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ABSTRACT. Glacier facies from the Greenland ice sheet a nd the Wrangell St Elias 
Mounta ins, Alaska, are ana lyzed using multi-temporal synthe ti c aperture rad ar (SAR) 
data from the European Space Agency ERS-l satellite. Distinct zones and facies a re visible 
in multi-temporal SAR d ata, including the dry-snow facies, the combined p ercolation 
and wet-snow facies, the ice facies, transient m elt areas and m oraine. In Greenland and 
south-centra l Alaska, very similar multi-temporal signatures a re evident for the same 
facies, a lthough these facies a re found at lower a ltitude in ' Nest Greenland where the equi
librium line appea rs to be fo und at sea level a t 71°30' N during the year analyzed (1992-
93), probably because of the cooling effect of the eruption of M ount Pinatubo. In Green
land, both the percolation a nd dry-snow facies a re excellent distributed ta rgets for sensor 
calibration, with backscatter coefficients stable to within 0.2 dB. H owever, the p ercolation 
facies near the top orMount Wrangell are m ore complex and less easily delineated th an in 
Greenland , a nd at high altitude the glacier facies have a multi-temporal signa ture which 
depends sensitively on slope orientation. 

INTRODUCTION 

T he la rge-scale monitoring of facies on g laciers and ice 
sh~ets has become feasible in recent years through the ad
vent of pola r-orbiting, microwave remote-sensing satellites. 
Satelli te synthetic aperture r adar (SAR) has, in particul a r, 
the spati a l resolution and all-weather opera ting capabilities 
necessary to monitor these facies routinely a nd in detail. 
T he applications of this activ ity include hydrological plan
ning (particula rly in areas where glacier-fed m elt is a signi f
icant contributor to total runoff) and early detection of 
CO 2-derived and polar-enha nced changes in climate. In 
this paper, the potenti al of SA R for monitoring ice facies is 
explored with reference to two regions: the Wrangell Moun
tains of south-central Alaska a nd the west of the Greenland 
ice sheet. 

GLACIER FACIES 

Glacier facies are distinct zones in the surface layer of an ice 
sheet or glacier. These facies a re related to pa tterns of accu
mulation a nd abl ation and a re illustrated in Fig ure 1, repro
duced from Benson (1996). Benson's work, first published in 
1962, was pioneering in first drawing attention to the pat
tern of glacier facies on the Greenl and ice sheet. His work 
used a la rge number of ground survey points to interpolate 
a map for the facies over the island. Althoug h the accuracy 
of the bo undaries may be rela tively poor in some locations, 
hi s m aps a re based on ground surveys with interpolation, so 
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Fig. 1. Glacier facies on an ice sheetJrom Benson (1996). 

along the ground-survey profil es the boundaries should be 
accurate (for the time of the surveys). Since then, Fahne
stock and others (1993) and L ong and Drinkwa ter (1994) 
have used a SAR mosaic and enha nced scatterometer data, 
respectively, to generate upda ted versions of the m ap gener
a ted by Benson. vVe begin this paper with a review of these 
facies. 

Dry-snow facies 

This facies is found only on the highest parts of ice sheets 
a nd some high-latitude glaciers. There is no surface melting 
in these regions a nd so the surface consists of snow which is 
gradually compacted under its own weight, or m etamor
phosed under the effect of wind or depth-hoar development. 
The area is extensive over Greenla nd, but not necessarily 
uniform. In fact, recent studies (e.g. Fahnestock a nd others, 
1993) indicate tha t there are systematic variations in this 
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facies from southwest to northeast across Greenl and. These 
regiona l differences m ay b e related to corresponding varia
tions in pa tterns of acc umulati on and wind leading to differ
ent morphological conditions in the snow, but this has not 
been esta bli shed. The lower bounda ry corresponds approx i
mately to the mean - SoC isotherm during the melt season 
(Benson, 1996, p.61), but according to Benson the bounda ry 
may be in the form of a 16- 32 km wide tra nsition region. 

In genera l, SAR sen ses the dry-snow facies as a very 
dark regio n, as the g rain-size of fresh snow is small com
pared to the waveleng th of the C-band SAR systems (abo ut 
S cm ). Snow gra in dia m eter above the wet-snow line a re 
generally <S mm in di am e ter, with a n a pprox imate mean 
of 0.S- 2 mm (Benson, 1996, fig. 18). In the dry-snow facies, 
melting will not be a facto r in the backscatter coeffi cient 
(0"0). Any variations in 0"0 m ay be expected to deri ve largely 
from differences in g ra in-size. It is poss ibl e to derive a sim
ple expression which, crudely, predicts the backscatter as a 
function of the gra in-size. The backscatter coeffi cient for dry 

snow, O"ds ' can be defin ed as follows: 

O"~s = TIT2 ( X N (l fd2) exp ( 2(3'e"') dh (1) la cos j 

where T l a nd T2 a re the transmission coefficients in the 
downwa rd a nd upwa rd directi ons, N is the number density 
of scattering elements, (lfd 2

) is the scattering a mplitude of a 
single elem ent in the backwa rd directi o n (fo r monosta ti c 
scattering ), (3 is the ex tincti o n coeffi cient, e; is the refracted 
incidence a ngle and h is di sta nce (Pa rting ton a nd H a nna, 
1994). A ssuming a n effective transmissio n coeffi cient in both 
directio ns of I, a uniform size of scatterers a nd a half-space, 
the above equation can be simplified to: 

° N(lfd2 ) eos e; 
O"ds = 2(3 (2) 

(lfd2
) is defin ed as follows: 

(l f I2) = 647f5r61 E - 112 
1 ,\4 f + 2 (3) 

where f is the dielec tric consta nt, r is the pa rticle radius a nd 
,\ is the wavelength (U la by a nd others, 1981, eq. S.85). The 
extincti o n coeffi cient, (3, is defin ed as foll ows, under the 
ass umptio n that the a bsorpti on coeffi cie nt is do minant 
(U laby a nd others, 1981, eq. 5. 100): 

8N7f2r 3 IE- 1
1 

(3 = Imag -- . 
,\ E + 2 

(4) 

By substituting Equati ons (3) and (4) into Equati on (2), the 
foll owing is derived: 

47fJr31 (-11 eos e' ° (+ 2 1 

O"ds = 
,\ Imag { ~~~ } 

(5) 

which fo r ERS-I (,\ = 0.OS6, ej = 23°) a nd ass uming a di
electric constant of 3.15 - 0.0025j, simpli fi es to 

° ~ 6 X 108 3 O"ds ~ r. (6) 

Equatio n (6) suggest tha t the backscatter coeffi cient wo uld 
range from - 20 dB for a g ra in mono-distribution with mean 
radius o fO. 25mm to - 2 dB for mean gra in radius of I mm. 

