurface configuration of
the ice sheet show that icy inclusions are often sepa-
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rated by many wavelengths, in which case the coher-
ent backscatter effect should not take place. In addi-
tion, model predictions from the coherent backscatter
theory using spherical scatterers suggest that pc and
41, should decrease with an increasing incidence angle
(Figures 6,9,15,18 of Mishchenko, [1992c¢]), whereas the
ATIRSAR measurements show an opposite trend. Hence,
we conclude that internal reflections from a monolayer
of discrete icy inclusions is a better explanation for the
unusual radar echoes recorded in Greenland than co-
herent backscattering from a random distribution of icy
inclusions.

For other planets, the conclusions may be different.
On the surface of Venus, internal reflections or coher-
ent backscattering may dominate external reflections in
places where the propagation medium is nearly trans-
parent. If the medium is not transparent, as in the
case of lava flows, double-bounce scattering over ran-
domly distributed dihedrals formed by the large facets
of blocky structure of lava flows is a more likely scat-
tering mechanism for explaining the exotic radar sig-
natures recorded by the Magellan spacecraft at 12 cm.
This form of scattering is our favored explanation for
the radar echoes recorded in SP flow and in the lava
flows and domes of the Inyo volcanic chain.

On water-ice terrain, multiple external reflections
will not dominate because of the low Fresnel reflec-
tion coefficient of water-ice. Exotic echoes are there-
fore more likely caused by internal reflections or coher-
ent backscattering from within the icy regolith volume
than by external reflections at the surface of the re-
golith. In the case of EGC, partial melting and per-
colation facies will not occur because of the low tem-
peratures, and the subsurface configurations responsi-
ble for the EGC echoes are probably quite different from
those in Greenland. Instead of monolayers of cylinder-
shaped icy inclusions, scatterers on EGC could be dis-
crete pieces of cratering ejecta, randomly distributed in
the icy regolith, with no preferred orientation (because
e shows hardly any variations across the planetary
disk), a wider distribution in size than in Greenland
(because pe does not vary significantly and remains
greater than unity between 3.5 cm and 70 ¢cm on EGC;
while pc decreases significantly from 5.6 to 24 ¢cm in
Greenland and p¢ < 1 at 68 cm), and a low refractive
index comparable to that of water-ice in dry, cold snow
(1.33). Internal reflections occur in dielectric cylinders
of low refractive index, in randomly oriented spheroids
[Asano and Sato, 1980; Mishchenko and Travis, 1994],
and could probably occur in random modulations in
dielectric constant in a smoothly heterogeneous icy re-
golith [Ostro and Shoemaker, 1990]. To resolve the is-
sue of whether coherent backscattering or internal re-
flections dominate scattering, bi-static radar observa-
tions of the planets would be of considerable interest.
With regards to the extraction of geophysical informa-
tion from the radar data, the Greenland results sug-
gest that observations of planetary surfaces should be
actively pursued and include an even larger variety of
observing wavelengths to characterize more completely
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the responsible scattering processes and their electrical
and structural attributes.
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