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ABSTRACT. The evolution of four dynamic radar glacier zones at the surface of an
alpinc icefield in British Columbia is monitored using a time series of 35 First European
Remote Sensing Satellite (ERS-1) synthetic aperture radar (SAR ) images acquired from
1992 to 1994. These zones result from changing wetness and textural properties, and ap-
pear to represent: (1) cold snow with no liquid water present; (2) an initial melt front with
an upper boundary near the elevation of the 07 isotherm; (3) metamorphosed, rapidly
melting first-year snow with a rough or pitted surface; and (4) bare ice. This interpretation
is aided by temperature and runofl data, air photographs and field measurements of
snowpack properties acquired simultancously with two ERS-1 SAR scenes, ice-surface
elevations derived from 1: 50 000 topographic maps and simulations of radar backscatter
from a geometric optics model of surface scattering. Meltwater production is aftfected by
the development of zones (2), (3) and (4), which form, migrate up-elevation and disappear

cach year between April and September.,

1. INTRODUCTION

Most of the world’s alpine- glaciers have been retreating
during the last 100 years (Meier, 1984; Haeberli and others,
1989). contributing an estimated one-third to one-half of a
10-15 em rise in sea level observed since 1900 (Meier, 1984).
Shrinking ice volumes have increased the risk and incidence
of landslides and glacier-outburst floods in mountainous
arcas (O'Connor and Costa, 1993) and will have an uncer-
tain effect upon water supply from glacier-fed streams. It is
clear that more observations of glacier mass balance, melt
patterns and snowline position are needed for climate mon-
itoring, natural hazard assessment and water-supply pur-
poses. New techniques for monitoring glaciers with orbital
synthetic aperture radar (SAR) will complement existing
field programs and also permit temporal study of remote
sites where glacier conditions are currently known. SARs
penetrate cloud cover and darkness to permit frequent
observation of dynamic, climate-sensitive properties at the
glacier surface and near-surface.

Knowledge of the timing and volume of meltwater run-
off is required for effective management of regulated basins
wherever humans and glaciers coexist. For this reason, nu-
merous watershed runofl models have been developed that
use meteorological data to predict meltwater production,
storage and release from glacial sources (Young, 1985). The
amount of melting at the glacier or snowpack surface is a
key calculation in all such models. This process is rarely
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measured directly; melt rates are instead calculated using
an energy-balance approach with ground meteorological
observations (see Young, 1985). This approach works well
where meteorological data are available near the study
glacier but worsens rapidly when data are extrapolated
from distant stations. Regardless of station location, the spa-
tial distribution of melt is assumed to vary as a function of
clevation or is modeled using a digital clevation model to
calculate the energy balance at each gridpoint on the glacier
surface. This limitation has hampered development of phy-
sically based distributed runoff models designed to predict
glacier runofl,

Due toits sensitivity to the presence of liquid water, SAR
has strong potential for directly mapping patterns of snow-
melt (Donald and others, 1993; Fahnestock and others, 1993;
Hallikainen and others, 1993; Rott and Nagler, 1993; Shi and
Dozier, 1993; Maxfield, 1994). Estimates of snow wetness
may be retrieved using polarimetric G-band SAR data with
a backscattering model that considers both surface and
volume scattering (Shi and Dozier, 1992, 1995; Shi and
others, 1993). However, relicf-induced distortions in SAR
data can severely limit snow-cover mapping in areas of
rugged terrain (Haefner and others, 1994; Rott, 1994). Over
glaciers, areas of wet snow may be observed in SAR ima-
gery from their low backscatter returns | Rott and Matzler,
1987; Bindschadler and Vornberger, 1992). Other surface
conditions may also be observed. Fahnestock and others
(1993) mapped four distinct zones on the Greenland ice
sheet using ERS-1 (First European Remote Sensing Satel-
lite) SAR imagery. They were interpreted as corresponding
to the dry-snow, percolation, wet-snow and bare-ice glacier
facies defined from field measurements by Benson (1962).
High backscattering from icy inclusions buried in the perco-
lation zone during cold conditions has since been success-
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fully modeled as randomly oriented dielectric cylinders em-
bedded in a dry-snow medium (Rignot, 1995). Forster and
others (1996) used polarimetric SIR-C/S-SAR data to iden-
tify climatically driven intra-annual changes in glacier-sur-
face and near-surface conditions in Patagonia. Several
multi-temporal ERS-1 SAR studies of glaciers have re-
ported dramatic temporal and spatial variations in back-
scattering properties related to glacier-surface conditions
(Rott and Nagler, 1994; Hall and others, 1995; Rees and
others, 1995).