It must be stressed tha t this is a crude approx imation 
which neglects multiple scattering, but it prov ides an indica
ti on of the sensiti vit y of the SAR to system a tic va ri ations in 
g rain-size, which may be rela ted to regio nal vari ati ons in 
accumula ti on rate a nd temperature. This equa tion will not 
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help to interpre t the effects o f ri me-frost, depth hoar or other 
complex physical phenomena. 

Percolation facies 

Here, the surface snow is occasio na lly subj ect to melt which 
results in the p ercolation a nd refreezing of meltwa ter in the 
form of pipes a nd lenses (see Ahlmann, 1935; Sha rp, 1951; 
M a rsh a nd '!\Too, 1984). There m ay be no clea r surface mani
festati on of th e boundary between thi s facies a nd the dry
snow facies. The percola tion facies can, howeve r, consist of 
significant bodi es of ice. Echelmeyer a nd others (1992) found 
a 5 cm thick laye r of ice a t 30 cm depth in thi s facies, with 
grains typicall y 1- 2 mm in di a m eter. C. S. Benson (personal 
communicatio n ) has recorded photographs of pipes corres
pondi ng to a p ercola tion facies in Alaska, where dimensions 
are typically 10 cm long a nd a few cm di a m eter. O ver 
Gree nl and, K. C. J ezek (persona l communicatio n, 1996) 
found tha t sizes of inclusions va ry appreciabl y. At Crawford 
Point (j ust inl a nd from J a kobshavn in the p ercolati on 
facies ), massive ice pipes tens of centimetres long and up to 
10 cm wide were found. Once out of theJakobsh avn drain
age area, but still a t about the same elevati o n, J ezek found 
that the ice-pipe izes decreased dramaticall y to a bout 10 cm 
long a nd 2 em wide, which seem ed characteri sti c a ll the way 
up to the D yc 2 site (66.5° N, 46.3° \V). At D ye 2, small er iso
latedl enses were fo und. 

The presence of ice pipes a nd lenses can act to increase 
the backscattcr in SAR data substa ntiall y over tha t com
monly found in the dry-snow facies. Ice lenses a nd pipes 
can have dimensions compa rable to the waveleng th of the 
SAR and so can produce high re turns. This is confirmed by 
Fa hnes tock a nd o thers (1993), who note from their SAR mo
sa ic of Greenl a nd that there is a sha rp contras t be tween the 
backscatter from the centre of Greenla nd (Iow) a nd the per
cola tion fac ies which surrounds it (high). Based on the 
observati ons o f K. C. J ezek (p ersona l communication, 1996) 
a nd Benson (1996), it may be expec ted that there would be a 
smooth g rada tio n of backscatter from the dry-snow facies to 
the percola ti o n facies, rather than a sha rp bo unda ry, a nd 
this is confirmed by Fa hne. tock a nd others (1993). 

Wet-snow facies 

Thc wet-snow facies is defin ed as extending furth er down 
the glac ier from the point in the percolati on fac ies a t which 
the entire a nnua l accumulati o n o f snow is subj ect to melt 
a nd rcfreeze. In thi s facies, the snow mass reaches melting 
point as a r es ult of latent heat released by extensive refrecz
ing of meltwa te r. As a result, g ra in-sizes a re la rger a nd re
crys talli sati o n is the norm ra ther than the exceptio n. The 
transition to the wet-snow facies from the pcrco la tion facies 
ta kes place over a few kil om etres, according to Benson 
(1996). In genera l, the wet-snow facies will be damp 
througho ut the a bl ation season, a lthough refreez ing a t the 
surface will occur. In the lower altitudes o f the wet-snow 
facies there m ay be la kes a nd a reas of slush where melting 
is particul a rly vigorous. 

During the a bla tion season, the wet-snow facies will re
duce ma rkedl y in backscatter intensity, a nd the main sca t
tering mecha ni sm s will a lter. The penetra ti on depth of dry 
snow at the config ura ti on of the ERS-I SAR (C-band ) is of 
the order of 20 m (Ulaby a nd others, 1981, fi g. 11.25). Very 
small amounts of moisture drastica ll y reduce the penetra
tion depth, so that a volumetri c m oisture content o f 2% will 
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reduce the penetration depth to approxim ately 1 % of its dry 
equivalent (U laby a nd others, 1981). The scattering mechan
ism will therefore cha nge from predominantly volume scat
tering to surface sca ttering. Ulaby and others (1986, p. 1893) 
note that at C-band, the Fresnel reflectivity at norm al i nci
dence for snow with 10 % liquid water is 0.06. Using thi s, the 
KirchhofT Geometric Optics model predicts that, with an 
rms slope of 0.2-0.4 the backscatter coefficient ranges from 
- 9.6 to - 16.2 dB, which i similar to, or even considerably less 
tha n, the back scatter expected from the dry-snow facies 
(Ulaby and others, 1986, eq. 21.27). Thus, we would expect 
the d arkest a reas in a SAR image of glaciers to correspond 
to da mp areas. A laye r of damp snow under refrozen or 
fresh, dry snow would show little difference in back scatter 
as a result of the high penetration depth of radar in dry 
snow. 

