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Unusual Radar Echoes from the 
Greenland Ice Sheet 

E. J. Rignot, S. J. Ostro, J. J. van Zyl, K. C. Jezek 
Airborne radar images of part of the Greenland ice sheet reveal icy terrain whose radar 
properties are unique among radar-studied terrestrial surfaces but resemble those of 
Jupiter's icy Galilean satellites. The 5.6- and 24-centimeter-wavelength echoes from the 
Greenland percolation zone, like the 3.5- and 13-centimeter-wavelength echoes from the 
icy satellites, are extremely intense and-have anomalous circular and linear polarization 
ratios. However, the detailed subsurface configurations of the Galilean satellite regoliths, 
where heterogeneities are the product of prolonged meteoroid bombardment, are unlikely 
to resemble that within the Greenland percolation zone, where heterogeneities are the 
product of seasonal melting and refreezing. 

I t  has been known since the 1970s that 
radar echoes from the icy Galilean satellites 
are extraordinary ( I ) .  The radar reflectivi- 
ties (2) of Europa, Ganymede, and Callisto 
are several orders of magnitude greater than 
those recorded for comets, the moon, the 
inner planets, and nonmetallic asteroids, 
and they show little dependence on the 
radar wavelength. In addition, the circular 
polarization ratios kc of the icy satellites 
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(3) exceed unity (kc  is less than 0.4 for 
most other planetary targets), and their 
linear polarization ratios kL are -0.5 (also 
larger than values for other planets) (4). 
More recently, radar observations of the 
residual south polar ice cap of Mars (9, 
portions of Titan ( 6 ) ,  and polar caps on 
Mercury (7) have revealed that surfaces 
with high radar reflectivity and kc > 1 
exist elsewhere in the solar system. 

Here we report the measurement of sim- 
ilarlv exotic radar sienatures for icv surfaces 
on ~ a r t h .  The obseyvations were Lollected 
in June 1991 by the National Aeronautics 
and Space Administration (NASA)-Jet 
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Propulsion Laboratory airbome synthetic- 
aperture radar (AIRSAR) instrument above 
a vast portion of the Greenland ice sheet 
called the percolation zone (Fig. I), where 
summer melting generates water that perco- 
lates down through the cold, porous, dry 
snow and then refreezes in place to form 
massive layers and pipes of solid ice (8). The 
radar observations were collected simultane- 
ously at 5.6-, 24-, and 68-cm wavelengths, 
and the complete scattering matrix (9) of 
each resolution element was measured at 
each radar waveleneth. At the time of the - 
radar flight, ground teams recorded the snow 
and fim (old snow) stratigraphy, grain size, 
density, and temperature (10) at ice camps 
in three of the four snow zones identified bv 
glaciologists to characterize four different 
degrees of summer melting (8). 

Figure 2 shows average values of the 
radar reflectivity a& ( 2 ) ,  pc, and pL ob- 
tained from AIRSAR measurements at the 
Crawford Point site in the percolation zone. 
At 5.6 and 24 cm, a& was higher than 
unity at an incidence angle 0 of 18", de- 
creased toward higher incidence angles, 
and showed few spatial features. At 68 cm, 
ofRL was 1/10 as large but showed kilometer- 
scale spatial variations. At 5.6 and 24 cm, 
pC was larger than unity for incidence 
angles larger than 30" and 45", respectively, 
increasing to 1.6 and 1.4 at 66'. At 68 cm, 
pC was everywhere less than 0.8 and 
dropped as low as 0.1 in some places, with 
kilometer-scale spatial variations negatively 
correlated with those observed in the radar 
reflectivity images. At 5.6 cm pL was as 
large as 0.46 and at 24 cm it was 0.22, but 
it remained less than 0.1 at 68 cm. 

In the AIRSAR scenes of the Swiss 

Camp and the Greenland Ice Sheet Project 
(GISP) I1 sites, at all three wavelengths 
corresponding values of ofO, were 1/10 to 
1/30 of those at Crawford Point; pC was less 
than 0.4, and pL was less than 0.1. To our 
knowledee. no natural terrestrial surface - ,  

other than the Greenland percolation zone 
shows strong echoes with pC > 1 and pL > 
0.3 (11). However, strong echoes with 
large values of pC and pL have been report- 
ed for the icy Galilean satellites. 