This study presents temporal analyses of 35 ERS-1 SAR
images acquired from 1992 to 1994 over an icefield and two
outlet glaciers in British Columbia, Canada. Four dynamic
zones controlled by conditions of melting and texture are
scen in the SAR data. Next, these zones are correlated with
daily ground measurements of temperature and runoff in
1992 and 1993, air photographs and field measurements
taken during two 1994 ERS-1 SAR acquisitions and ice-sur-
face elevations derived from 1: 50 000 topographic maps. Fi-
nally, simulated radar backscatter values from a simple
geometric optics model of radar backscattering are com-
pared with ERS-1 backscatter values from the study glaciers
and a nearby snowpack. Model inputs include field meas-
urements of snow properties made within hours of an 8 June
1994 ERS-1 SAR acquisition.

2. THE STIKINE ICEFIELDS, BRITISH COLUMBIA

The Coast Range of Alaska and British Columbia is one of

the most extensively glacierized regions on Earth, with
88400 km? of glacier ice (Meier, 1984). Glacier mass balance
and annual equilibrium-line altitudes in this arca may be
used as climatic indicators (Pelto, 1987). Because the weather
conditions during the accumulation scason are controlled
by a shifting boundary between the Aleutian Low and the
Canadian Polar High (Yarnal, 1984), the annual mass
balance of glaciers in this arca is particularly sensitive to
winter atmospheric conditions. Pelto (1989) found a strong
correlation between the occurrence of winter cyclonic pas-
sages and positive mass balances estimated for 90 glaciers in
the region.
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The Stikine icefields are found in the southern part of
the Coast Range. Part of the largest icefield, including two
outlet glaciers (56°55' N, 131700’ W), was selected for re-
peated SAR imaging by the ERS-1 satellite (site 1, Fig. 1).
The maximum elevation of this iceficld is approximately
1850 m; the outlet-glacier termini are both near 580 m.
Daily mean air temperatures at 640 m were observed
30 km away at Bob Quinn Lake. Daily mean meltwater dis-
charge was measured by a Water Survey of Canada gauge
located on TForrest Kerr Creek, 11km downstream of its
emergence from the two outlet glaciers. Locations of the dis-
charge and temperature stations are shown in Figure 1.

The drifting orbit of ERS-I during its 1994 geodetic mis-
sion allowed ascending and descending SAR acquisitions
within a 37 hour period on 8 and 9 June. Helicopter trans-
port to a nearby non-glacierized snowpack (site 2, Iig 1)
permitted measurements of snowpack wetness, surface
roughness, grain-size, depth and temperature to be made
within hours of the 8 June SAR acquisition. Discharge
measurements of meltwater runofl in Bronson Creek, the
primary drainage from this snowpack, were collected on 31
May and 1, 3,5, 6 and 10 June. Hand-held oblique air photo-
graphs over the study icefield and outlet glaciers were ac-
quired within minutes of the 9 June descending orbit.

3. THE ERS SATELLITES AND DATA PROCESSING

ERS-1 was launched on 17 July 1991 by the European Space
Agency and placed in adjustable near-circular polar orbit.
It has experienced 3, 35 and 168 day repeat cycles during its
various mission phases. Converging orbits at high latitudes
permit overlapping scenes to be obtained more often. ERS-1
uses a C-band (5.3 GHz) SAR with vertical transmit and re-
ceive (VV) polarizations and a look angle of 23°, producing
an 80-103 km swath with a nominal spatial resolution of
25 m and a processed pixel spacing of 125 m

From April 1992 to June 1994, 35 descending ERS-1 SAR
acquisitions of the study site were downloaded by NASAs
Alaska SAR Facility (ASF) in Fairbanks, Alaska. Four
scenes acquired during the 1994 Geodetic Phase were also
used for comparison with field observations. Fach scene

132:00°
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Site 1: primary glacier study site
Site 2: snowpack measurements