There is little reason to suppose that the wet-snow facies 
will show fundamenta lly different scattering mechanisms to 
the percolation facies, except during early and late summer 
when the melt limit is moving up- and downslope, respec
tively. However, J ezek (1993) found tha t the backscatter 
from the wet-snow facies was much m ore strongly varying 
tha n from the percola tion facies. The slush which can form 
a t the base of the wet- snow facies can cause dark patches to 
appear in the SAR im age data (Bindschadler and Vornber
ger, 1992). In addition, it may be expected that there will be 
a general gradation of mean backscatter with alti tude as a 
result of the change in density and size of lenses and pipes. 
Nevertheless, the we t-snow line may not be expected to be 
detected as a di screte boundary as it can have no influence 
on the sensing properti es of the SAR, the line being coinci
dent with the subsurface position where the 00 isotherm 
reaches the base of the previous year 's accumul ation, and 
so hereafter in this paper the percolation and wet-snow 
facies a re treated together. 

Superimposed-ice zone 

Below the wet-snow facies, but still within the genera l accu
mul ation a rea of the ice sheet, there m ay li e a region of 
superimposed ice, which is high-density refrozen melt from 
the previous year's acc umulation. In a heavy ablation year, 
thi s facies may not ex ist, as the ice m ay be completely 
melted, leaving the snowline equivalent to the equilibrium 
line ( the boundary between net acc umulation and ne t ab
lation). In a lighter ablation year the equilibrium line will 
lie between the superimposed-ice and ice facies, giving it a 
different surface m anifestation. G. M a rsha ll (personal com
munication, 1995) suggests that the superimposed-ice facies 
is potenti a lly distinguishable in SAR da ta as a result of its 
greater degree of sm oothness relative to the ice facies. 

Ice facies 

The lowest part of a n ice sheet or glacier consists of the 
ablation region, or ice facies. H ere, the total year's acc umu
la tion, and more, is lost to melting. During winter, the ice 
facies will be covered by dry snow. During early summer, 
the snow will be m elting so that by the end of the abla tion 
season the entire accumulation of snow will have been 
melted, as will some of the ice from previou years' accumu
la tion. The backscatter from SAR is likely to decrease slowly 
through winter as the relatively rough ice- snow interface 
becomes buried by a ttenuating dry snow (which itse lf gen
era tes very little backscatter ). When the snow melts, the 
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backscatter will decrease fu rther, as was indicated above 
for the we t-snow facies. Once the snow has m elted, leaving 
bare ice, the backscatter is li kely to reach its yearly peak as a 
resul t of exposure of a rough, dense ice surface. 

STUDY OBJECTIVES 

The ai m of thi s study is to carry out a detail ed analysis of 
the ex tent to which glacier facies are visible in SAR data 
and to achieve this through the use of multi-temporal SAR 
image da ta . 

The approach taken has been to combine SAR images 
from three parts of the season: winter, early summer and 
late summer (end of the ablation season). The two key 
images a re the first and las t of these. The winter image 
defin es m aximum freeze conditions, and the late-summer 
image defin es max imum m elt conditions. The timing of the 
first of these is non-critical , as during winter the backscatter 
signatures from the different glacier facies change little. The 
timing of the late-summer image is important, as conditions 
change rapidly at thi s time. One approach in glacier moni
toring is to select a single d a te and defin e thi s as the end of 
the abla tion season, ignoring annual va riations in the tim
ing of the actual end of the ablation season. The date se
lected here is around the end of Aug ust/beginning of 
September. 

By co-registering the three SAR images, then mapping 
the three im ages to red, green a nd blue channels of a three
band image and di splaying the result, it is possible to see 
multi-temporal signatures di splayed as distinctive colours. 
Some of the multi-tempora l signatures a re quite subtle and 
would not be at all obvious from comparison of the three 
individu a l images by eye. In this paper, it is demonstrated 
that the patterns of di stinctive multi-temporal signatures 
found in a three-band multi-temporal SAR image of a gla
ciated region refl ect the distribution of glacier facies, and so 
the three-band SAR image effectively provides a mapping 
of glacier facies. 

The power of multi-temporal observations of glaciers is 
demonstrated with reference to two test a reas, 'Nest Green
land (71 °30'- 76° 30' N ) a nd the Wrangell- St Elias Moun
tain s, south-centra l Alaska, with satellite data collected 
during 1992- 93 in each a rea. The two test sites a re quite dis
tinctive in terms of topographic se ttings and climate 
regimes, which is intentional and designed to demonstrate 
the wide utility of this technique. 

The following specific questions are addressed in this 
study: 

What facies a re visibl e in multi-temporal SAR imagery 
collected from winter, early summer and late summer? 

VVhat techniques can be used to extract information on 
these facies? 

' ''' ha t do these techniques tell us about conditions during 
1992- 93 in the two test a reas of West Greenland and the 
Wrangell- St Eli as M ountains? 

STUDY AREAS AND DATA 

The two test a reas a re shown in Figures 2 and 3. 

Greenland 

The Greenland test a rea, forJune 1992-J anuary 1993, corre-
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Fig. 2. Map of the West Greenland test area, showing coverage 
cif Figures 8 and 9. 

Fig. 3. Map oJ the Alaska ( WrangeLl) test area, showing 
coverage of Figure 7. 

sponds to a 100 km wide and 600 km long SAR swath (gen
erated using six neighbouring image frames) extending 
from the west coast at 71 °30' N, 53° W, well into the dry
snow facies at approximately 76° 30' N, 43° W. The coverage 
includes several outlet glaciers which extend to sea level a nd 
calve icebergs. Major glaciers include (from north to south ) 
Umia mako Isbne, Rink Isbne and Kangerdluarssup ser
mia. These "maj or" glacier have widths at their seaward 
margin of 5- 10 km. Many smaller glaciers a re also present. 

There are supporting data for the study. Meteorological 
data provided by H. Rott of the University of Innsbruck 
were recorded at Godthab/Disko (sea level ). These give the 
air temperature and dew point at 1200 h for dates relevant to 
the acquisition of image products. Table I summari ses the 
relevant supporting data. 