Figure 3 shows mean values of disk- 
integrated radar reflectivities ofoc and pC 
for Europa, Ganyrnede, Callisto, and the 
moon, and corresponding quantities for 
Greenland obtained by averaging aORL and 
u, over the Crawford Point scene. The 
0 L 

average radar properties of the percolation 
zone at 5.6 and 24 cm (average pC > 1, 
large reflectivity) resembled those of the icy 
satellites at 3.5 and 13 cm. However, 
Greenland's average values at 24 cm were 
several tens of percent lower than at 5.6 
cm, and pC was < 1 at 68 cm, indicating a 
change in-the scattering process at the 
longer wavelengths, whereas 70-cm esti- 
mates of pC for the icy satellites apparently 
exceeded unity (12). Also, pC for the 
percolation zone decreased significantly at 
incidence angles from 66" to 18', whereas 
no such diiference has been noticed for the 
icy satellites (see the caption for Fig. 3); 
and aORL is a much stronger function of the 
incidence angle for the percolation wne 
than in the case of the icv satellites ( 1 ) .  . , 

Several years ago, Zwally (1 3) suggested 
that ice inclusions could be resvonsible for 
the low emissivities measured for the per- 
colation zone bv svacebome microwave ra- 
diometers. since ;hen, surface-based radio 

Fig. 1. Map of Greenland showing 
the four snow zones defined by 
Benson ( B ) ,  the flight track of AIR- 
SAR (continuous thick line), and 
the location of the Swiss Camp, 
Crawford Point, and the GISP I I  
sites. Melting rarely occurs in the 
dty-snow zone; it forms massive, 
buried, solid-ice inclusions in the 
percolation zone; it saturates the 
snow with liquid water in the 
soaked zone; and it removes the 
seasonal snow cover and ablates 
the glacier ice in the ablation 
zone. 

West longitude 

sounding experiments, and airbome active 
and passive microwave measurements (1 4), 
have supported the hypothesis that volume 
scattering from subsurface ice layers and ice 
pipes is the major influence on the radar 
returns. Recent surface-based radar obser- 
vations conducted at Crawford Point (10) 
at 5.4 and 2.2 cm further indicate that, at 
incidence angles between 10' and 70°, most 
of the scattering takes place in the most 
recent annual layer of buried ice bodies. 

Figure 4 shows a representative example 
of fim stratigraphy in the percolation zone 
in early summer. Ice bodies generated from 
a previous summer melt are found 1.8 m 
below the surface. Ice layers, a millimeter 
to a few centimeters thick, extend at least 
several tens of centimeters in diameter, 
parallel to the fim strata (8). Ice pipes, 
several centimeters thick and several tens of 
centimeters long, are vertically extended 
masses reminiscent of the percolation chan- 
nels that conduct meltwater down through 

Fig. 2. Average values of (A) the OC radar 
reflectivity 4,, (B) the circular polarization ratio 
kc = (PRd(PRL, and (C) the linear polarization 
ratio pL = I$, JI$,H for the Greenland percola- 
tion zone obtained by averaging the radar 
measurements recorded by AIRSAR at Craw- 
ford Point along the flight path, at 5.6, 24, and 
68 cm, as a function of the incidence angle of 
the radar illumination, 8. 
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the snow during summer, feeding ice layers. 
The fact that radar returns measured at 68 
cm are significantly weaker and have lower 
polarization ratios than those at 5.6 and 24 
cm suggests that the discrete scatterers re- 
sponsible for the radar echoes are typically 
less than a few tens of centimeters thick, 
similar to the scales of the solid-ice inclu- 
sions. The 68-cm echoes probably are dom- 
inated by single reflections from deeply 
buried layers of denser firn or concentrated 
ice bodies. whereas the 5.6- and 24-cm 
echoes probably are dominated by multiple 
scattering from the ice layers and pipes in 
the most recent annual layer. The relatively 
sharp decrease in pC and pL for 0 < 40' 
perhaps reveals the presence of a strong, 
specular reflection from the ice layers at 
small incidence angles, which is also sug- 
gested by the strong dependence of radar 
reflectivity on incidence angle. 

Ice layers and pipes also form in the 
soaked zone. but the snow there is so 
saturated with liquid water that the radar 
signals are strongly attenuated, cannot in- 
teract with the buried ice formations, and 
hence yield echoes with low reflectivities 
and polarization ratios. In the dry-snow 
zone, the snow is cold, porous, clean, and 
therefore very transparent at microwave 
frequencies but does not contain solid-ice 
scatterers that could interact with the radar 
signals. 