Fig. 1. Stikine icefields, British Columbia, Canada. Locations of study sites and ground temperature and discharge stations are also

showon.
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was radiometrically calibrated using ASF-provided soft-
ware to permit comparison of normalized radar backscatter
(g”) at different times and also within a single scene. The
calibration process removes variations in ¢ caused by sen-
sor-antenna pattern, range-to-target and look angle, using a
satellite-derived noisc vs range function and three calibra-
tion coefficients (Bicknell, 1992). Corrections are fitted to
the Goddard Earth Model (GEMOG) geoid. Image speckle
was next reduced for each image, using a 5 % 5 median fil-
ter. Rees and others (1995) showed that this process reduces
the image local standard deviation in backscatter by nearly
80%, while increasing the apparent mean backscatter by
only (L7 dB. In comparison, backscatter fluctuations due to
changing glacier-surface conditions vary as much as 19dB
over the study site. A transect of filtered backscatter values
between the terminus of an outlet glacier and the icefield
interior was extracted for each ERS-1 SAR image; these
results are presented in the next section.

4. RESULTS

4.1. Time trends in ERS-1 SAR backscatter returns
over glaciers

The ERS-1 time series reveals four distinct zones which may
be identified by their backscatter characteristics and eleva-
tional positions with respect to cach other. Following the
convention of Forster and others (1996), we refer to them as
radar glacier zones. Radar glacier zones are dynamic on the

time-scale of days to weeks and should not be confused with

20 May 1992

glacier facies which are based upon properties integrated
over time periods of years (Benson, 1962). The four radar
glacier zones observed at the study site appear to represent
conditions of (1) cold, dry winter snow (hereafter called
“dry”); (2) snow that is just beginning to melt (hereafter
called “M” for “melt front™); (3) a second phase of wet snow
that is probably metamorphosed, roughened and rapidly
melting (hereafier called “P2” see below); and (4) bare ice
(hereafter called “bare”). Some general characteristics of
these four radar glacier zones are summarized in Table 1.
The ranges in ¢~ values are derived from characteristic
backscatter transects through cach zone.

The temporal evolution of the four radar glacier zones is
shown in Figure 2, using images acquired on 20 May, 13 July

Table 1. Description of the four radar glacier zones seen in the
ERS-1 SAR time series. “Label” is the zone name, as anno-
tated in Figure 2

Label o range Juxtaposition Interpretation
dB
Dry —3to-7 Above“M” Cold winter snow with no liquid water

present
M —1lto 22 Below“dry™  Initial melting of snowpack: upper
above “P2” houndary found near 0°C isotherm
elevation
Below =M, Metamorphosed and roughened melting
above “bare” snow
Bare =10 t0—12 Below “P2”

P2 610

oc

Bare glacier ice

13 July 1992

29 July 1992

Fig. 2. Development and upslope migration of four radar glacier zones revealed by the ERS-1 SAR. T hese zones are interpreted as:
(1) cold winter snow with no liquid waler present ( dry ); (2) initial snowmelt ( M ), with an upper limil around the 0°Cisotherm;
(3) rapidly melting, metamorphosed and roughened snow cover ( P2); and (4) bare ice. SAR illumination ts from the top of each

image.
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and 29 July 1992. The icefield interior (found near the
hottom of each image) slopes downward toward a pair of
outlet glaciers. During the winter (not shown in Fig 2), the
entire ice surface is characterized by relatively high o
values (=3 to —7dB). On 20 May, the icefield interior still
exhibited the bright radar returns of this “dry” zone (see
Fig. 2). However, at lower elevations the initiation of surface
melting (labeled “M™ in Fig. 2) is indicated by low radar re-
turns (—11 to —22dB). By 13 July, this melting snow (which
appears dark on the images) has risen to the elevation of the
icefield interior. The bright “dry” zone has disappeared from
even the highest elevations and melting is now occurring
everywhere on the icefield. However, at lower elevations, a
new radar glacier zone has formed which is characterized
by higher values of ¢° (—6 to —8dB), not unlike the returns
from the “dry” zone. Because of the low elevation, conditions
are known to be melting for this zone of high o”. As will be
explained later, the high returns are likely due to multiple-
path surface scattering. Roughness elements are inferred to
be centimeter-scale, on the order of the 5.66 em wavelength
of the ERS-1 SAR instrument. This part of the icefield is also
below the annual firn limit (i.e. the snow is no older than
the previous melt scason). This high-backscatter zone is
therefore interpreted as a rapidly melting first-year snow-
pack with a metamorphosed, roughened surface that is
quite wet; we here suggest the term “phase 2 melt” or “P2”
for this third type of radar glacier zone. At the time of writ-
ing. such bright radar returns from a wet, first-ycar snow
cover have not heen reported over alpine glaciers. Both
observations and modeling indicate that increasing the sur-
face roughness and/or wetness of a wet snowpack will
increase o (Shi and Dozier, 1992; Jezek and others, 1993;
Rott and Davis, 1993: Dowdeswell and others, 1994) but not
8dB returns
observed over the P2 zone. High o has been observed over
melting firn (Rott and Nagler, 1994) but at levels 46 dB
below those characteristic of P2. Rees and others (1995)
noted high ERS-1 SAR returns near the margins of the
Austfonna ice cap, Svalbard, but these were interpreted as