As well as measurements of conditions at the time of the 
acquisition of data, there are the results of field surveys 
which provide estimates of the altitudes of glacier faci es 
between 69° and 70° N (Table 2). 
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Table 1. SAR image data and associated meteorological obser
vationsJrom Godthab/ Disko (sea level) 

Date Colour channel Air temperature Dew point Estimated melt 
;n images altitude 

°C °C m 

20 June 1992 Red +6 - 6 723 
29 August 1992 Green +4 0 481 
16 J anuary 1993 Blue « 0 nJa nJa 

Assumed lapse rate 8.3°C km 1 for dew-point estima tio n (Echelmeye r and 
othes, 1992). The estimated highest ahitude of melt in 1992 is approxi
mately 1080 m, on 17 June a nd 23 J uly. 

Table 2. Estimated altitudes (m) of glacier jacies,from field 
measurements (for approximately 69° N, west coast of 
Greenland) 

Boundary Pakitsoq (69°40' N), 1991 Jakobshavns Isbrm (69°10' N), 1986 
( Braithwaite and others, 1994) ( Echebneyer and others, 1992) 

Dry-snow li ne 
Wet-snow line 
Snowline 
Equilibrium line 

Alaska 

2400 
1800 
1400 
1200 

n/a 
1500 
1350 

1210 (mean 1984-86) 

The vVra ngell- St Elias Mountains in south-central Alaska 
contai n a high density of glacier and, as a result of the fairly 
high latitude and altitudes (62° N, peaks greate r than 
4000 m a.s. !.), some of the glaciers have a complete range of 
glacier facies from dry-snow facies downwards. Lingle and 
others (in press) have undertaken a study of Nabesna 
Glacier in which they show that the snowline and terminus 
positions are clearly evident in winter ERS-l SAR data. A 
set of three ERS-I images is avail able from the study for this 
area, recorded at very similar times of year to those from 
Greenland, to make the multi-tempora l images broadly 
compara ble. 

STUDY TECHNIQUES 

Overview 

Figure 4 illustrates the processing used to generate the mul-

Table 3. SAR dataJor the Wrangell- St Elias test site 

Date Colour channel ;n Nabesna air Estimated lIlelt 
Images temperature altitude 

°C m 

30 December 1992 Blue - 22.0 n/a 
23 June 1993 Red +9.0 1084 
I September 1993 Green + 14.5 1750 

Meteorologica l data (from Nabesna Glacier at 906 m a.s. !.) for dates of 
available SAR data. Assumed la pse rate 8.3°C km - 1 fo r melt-alti tude es
timatio n (Echelmeyer and others, 1992). 

45 https://doi.org/10.3189/S0022143000002331 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002331


Journal rifGlaciology 

common 
projection 
parameters 

Digital 
Elevation 
Mode! 

SAR image: 
winter 

SAR image: 
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late summer 

notes: 

see Laur and others (1996). 
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6 SAR images mosaicked 
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3 band SM 
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terrain-corrected; Alaska 
L---,-_...J datasel terrain-corrected 

Fig. 4. Flow diagram showing the technique usedfor generat
ing multi-temporal, three-band SAR image data. The Alaska 
multi-temporal SAR products were generated using tools 
which are available from the Alaska SA R Facility Websile, 
http://www.aifalaska.edu/ 

ti-temporal, three-band SAR data. The three SAR images 
(from winter, early summer and late summer) are cali
brated, co-registered (i.e. registered to each other), terrain
corrected (in the case of the Alaska data only) and com
bined to form a multi-temporal SAR image, which can be 
displayed as a colour image. This colour image is used to 
provide a visual map of distinctive multi-temporal signa
lures which are related to glacier facies. Furthermore, quan
titative analysis is carried out using the Alaska data, where 
a co-registered digital elevation model (DEM ) is available 
to map profil es of multi-temporal signatures (backscatter 
coefficients ) as a function of both alt itude (along Nabesna 
Glacier) and slope orientation (near the summit of Mount 
Wrangell ). 

Pre-processing 

The SAR data were a ll recorded by the European Space 
Agency (ESA) ERS-I satellite during 1992- 93. Three 
images were selected, providing single observations from 
winter, early summer and late summer. The SAR data were 
selected to be almost exact repeat data. That is, the data are 
separa ted by a multiple of the repeat-cycle period of the sa
tellite so that the observation geometry is a lmost identical. 
This is important, as any significant difference in obser
vation geometry associated with the three SAR images 
would create backscatte r differences which were related to 
observation geometry rather than seasonal cha nge. 

The SAR data a re first calibrated using the full cali
bration procedure recommended by ESA (summar ised in 
Laur a nd others, 1996), except for power-loss correction 
which, as a result of the aver aging required, can create arti
fi cial discrete changes in backscatter across frame bound
aries (which is a problem here as image mosaics are being 
used ). The lack of a power-loss correction does not affect 
most of the analysis, as we a re concerned with changes in 
backscatter coefficient and backscatter ratios between dates 
rather than absolute levels of backscatter. 
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The SAR data are then geo-referenced into Universal 
'Ii~ansverse Mercator (UTM) proj ection and co-registered 
to common boundaries and pixel spacing, so that any arbi
trary pixel in one image corresp onds in localio n on the 
ground to the same pixel position in the other two images 
of the same area, a nd north corresponds to the vertical axis. 
The Alaska SAR data were resampled to 90 m pixel spa
cing, which corresponds to the pixel spacing of the DEM 
used to terrain-correct the data. 