For the icy satellites, no in situ measure- 
ments exist or are planned, but theoretical 
interpretations favor subsurface volume 
scattering as the source of the radar signa- 
tures. Hapke (15) suggested that the mech- 
anism responsible for the satellites' radar 
behavior is the coherent backscatter effect, 
also known as weak localization (16), 
which has been observed in laboratory- 

Circular polarization ratio 

, 1.2-  .. .- 
2 1.0- 

0.8 e 
$ 0.6 
a 
E 0.4 
0 
0 0.2 

0.0 

Fig. 3. Disk-integrated average radar proper- 
ties. Points for extraterrestrial targets (circles) 
are averages of disk-integrated measurements 
at various subradar longitudes [figure 10 of 
( I ) ] .  Disk-resolved echo spectra, which are 
equivalent to brightness scans through a slit 
parallel to the projected spin vector, show 
hardly any variation in p, across the satellite 
disks [figures 2 and 3 of ( I ) ] .  For Greenland, 
points (squares) are averages of measure- 
ments that span incidence angles 8 from 18" to 
66". Of the projected area, 10% is at 0 5 18" 
and 17% is at 0 2 66". 
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controlled experiments of scattering of light 
from weakly absorbing, disordered random 
media. Coherent backscattering can theo- 
retically produce strong echoes with pC > 1 
(the helicity of the incident polarization is 
preserved through multiple forward scatter- 
ing) and pL = 0.5, provided that (i) the 
scattering heterogeneities are comparable 
to or larger than the wavelength (1 7), and 
(ii) the relative refractive index of the 

0.0 0.4 0.8 1.2 1.6 2.0 

~, 

discrete, wavelength-sized scatterers is 
smaller than 1.6 [figure 9 of (1 8)]. As noted 
by Ostro and Shoemaker (1 9), prolonged 
impact cratering of the satellites probably 
has led to the development of regoliths 
similar in structure and particle-size distri- 
bution to the lunar regolith, but the high 
radar transparency of ice compared with 
that of silicates permits longer photon path 
lengths and higher order scattering. Hence, 
coherent backscatter can dominate the 
echoes from Europa, Ganymede, and Cal- 
listo but contributes negligibly to lunar 
echoes. Similarly, the upper few meters of 
the Greenland percolation zone are rela- 
tively transparent (unlike the soaked zone) 
and, unlike the dry-snow zone, contain an 
abundance of solid-ice scatterers at least as 
large as the radar wavelength, with a rela- 
tive refractive index of - 1.3, so coherent 
backscatter also can dominate the echoes 

Surface of ice sheet o]TI Wind crust 
20 - .------ - 
40 .. . .:. ' .... 1 -mm ice layer . :.. :. 
60 . .... . --Wind crust . . . a .  

. . :. &@ Depth hoar 

Fine-grained snow 

Coarse-grained snow 

-Ice pipe 

Ice layer 
Ice layer 

0 20 40 

Width (cm) 

Fig. 4. Snow stratigraphy at Crawford Point on 
the day of the AIRSAR observations. Snow 
grain diameters are less than 1 mm in fine- 
grained snow and more than 1 mm in coarse- 
grained snow. The average snow density is 0.2 
g/cm3 in the top 40 cm and 0.4 g/cm3 between 
40 and 200 cm. Wind crusts are paper-thin 
layers of firmly bonded, fine-grained snow. 
Depth hoar consists of large, skeletal crystals 
formed in snow strata by crystallization directly 
from water vapor when a temperature gradient 
exists in the snow. 

there. However, it seems unlikely that the 
detailed subsurface configurations of the 
satellite regoliths, where heterogeneities re- 
sult from meteoroid bombardment, would 
resemble that within the Greenland perco- 
lation zone, where heterogeneities are the 
product of seasonal melting and freezing. 

We conclude that a variety of natural 
subsurface configurations can yield exotic 
radar properties. Given the increasing num- 
ber of solar system surfaces (5-7) character- 
ized by high radar reflectivities and polar- 
ization ratios, it is desirable to define as 
accurately as possible the physical con- 
straints provided by the radar measure- 
ments. The Greenland percolation zone 
constitutes a uniquely accessible, natural 
laboratory for studying exotic radar scatter- 
ing processes in a geological setting. Direct 
sampling and high-resolution, multiwave- 
length radar imaging of that terrain could 
reveal the detailed relation between radar 
signature and subsurface configuration, 
thereby furnishing a modicum of ground 
truth for interpreting echoes from extrater- 
restrial surfaces. 
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Evidence for a Low Surface Temperature on Pluto 
from Millimeter-Wave Thermal Emission 

Measurements 

S. Alan Stern,* David A. Weintraub, Michel C. Festou 
Thermal continuum emission from the Pluto-Chm system has been detected at wavelengths 
of 800 and 1300 micrometers, and significant upper limits have been obtained at450 and 11 00 
micrometers. After the subtraction of emission from Charon, the deduced surface temperature 
of much of Pluto is between 30 and 44 kelvin, probably near 35 to 37 kelvin. This range is 
significantly cooler than what radiative equilibrium models have suggested and cooler than the 
surface temperature derived by the Infrared Astronomy Satellite. The low temperature indites 
that methane cannot be present at the microbar pressure levels indicated by the 1988 stellar 
occultation measurements and that the methane features in Pluto's spectrum are from solid, 
not gas-phase, absorptions. This result is evidence that Pluto's atmosphere is dominated by 
nitrogen or carbon monoxide rather than methane. 