to levels high enough to explain the 6 to

bare, heavily dissected ice. Bright ERS-I returns can also
be seen on Braarjokull, Ieeland (Hall and others, 19935) but
have not been interpreted.

A fourth zone (labeled “bare” in Fig, 2) with backscatter
values (10 to 12 dB) between those of the M and P2 radar
glacier zones can be seen immediately down-glacier from
the P2 zone on 13 and 29 July ERS-1 SAR images. Its upper
boundary moves steadily up-glacier throughout the melt
season and it is not replaced by any new type of radar signa-
ture. This zone is interpreted as bare glacier ice. The inter-
[ace between the bare and P2 zones is therefore believed to
represent the position of the summer snowline, which stea-
dily rises in elevation throughout the summer. By 29 July,
almost all of zone M in the icefield interior has metamor-
phosed into P2 and at lower elevations P2 has been replaced
in turn by bare ice.

An oblique hand-held air photograph of the study site
and an ERS-1 SAR image acquired moments later are
shown in Figure 3a and b. Cloud shadows create a mottled
appearance over part of the air photograph. Although the
glacier surface was observed to be completely snow-covered
and featureless except near the terminus, the ERS-1 SAR
image reveals a distinct interface between the dark M zone
and a developing P2 zone. This confirms that (1) SAR can
identify variations in glacier-surface conditions that cannot
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Fig. 3. (a) Hand-held oblique air photograph of the study ice-
Jield and outlel glaciers acquired within minutes of the KRS-1
SAR acquisition shown in (b ). Mottled appearance al left is
Jrom cloud shadows. Arrow points to nunalak for veference in
(h). (b) ERS-I SAR image of the area photographed in (a),
revealing an interface between a low-return initial melt ( M)

and a developing P2 radar glacier zone. This interface cannot
be seen in the air pholograph (note veference arrow at nuna-
tak ). Transecl used to derive backscatter profiles in Figure 4
is also showon. SAR illwmination is_from the boltom of the

image.

be seen in air photographs, and (2) the relatively bright P2
radar returns described earlier are not produced by bare
glacier ice. Furthermore, since the bright P2 region in Fig-
ure 3b is well below the annual firn limit, it is also con-
cluded that (3) these P2 returns are produced from a first-
year melting snowpack, not lirn. The beginnings of a bare-
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ice zone on one outlet glacier can be seen in both the air
photograph and the SAR image.

Our interpretation of the four radar glacier zones illus-
trated in Figure 2 is based upon the complete ERS-1 SAR
time series over the study site. These scenes show the up-cle-
vation migration of the four zones to be continuous and con-
sistent throughout the 1992 and 1993 melt seasons (April-
September). Radar backscatter transects from the terminus
of one outlet glacier to the icefield interior are presented for
all 1992 and 1993 ERS-1 SAR acquisitions in Figure 4. The
transect is 21 km in length and is located on Figure 3b. Fig-
ure 4 shows that the dark initial melt front (M) was present
by mid-April in both 1992 and 1993. The M zone climbs
rapidly in elevation and metamorphoses into the bright P2
zone, which is later encroached upon by bare glacier ice.
The development and up-slope migration of these zones
can be easily observed until late-September, at which point
the accumulation of new snow and/or relreezing causes
radar returns over the entire icefield to become erratic.