In order to p rovide coverage of all glacier facies, six SAR 
image frames from Greenland were mosaic ked together to 

create a long 100 km by 600 km strip of data which stretches 
from the coast well into the interior of the ice sheet. As a 
result of the large coverage, the Greenland SAR data were 
resampled to 1 km pixel spacing. Mosaicking was not car
ried out for the Alaska data, as a ll glacier facies were cov
ered in a singl e SAR image. 

fo llowing mosaicking, the calibrated, geo-referenced 
a nd co-registered SAR data may be terrain-corrected using 
a DEM. This corrects for distortions in the topography 
caused by the imaging geome try of the SAR, whereby 
mountain peaks "lean" towards the near-satellite side of the 
image. In practice, this procedure was carried out for the 
Alaska data only, as a suitable DEM was not available for 
the Greenland data. For the Alaska data, digital elevation 
data are available from the U.S. Geological Survey (USGS), 
a t a pixel spacing of 90 m, and these data were used to ter
rain-correct the SAR images for the Mount Wrangell 
region. The calibrated, geo-referenced, co-registered and 
terrain-corrected images from the Nlount Wrangell region 
a re shown in Fig ure 5. North is towards the top of each 
image, and the area covered by each image is approxi
mately 50 km by 50 km (some of the original SAR image 
coverage has been cropped ). 

Formation of multi-temporal, colour SAR images 

Figure 4 shows th at once the images have been calibrated, 
geo-referenced, co-registered and (optionally) terrain-cor
rected, they are merged by creating a single three-band 
image in which (a rbitrarily) the blue channel to the winter 
image, the red channel to the early-summer image and the 
green channel to the late-summer image. 

The actual colour di splayed in the multi-temporal 
im age will depend on the form of the multi-temporal signa
ture, and Figure 6 shows how the displayed colour relates to 
the form of the multi-temporal signature in the three-band 
SAR image. If the backscatter in winter is much larger than 
the backscatter in early or late summer, then the multi- tem
poral image will appear blue. A lack of colour (black, grey, 
white) indicates very little difference in the backscatter on 
all three dates. A non-primary colour (e.g. purple) indicates 
that backscatter is high on two d ates (in this case winter and 
early summer ) and low on the third date (in this case late 
summer). 

RESULTS 

The colour sch emes for the Greenland and vVrangel1 data 
are equivalent (blue = winter, red = early summer, green 
= late summer ), and the resulting multi-temporal, three
band SAR images are displayed for the Mount Wrangell 
region in Figure 7 and for West Greenland in Figure 8. In 
Figure 8, contours of back scatter differences, in dB, between 
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Fig. 5. Terrain-corrected, map-projection ERS -1 image seg
ments if Mount Wrangell and the area to the east, with north 
towards the top oftheJigure. For the location if Mount Wran
gel! and Nabesna Glacier, see Figure 7 

23 June 1992 and 16 J anuary 1993 are given inland of the 
eoastal region (the coast is the lower, left side of the dia
gram). It can be seen from both the conto urs and the lack 
of colour that nea rly the whole area in Figure 8 shows no 
significam multi-temporal signature. This is expected, as 
most of the region consists of the dry-snow facies, which ap
pear as dark grey, and the percolation facies, which appear 
as white. H owever, there is sig nificant temporal variation in 

Partington: Discrimination if glacier Jacies 

multi·temporal winter image early summer image late summer image 
image colour blue channel red channel green channel 

white I light grey I I I t oO 

black I dark grey • • • t oO 

blue I • • t oO 

red • I • t oO 

green • • I t oO 

pink I I • t oO 

turquoise I • I f oO 

yellow • I I t oO 

Fig. 6. Diagram showing the relationship between backscatter 
coefficients on the three dates (30 December 1992, 23 June 
and 1 September 1993) and colour in the multi-temporal 
SA R images. The vertical bars indicate backscatter coef
ficient . This figure may be used to reference the meaning of 
colours in Figures 7-9. 

backscatter in the coastal region a nd this is shown expanded 
in Figure 9. R ecall that the dates of the component images 
(winter, early sum mer and late summer) in Figures 7- 9 are 
given in Tables I and 3 and that the SAR data are terrain
corrected in Figure 7 but not in Figures 8 and 9. 

As digital elevation data a rc ava i lable for Mount Wran
gell , it is possible to generate p ro fi les of multi-tempora l 
backscatter sig nature both as a function of a ltitude along 
the Wrangell Iccfield- Nabesna Glacier from ource to ter
minus and a a function of o rienta ti on close to the summit 
of Mount Wrangel l (4000 m a.s. !.). These profiles are located 
in Figure 7 and can assist in determining the boundaries of 
the vari ous facies and in analyz i ng thei r charac teristics. Fig
ure 10 shows profiles of the backscatter coeffi cients [o r 30 
December 1992, 23 June 1993 and I September 1993 as a 
function of a ltitude, for a line down Nabesna Glacier. These 
profi les extend from the dr y-snow facies down to the ice 
facies. Figure 11 shows profiles of the backscatter coefficients 
for the same dates arou nd the su mmit of Moulll Wrangel l at 
4000 m a.s. l. , in the dry-snow fac ies. 

In the following sections, the m a nifestations in the multi
temporal SAR d ata of each of the g lacier facies are des
cribed and possible explanations provided. 

Dry-s now facies 

Over a ve ry wide region of the Greenland te. t area (Fig. 8), 
the dry-snow facies can be located from a combination of 
low backscatter and the complete absence of any multi-tem
poral signature (dark grey in Fig urc 8). The rad iometric sta
bi li ty (over the 7 months representcd in thi s time series ) is 
< ±0.2 dB over most of the m apped dry-snow a rea of 
100 km X 300 km, which is a n indication from a natural, 
uniform di stributed target of the stability of the ERS-l 
SAR which is wel l within the des ig n criteri a for the instru
ment. However, an a rea to the north of the test region shows 
higher var iation, up to 0.6 dB, which may be rela ted, in 
some way, to the lower accumulation rate in that region. 