Because of Pluto and Charon's large dis- 
tance from the Earth and the small sizes of 
these two bodies, studies of the Pluto- 
Charon system (PCS) are difficult (1). A 
number of fundamental issues in the PCS 
remain unresolved, such as Pluto's temper- 
ature, its bulk atmospheric composition, 
and the validity of its oft-cited analogous 
relationship to Triton. To improve the 
constraints on these and other important 
issues, we have undertaken a program of 
submillimeter measurements of the thermal 
emission from the PCS. Previous PCS ther- 
mal detections have been reported at wave- 
lengths of 60, 100, and 1300 pm; however, 
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these results are discrepant (2, 3). 
Our measurements were made in 1991 

and 1993. The 1991 measurements were 
made at an effective wavelength of 1100 
pm on 8 October UT with the UKT14 
bolometer at the Nasmyth focus of the 
15-m James Clerk Maxwell Telescope 
(JCMT) on Mauna Kea, Hawaii (4). The 
1993 measurements were made at effective 
wavelengths of 450, 800, 1100, and 1300 
pm on 26 January UT with the same 
instrument, and again at 1300 pm on 19 
Febmary\UT with the MPIfR seven-chan- 
nel bolometer on the 30-m Institut de 
Radio Astronomie Millimktrique (IRAM) 
telescope at Pico Veleta, Spain. 

The UKT14 (5) is a sensitive 3He- 
cooled, single-channel bolometer with a 
filter wheel and variable iris. The observa- 
tions reported here were made with the 
instrument's 65-mm-diameter circular dia- 
phragm fully open. Sky cancellation was 
achieved with a chopping secondary set to 
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make both +arc sec and 60-arc sec east- 
west chops at a frequency of 7.8 Hz. The 
wavelength-dependent, half-power beam 
widths (HPBWs) for fully open diaphragm 
observations with UKT14 are given in Ta- 
ble 1. The MPIfR bolometer (6) is concep- 
tually similar to the UKT14 instrument but 
offers the advantage of seven spatial ele- 
ments arranged in a six-element daisy pat- 
tern around the central channel. Each 
beam has an HPBW of 12 arc sec at 1300 
pm. At IRAM, the sky-chopping second- 
ary was set to an east-west throw of 45 arc 
sec at a frequency of 2.0 Hz. 

Accurate pointing for each observation 
was determined by offsetting to the calcu- 
lated PCS position (7) after the use of a 
Gaussian fit routine to center on bright, 
nearby millimeter point sources. The tele- 
scope pointing errors derived from pointing 
checks on these nearby sources were 1 to 2 
arc sec root mean square; these are small 
compared to the telescope beam size. 

Uranus was used to calibrate the mea- 
sured flux density for the 1991 JCMT and 
1993 IRAM observations. Jupiter was used 
to calibrate the 1993 JCMT observations. 
We used the standard submillimeter tele- 
scope correction algorithm to compensate 
for finite-size effects of Uranus and Jupiter 
in the telescope beam. We adopted bright- 
ness temperatures for Uranus of 92.5 and 
97.5 K at 1 100 and 1300 pm, respectively. 
For Jupiter we adopted brightness tempera- 
tures of 148.5, 162.5, 170, and 170 K at 
450, 800, 1100, and 1300 pm, respec- 
tively. We performed additional checks on 
the flux calibration and on the variability of 
the atmospheric optical depth at JCMT by 
observing several secondary calibrators 
[W3 (OH), CRL 2688, CRL 618, and NGC 
7538 IRS1, and 16293-24221 during the 
night at several times (8). At IRAM, tele- 
scope elevation scans called sky dips were 
routinely made to characterize the telluric 
opacity. The 1300-pm zenith opacities for 
our observing sessions are given in Table 1. 

The maximum angular separation be- 
tween Pluto and Charon is only 0.9 arc sec; 
hence our measurements represent the 
combined flux density from both Pluto and 
Charon (Table 1). Figure 1A depicts this 
set of measurements, along with Altenhoff 
and colleagues' 1300-pm grand average of 
15 a 1.4 mJy made in 1986. The January 
and February 1993 observations were of the 
same hemisphere of Pluto. The combina- 
tion of our multiple observations gives an 
error-weighted detection of 10.5 a 5.1 mJy 
at 1300 pm- At 800 pm we detected 33 a 
7 mJy from the PCS. 

To invert our measurements and derive 
a temperature solution for Pluto, we first 
write the total flux density from Pluto and 
Charon as the superposition of the flux from 
their two gray-body Planck functions 
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