The topographic profile (inset, Fig. 4) of the radar back-
scatter transects was derived from the 1:50 000 scale 104 B/
11 and 104 B/I4 Canadian topographic maps. The ice surface
descends smoothly from 1830 to 580 m with a mean slope of
297, except for a short reach at about 19 km where a slope of
167 is found. Assuming equal slope in both the range and
azimuth direction, the absolute error in ¢° resulting from
the pixel-area difference between the actual ice surface and
a spherical carth model (van Zyl and others, 1993) is cal-

culated at less than &= 1 dB over nearly all of the ice surface.
This absolute error is much less than the 19 dB range of o~
variation observed between the four radar glacier zones
(—3 to —22 dB). The elect of a steep icefall on the illuminated
pizel-size calculation is found at 19 km, where a consistent
spike of high ¢ can be seen in most of the backscatter tran-
sects (Fig. 4).

4.2. Correlation of radar glacier zones with temper-
atures and runoff

Daily mean temperatures recorded at Bob Quinn Lake in
1992 and 1993 were used to calculate daily elevations of the
0°C isotherm, assuming a temperature lapse rate of 6.5°C
km . Upper and lower boundary elevations for each radar
glacier zone were estimated from 1:50 000 topographic
maps; these elevations are plotted with the isotherm eleva-
tions in Figure 5 for the 1992 and 1993 melt seasons. Esti-
mated vertical elevation errors resulting from this procedure
are also shown [except where boundary elevations exceed
the maximum icefield elevation). Errors in point elevations
determined from topographic maps are nearly insignificant,
particularly since boundaries between radar glacier zones
are not always sharp and may occur over a range of cleva-
tions as large as 200 m.

Winter images over the icefield are characterized by uni-
form and high values of ¢” (-3 to -7 dB), in agreement with
the results of Fahnestock and others (1993), Rott and Nagler
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transects between an outlet-glacter terminus (0 km) and the icefield interior (21 km ). Tran-

sect location is shown in Figure 3b. Inset contains the transect topographic profile and a sample o transect showing the bare, P2

and M radar glacier zones.
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Fig. 5. Time series for the 1992 and 1993 melt seasons of: (1) boundary elevations between the dry, M, P2 and bare radar glacier
zones (each point is derived from a single ERS-1 SAR image ); (2) daily elevations of the (7 isotherm calculated from ground
observations of air temperature; and (3) daily mean meltwater discharge measured in Forvest Kerr Creek,

(1994) and Rees and others (1995). High winter backscatter
intensities likely result from low dielectric losses in dry snow
and volume scatiering f[rom sub-surface ice lenses and pipes
(Rott, 1994). The M zone appears by mid-April in both
vears. Its upper boundary is approximately coincident with
the elevation of the 0°C isotherm until the isotherm exceeds
the maximum elevation of the icefield. At this point, the
upper limit of the M zone equals the maximum icelicld ele-
vation; its progress could undoubtedly be monitored [urther
in time if the topography were higher. Mcetamorphosis of
the M zone into P2 begins around 1 June. Bare glacier ice
is first seen in early=July (1992) and late-June (1993). All four
radar glacier zones rise steadily in elevation throughout the
melt season until their obliteration in September.

Daily mean discharges of meltwater runofl from Forrest
Kerr Creek are also shown in Figure 5. Flow routing was
not applied to these data. Despite detection of internal melt-
water storage in these glaciers (Tanghorn, 1984), runofl is
strongly correlated with air temperature. The appearance
of the M zone precedes significant increases in stream [low
by about 2 weeks. These higher [lows are associated with the
presence of a P2 zone but the temporal sampling of ERS-1 15
not fine enough to determine whether P2 conditions must
develop before large meltwater volumes are produced.
However, it can be concluded from Figure 5 that increased
meltwater production precedes the appearance of bare
glacier ice by at least I month.

4.3. ERS-1 SAR returns and field measurements from
a melting snowpack

Helicopter transport to a non-glacier snowpack located
approximately 20 km from the primary study arca (lig 1)
permitted characterization ol physical snow  conditions
within hours of an ERS-1 SAR acquisition on 8 June 1994,
Nine snow pits were dug along a 500 m transect between the
snowpack’s maximum elevation and its lowest edge. Field
measurements of snow depth, wetness, temperature, surface
roughness and grain-size collected from these pits are given
in Table 2. T'he surface roughness is characterized by the
standard deviation of the surface height (rms height oy,)

https://doi.org/10.3189/50022143000035085 Published online by Cambridge University Press

and the correlation length (I.) (Ulaby and others, 1982).
The oy, values at all locations are large enough to character-
ize the surface as “not smooth”, based upon both the Ray-
leigh and the Fraunhofer criteria (Ulaby and others, 1982).
The horizontal resolution of surface profiles was insuflicient
to separate . for several of the pits. The volumetric snow
wetness (W) was measured with a Denoth dielectric meter
(Denoth, 1989) near the surface and at depth. Mean surlace
snow-grain diameters were estimated from photographs of
representative samples. High wetness values, observations
of free water, and 07C temperatures throughout the pits in-
dicate that the snowpack was wet and melting at all depths
(Table 2).