The a rea bo unded by a calibrated backscatLer coeffi cient 
of - 8 dB (after correcti on for power loss ) corresponds ve ry 
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Fig. 7. Terrain-corrected, map-projection multi-temporal ERS-1 image segment of Mount Wrangell and the area to the east, with 
north towards the top ofthefigure. Blue indicates datafrom 30 December 1992, red indicates 23 June 1993 andgreen indicates 1 
September 1993. The background yellow-green signature in non-glaciated areas indicates a marginal increase in backscatter 
during the summer months which is thought to riflect growth of vegetation. The blue profile ( A) shows the location of Figure 10, 
and the red prcifile (B) shows the location of Figure 11. Numbers refer to altitude above sea level, in metres. 

closely with the dry-snow facies as defined by Benson (1996) 
in this region and estimated using the supporting data pro
vided in this study (i.e. dry-snow line a t ",2400 m a.s. l.). 
However, the overall range of backscatter coefficient across 
the dry-snow region of Greenland appears to be a minimum 
of about - 14 dB and a maximum of about - 5 dB,judging from 
a comparison of the Greenland facies map of Long and 
Drinkwater (1994) with a map of fully calibrated ERS-I back
scatter coeffi cient across Greenland generated by PJ. M ea
dows, in Sephton and others (1995) (which includes power
loss correction). 

These variations in backscatter coefficient across the dry
snow facies may be related to regional differences in accumu
lation rates. Largest grain-sizes are found in areas of lowest 
annual accumulation, where they may reach 1- 2.5 mm in ra
dius, through a process of depth-hoar development (Pater
son, 1981). However, these values are unlikely to be attained 
with continui ty, vertically through the snowpack. If these 
grain-sizes were continuous, the backscatter coefficient 
would reach a figure of the order of -2.5 dB (Equation (6)). 
M ore typical snow sizes are radii of the order of 0.5 mm for 
snow which has not been subject to depth-hoar development, 
suggesting a backscatter coefficient of - 11 dB (Equation (6)). 

In the Wrangel! data (Fig. 7), the dry-snow facies is indi
cated by patchy, dark areas near the summit. There is much 
less stability between the observations at different times of 
the season here than in Greenland. 

The following equation most closely maps the extent of 
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the dry-snow facies determined by Benson (1996) at the lati
tude associa ted wi th this test site: 

dry-snow facies where (J~s < - 8dB. (7) 

This criterion gives a mean altitude for the dry-snow line 
around Mount Wrangel! of approximately 3460 m on the 
north side and above 4000 m on the south side (from the 
September image data). This compares with an altitude of 
about 2400 m for the test area in Greenland (the precise 
altitude cannot be measured, as a resul t of a lack of elevation 
information). 

Percolation and wet-snow facies 

Fahnestock and others (1993) showed that the percolation 
facies tends to be bright in ERS-I SAR image data. This is 
true of winter image data and the highest a reas of the per
colation facies. In summer, however, a reas of melt can 
extend into the percolation/wet-snow facies, reducing the 
backscatter coefficient (to below - 15 dB in the Wrangel! 
region). Thus, in the multi-temporal images generated here, 
we would expect to see high-backscatter winter image data 
combined with early- and late-summer image data which 
will show the passage of surface melt into the wet-snow/per
colation facies. In general, we will expect to find three zones 
within the percolation/wet-snow facies displayed in Figures 
7- 9. At the highest altitudes (the "upper zone" ) we would 
exp ect to find a uniformly high backscatter coefficient for 
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Fig. 8. Multi -temporal image mosaic if Greenland. The 
image is in map projection, with north at the top oJtheJigure. 
Blue indicates dataJrom 16 J anumy 1993, red indicates 20 
J une 1992 and green indicates 29 August 1992. ContouTS in
dicate backscatter coifficient differences ( dB) between the 20 
J une 1992 and 16 J anuary 1993 images, except in the coastal 
region (bottom) where the difference is >0.2 dB. Nearly the 
whole area covered by thisJigure corresponds to the percolation 
Jacies (bright) and dry -snow Jacies ( dark) and so shows no 
significant multi-temporal signature. 

al! three dates, as a t the highest a ltitudes in the percola tion 
facies we would not expect to find melt on any of the three 
dates. This region wo uld appear "white" in Figures 7- 9. 
Fur ther down (the "middle zone" ), we wo uld expect to find 
a region in which melt is present in the late-summer image 
but not in the early-summer or winter image. This region 
would appear "purple" in Figures 7- 9, as the backscatter 
will be uniformly high during winter and early summer 
a nd low in late summer. Finally, towards the lowest a ltitudes 
in the percolation/wet-snow facies (the "lower zone" ), we 
wo uld expect to find melt associated with both early- a nd 
late-summer images, so the backscatter would be high in 
the winter data and low in both summer images. Thi s regio n 
wo uld appear "blue" in Figures 7- 9. Thi is summarised in 
Table 4. 

The upper percola tion/wet-snow facies (Table 4) is ex
tensive in Greenland (Fig. 8, whi te a rea ), indicating wide
spread freezing cond itions on all three dates. The back-

Partington: Discrimination oJglacierJacies 

Fig. 9. T he coastal (lower) portion if the multi-temporal 
image swathJmm Figure 8 (expanded to show detail). The 
image is in map projection, with north as the top qftheJigure. 
Blue indicates dataJrom 16 J anuary 1993, red indicates 20 
J une 1992 and green indicates 29 August 1992. The approxi
mate position oJ t he coastline is indicated by a white line. 

scatter coeffi cient is of the order of - 4 dB. Interestingly, the 
stability for the three images is as high as that of the dry
snow facies « 0.2 dB). M oving down towards sea level (Fig. 
9), some very limited "purple" regions indicative of the 
middle zone in the percolation/wet-snow facies are encoun
tered (suggesting mel t in the August data, where backscatter 
reduces to - 10 dB) and then the "blue" lower percolation/ 
wet-snow zone (indicati ve of melt in both the June a nd 
August data). T he altitud inal limit of the combined lower 
and middl e percolation/wet-snow zones in Greenland corre
sponds closely with the estimated highe t a ltitude of melt of 
1080 m on 17 June and 23 J uly 1992 (Table 1). 