Low backscatter returns (=-20dB) were recorded
everywhere over the test site despite the range in snowpack
properties given inTable 2. Ascending ERS-1 SAR images
acquired over this snowpack on 31 May, 8 and 25 June are
given in Figure 6. Wet-snow extent at the test site is greatest
on 19 May, reduced on 8 June, and nearly gone by 25 June.
Meltwater discharge in Bronson Creek, the primary drain-
age from the test snowpack, was measured on 31 May and 1,
3, 5,6 and 10 June using Price AA current meters. Measure-
ments were carried out at approximately the same time
cach morning, Flows rose steadily during this time period
(4.5, 4.8, 53, 6.0, 64 and 68 m°>s ), Discharge data were not
collected during the 19 May and 25 June ERS-1 SAR acqui-
sitions. However, the data do suggest that meltwater pro-
duction increased while the extent of dark, melting snow at
the test site and surrounding mountain slope decreased
(Fig. 6).

5. SIMULATION OF BACKSCATTER RETURNS
USING A GEOMETRIC OPTICS MODEL

This section presents simulated values of 0 generated by a
model of radar backscattering from a wet snowpack. Field
measurements described in section 4.3 are used as inputs.
Simulated values of ¢ agree with observed values (rom the
M zone but are lower than those from the P2 zone.

In snowpacks with high liquid-water content and a rela-
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Table 2. Results of snow-pit measurements collected from a non-glacier snowpack within hours of an 8 June 1994 ERS-1 SAR
acquisition. Surface roughness near the snow pit is characterized by the standard deviation of the mean surface height (o) and the
carrelation length (l.). Snow depths are based on_five probe measurements made in the general areas of each snow pit. Volumelric
snow wetness (W) is caleulated from a capacitance welness meter reading and snow density at upper (2-5em ) and lower (26—
34 cm) snow depths. Snow wetness calculations for pits 69 use the mean density of pits 1-5. Error bounds on mean snow depth
and grain-size are one standard deviation. Snow lemperatures were measured belween 26 and 34 em in depth

Pit number Surface roughness Density Wetness Wy Snow depth Grain-size Temperature

oh Lo Upper Lower Mean Mean

cm cm Mgm * % Yo m mm 0°C
1 L2 6.1 0,50 39 12 08 + 0.1 21 £ 05 00
2 1.6 6.1 0.56 97 /A 08 + 02 21 +£05 0.0
3 1.6 6.1 045 59 77 0.8 + 0.1 19 + 06 0.0
4 L0 31 6.6 57 15 + 03 21 +09 0.5
5 0.9 6.1 6.4 76 09 + 0.1 929 4+ 04 N/A
f 13 6.1 47° 103" 10 + 02 13+ 03 0.5
7 14 6.l 4.5" 54° 21 +04 20 + 03 0.0
8 0.7 6.1 68" 11" <24 21 £03 0.0
9 21 9.1 54" 36" 15 £ 00 292 + 04 0.0

“ Mean density.

byt :
" Uses mean density.

8 June 1994 19 May 1994

25 June 1994

Fig. 6. Multi-temporal ERS-1 SAR images of the study snow-
pack (see arrow) and surrounding area. The extent of low
radar returns is greatest on 19 May 1994, intermediate on 8

Fune and dininished by 25 Fune. Feld measurements of

snowpack properties given in Table 2 were collected within
hours of the 8 June image. Location of meltwater-discharge
measurements made in Bronson Creek ts also shown. Radar
illumination is_from the op of each timage.
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tively rough surface, C-band surface scattering dom-
inates over volume scattering at all incidence angles (Shi
and Dozier, 1992). Here, we use a simple surface-
scattering model (Jezek and others, 1993) to (1) compare
ERS-1 backscatter intensities with values modeled for a
wet alpine snowpack where ground measurements were
obtained (Table 2); (2) estimate the range of surface
conditions for the M zone; and (3) aid interpretation of
the P2 zone. Model results are constrained by input
values of snowpack surface roughness and dielectric
constant. Surface roughness is parameterized as the rms
slope of the surface. Assuming a Gaussian distribution
of slopes, the rms slope () can be calculated as 1.140y, /1,
(where o, is the standard deviation of the height and [. is
the correlation length). The dielectric constant is derived
from the snow wetness and density through an empirical
Debye-like model (Ulaby and others, 1986).