This pat tern of zones is reproduced on the north- a nd 
east-facing slopes of Mo unt Wrangell, in a n entirely analo
gO LlS progression to that found in the Greenland data. On 
the south-facing slopes, however, the "upper zone" of the 
percolation/wet-snow facies appears green instead of whi te. 
This indicates higher backscatter in September than in 
December or June. This "green" tin t extends almost to th e 

Table 4. Percolation/ wet -snow Jacies, divided into "upper'~ 
"middle"and "lower" zones, which relate to either 'Jreezing" 
or "melting" conditions associated with the winter, early 
summer and late-summer SA R images. Summary oJ appear
ance by zone ill Figures 7- 9 

<olle Il 'illler image Earry -summer Late-summer 
image ,mage 

Appearance ill 
Figures 7- 9 

Uppe r Freez ing Freezing Freezing 
Midd le Freezing Freezing Melting 
Lo\ver Freez ing Melti ng Mel ting 

• Appears g reen on south-facing slopes of MOUJ1l Wrangell. 

White' 
Purple 
Blue 
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dates. See Figure 7 Jor location if prqfile. 
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Fig. 11. Backscatter coefficients as afimction if orientation qf 
slope at 4000 In a.s.l. on },;[ount Wrangell and for the three 
different times qfthe year. See Figure 7 Jorlocation if prqfile. 

summit of M ount Wrangell on the south-facing slopes, and 
includes a reas that have very low backscatter in winter and 
so would be classified from winter data as being in the dry
snow facies. In fact, although the upper area on the south
facing slopes has very low back scatter in winter and early 
summel~ the backscatter increases markedl y in late summer 
by more than 5 dB. The difference in multi-temporal igna
ture as a function of ori enta tion is shown ve ry clearly in Fig
ure Il, for a n a ltitude of 4000 m a.s.l. 

This multi-temporal signature at high altitude on 
Mount \ t\Trangell is ex tremely unlikely to be a n instrument 
artefact, for the following reasons: 
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the imaging geometry is virtually identical, and in this 
situ ation the stabili ty ofERS-l is a few tenths of a decibel 
(Sephto n and others, 1995). The obser ved temporal 
difference (September-June backscatter coefii cient) is a 
maximum of 5 dB for slopes facing south; 

the sig nature is observed only on south-facing slopes and 
onl y in the percolation/wet-snow facies; 

registra tion errors would create simila r a rtefacts else
where through the image a nd, in any case, cannot be 
la rge enough to account for the areal coverage asso
ciated with this multi-temporal signature. 

As there is no ground truth to validate a n interpretation, 

possible explanati ons are offered here for future investiga
tion. Three possible explanations are: 

summer depth-hoar development; 

rime-frost development; 

high winter accumulation over percolation facies. 

Depth hoar consists of large, faceted crysta ls which de-
velop from sublimation in the presence of a strong vertical 
gradient in vapour press ure (Giddings and LaChapelle, 
1962). The development of depth hoar is a function of both 
the maximum degree of heating during the day a nd the 
diurnal range of temperature (Colbeek, 1989). This would 
be consistent with the fact that the multi-tempora l signature 
is found on the south sides of Mount Wrangell and not on the 
north or east side, where diurnal temperature ranges are 
much smaller in summer. By la te summer, the surface is 
cooling rapidly a t night but the subsurface pack is still rela
tively warm, setting up a strong temperature gradient con
ducive to the form ation of depth hoar (Paterson, 1981). 
During winter, the backscatter would reduce as this depth
hoar layer is covered by a considerable attenuating layer of 
snow which on M ount Wrangell exceeds 100 cm w.e. on aver
age (Benson a nd others, 1975). Studies by Benson (1968) 
show that depth hoar develops on Mount Wrangell each 
summer, but there is no direct evidence that it is better 
developed, to the point of being detected by the SAR, on 
the south-facing sides. 

Rime-ice layers are also predominantly summer features 
which appear o n Mount Wrangell, but in this case not in res
ponse to high temperature gradients but rather in response 
to storms (Benson, 1968). These layers may also form prefer
enti ally on the south side of Mount Wrangell as sto rms move 
in largely from the south . It is not clear that these features 
would act to increase the backscatter markedly, a lthough 
Benson (1968) does note the frequent occurrence of these 
summer features on .Mount vVrangell in excavated snow pits. 

High winter accumulation over the percola tio n facies is 
a third possible explanation for the seasonal signature at 
high altitude on the south-facing slopes of Mount Wrangell. 
The annual accumulation rate averages lOO cm w.e. in the 
caldera, which equates to approximately 320 cm of snow 
(Benson, 1968), but could be higher on the south-facing 
slopes than on the north- and east-facing slopes (given the 
direction of predominant storm tracks). 

Without validating information, it is not p ossible to 
draw a firm conclusion on whether rime-frost, depth hoar 
or high winter accumulation rates a re causes of thi s multi
temporal signature in the SAR data on the south-facing 
slopes of Mount Wrangell. All three are mentioned simply 
as possibilities. 

l ee facies 

The ice fac ies lies below the equilibrium line, which is pres
ent in the Wrangell data at about 2100 m (Lingle a nd others, 
in press ). T here is no evidence for or against the presence of 
superimposed ice in the Wrangell data. In Figure 7, the ab
lation region can be seen to li e below the "blue" lower zone 
of the percolation/wet-snow facies (e.g. along the Nabesna 
profil e) and the ice facies appears as having a g reen tint in 
the multi-temporal data. This indicates higher backscatter 
in September than inJune or December. 

Bare ice exists at the end of the ablation season (Septem-
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ber image), but earli er in the season there remains snow 
cover. As explained earli e l~ a deep, dry- or wet-snow cover 
has the effect of attenuating return from the relat ively strong 
bare-ice scattering surface, hence the green colour indica
tive of relatively strong scattering in September, except in 
areas of moraine which can be identifi ed by longitudina l 
streaks in the glacier showing no multi-temporal signature. 

A definition for the snowline is proposed as follows: 

(9) 

where subscripts "s" and "d" indicate September and Decem
ber, respectively. This places the snowline on Nabesna 
Glacier at about 2100 m a.s.L This compares well with the 
figures provided by Benson and others (1996) from both 
SAR data and air photographic data from nearby M aeK
eith Glacier (where it is estimated as varying in altitude 
between 2090 and 2230 m a.s. L). The mean baekseatter coef
ficients for the altitude range 950~2000 m on Nabesna 
Glacier ( th e ice faeies ), are shown inTable 5. 

TheJune backscatter is consistent with scattering from a 
damp-snow surface. The scatter from bare ice (in Septem
ber ) would be expected to be greater, as the surface is rough
er but will still be damp in September. In December, the 
scatter will be from a dry, bare-ice surface and volume atte
nuated by a laye r of dry snow. In this area, snow depths in 
December are typically of the order of 2 m (personal com
munication from C. S. Lingle, 1996). 

Table 5. Mean backscatter coifficientsJi·om the iceJacies on 
Nabesna Glacier 

Nabeslla iceJaries 30 Derember 1992 23 J1IIIe 1993 J September 1993 

Mean 950~2000m ~7.53 dB ~9.59dB - 6.18c1B 

An important implication of the G reenland data is that 
the percola tion/wet-snow faeies in these data extends to sea 
level in thi s region. There is no region in the Green land data 
comparable to the ice facies visible in the Mount Wrangell 
data. Thi s suggests a high-accumulation, or low-ablation 
year in 1992. Evidence in support of this res ult is provided 
by both Thomas and others (1995) a nd Van Tatenhove a nd 
others (1995), who each note that 1992 was characterised by 
a ve ry cold summer in West Greenland around Leverett 
Glacier and J akobshav ns Isbra: at 69° N. The average tem
perature at Kangerdlussuaq was 4.4°C from May to 
October, a nd 7.9°C from June to August, making it the 
fourth co ldest summer between 1942 and 1992. J akobshav ns 
Isbra: t hickened by several metres between September 1991 
and April 1992 and , using aircraft-derived elevation 
profiles, Thomas and others (1995) found that, unusually, 
thi s was not compensated by summer melting during the 
following summer. Furthermore, Abdalati and Steffen 
(1997) found, from passive microwave data, that there was 
a lack of melting during the summer of 1992 over Greenland 
as a whole, which they attribu te to the eruption of Mount 
Pinatubo a nd the resul tan t increased aeroso l concentrations 
in the atmosphere. In fact, the mean melt area (for the 
months ofJun e, July a nd August over Greenland as a whole ) 
in 1992 was about 0.7 x 105 km 2 as opposed to mean melt 
areas during the summers of 1979~91 of about 0.9~ 

2.25 x 105 km 2 (Abdalati and Steffen, 1997). Thus, there is 

Partington: Discrimination cifglacierJacies 

strong evidence here, from a variety of sources, that ablation 
was unusally low in 1992, and the SAR data suggest that 
around 71 ON on the west coast of Greenland the equilibrium 
line was at sea level at the end of summer that year. 

CONCLUSIONS 

This study has provided the following significant res ults. 

A technique is described for combining SAR images 
from the midd le and end of the ablat ion season with 
images from winter to locate glacier facies . The tech
nique is simple but requires use of repeat SAR data, ca li
bration, co-registration and, ideally, terrain correction 
and image mosaicking. Two parameters considered, in 
combination, to give the best positioning for the snow
line and dry-snow line are winter backscatte r coefficient 
and the difference between end-of-ablation and winter 
backscatter coefficients as shown in Figure 12. The 
resulti ng multi-temporal signatures are illustrated sche
matically in Figure 13, based on data from Nabesna 
Glacier but a lso showing corresponding points from the 
Greenl and data. Use of absolu te backscatter coeffi cients 
in combina tion with multi- temporal SAR signatures 
adds to the value of the data. 

The dry-snow facies shows up clearly, although the 
boundary with the percolation facies is indistinct. A 
defini tion is suggested for the dry-snow line in SAR 
data. 

Late-summer development of depth hoar, sto rm-pro
duced r i mc-frost or high winter accum ulation rates 
may account for slope-ori entation-dependent facies dif
ferences on Mount WrangelL 

Damp snow shows up very clearly and its migra tion up
glacier into the wet-snow/percolat ion fa cies can be fol
lowed. This migration a llows a subdivi sion of the perco
lat ion/wet-snow facies into a lower, middle and upper 
zone. 

For the data ana lyzecl here, the altitudes of the Sl10wlines 
are estimated. In West G reen land in 1992, at 71 °30' N, the 
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Fig. 13. Schematic and simplified illustration qf SAR multi-temporal signatu res for discrimination if glacierJacies ( applicable to 
ERS-l). 

equilibrium line appears to be at sea level, indicating a 
low-ablation or high-accumulation year (Table 6). A 
low-ablation year is suppor ted by evidence from a vari
e ty of sources. This interpretation is based on cross-com
parison of multi-temporal signatures from the Wra ngell 
and Greenland test sites, which shows the complete ab
sence of an ice-facies signature in the Greenland data. 
This low-ablation year appears to be related to the erup
tion of Mount Pinatubo (Abdala ti and Steffen, 1997). A 
definiti on for the snowline in SAR data is suggested . 

Confirmation is provided of the stability of the ERS-l 
(to 0.2 dB), using a natural, di stributed calibration ta r
get. Both the Greenland dry-snow a nd percolation facies 

Table 6. Summmy cif estimated altitudes cif dry -snow line and 
snowline on Greenland (1992) and Mount T Vrangell (1993) 

can be used as a natura l calibration surface, as long as 
there is no surface melt. 

RECOMMENDATION 

In thi s pap er, it is demonstra ted that significant detail on the 
glacier facies can be provided from multi- temporal SAR 
image data. It is recommended that a m ulti-temporal 
(colour) SAR image mosaic of glacier facies across Green
land be generated using the techniques described in this 
paper. With continuous polar-orbiting SAR missions antici
pated in the foreseeable future, it should be possible to gen
erate such a mosaic on a repeated basis in order to monitor 
long-term movement of the glacier facies, albeit with super
imposed short-term vari ations. The technique described 
here provides a graphic a nd sensitive means of detecting 
movement of the facies. 
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