Simulations of ¢° as a function of surface roughness for
snowpacks of 6, 10 and 15% wetness are shown in Figure 7
(average wetness measured in the field was 6% ). The input
snow density of 0.52 Mgm * was obtained by averaging
field measurements (Table 2). The input local incidence
angle of 35° combines the ERS-1 incidence angle (23°) and
the ground slope at the test area (12°). Ranges of rms slopes
measured at the snow pits and ERS-1 SAR backscatter
values recorded over the test site are also shown in Figure
7. The o” values have been decreased by 2dB to correct for
the local slope effect (van Zyl and others, 1993).

Model results for the mean snow conditions measured at
the site (wetness = 6%, roughness slope = 17°, density =
0.52 Mg m*s) are within 2dB of the range of terrain-cor-
rected o values measured by ERS-1. Also, the model pre-
dicts the backscatter at the minimum value of measured
surface roughness to be well below the noise level of this
ERS-1 scene. Over the test glaciers and icefield, ERS-1 o°
values (=11 to —22 dB) from the M zone are contained with-
in the simulated range of 6-13% snowpack wetness. These
results suggest that the model’s assumptions of single scatter-
ing and Gaussian slopes are valid for freshly melting snow.

However, the geometric optics model fails to simulate
the high ¢” returns (—6 to —8dB) from the P2 zone. Forcing
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Fig. 7. Sumulated C-V'V &® curves for three wel snowpacks
(liquid waler conlents: 6, 10 and 15% ). using a geometric
optics model of radar backscattering. Increased backseatter is
associaled with increased surface roughness and liquid-waler
content. The ranges of surface roughness measured on the
ground on 8 June 1994 ( A) and observed a° recorded hours
later ( B) are also shown. Model value of o° simulated using
average density (0.52 Mgom °) and incidence angle (35°)
measured at the test site is shown at (C).

snow-wetness values above 15% is physically unreasonable
and increasing surface slopes only decreases o”. Increasing
snow density to 07 Mgm * increases the 15% wetness return
by only 1 dB. Changing the incidence angle to 237 and terrain
correcting for the mean glacier slope (37) also increases the
returns only slightly. The highest o” value the model predicts
for snow wetness not exceeding 15% is only —13 dB.

This failure may result from the model’s assumption of

single-path scattering. '1o simulate ¢” returns from P2-type
surfaces, a model that considers multiple scattering, such as
the integral equation model (Fung and others, 1992), may be
required. Rough, wet-snow surface conditions that could in-
duce multiple-path scattering (and hence strong back-
scatter) include sun cups, penitente snow, ploughshares,
perforated crust and suncrust. A hydrological mechanism
that may induce multiple-path scattering and also promote
a rough surface is the draining of surface meltwater into the
snowpack. This process can form vertical pipes of liquid
water in the sub-surface, creating areas of sharp dielectric
contrast and strong radar returns (Kattelmann, 1995; Shi
and Dozier, 1996). Development of a vertical drainage
system would also contribute to the increased meltwater dis-
charge observed during P2 conditions (Fig. 5).

6. DISCUSSION

Radar glacier zones are formed by important physical pro-
cesses that oceur at the glacier surface, particularly surface
melt and snow diagenesis. While this information cannot be
used to estimate glacier mass balance directly, variability in
these processes can be observed and related to changing cli-
matic conditions that do affect mass balance (Fahnestock
and others, 1993). Ior example, Forster and others (1996,
1997) identified seasonal trends and short-term weather
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effects, respectively, from SIR-C/X-SAR data acquired over
Hiclo Patagdonico Sur (southern Patagonia icefield), provid-
ing a regional interpretation of the climatic regime over the
icefield. Our own findings suggest that orbital SAR may be
used to establish the timing of melt onset over glaciers. Sup-
port for this statement is provided by Winebrenner and
others (1994), who found a close correlation between steep
decreases in ERS-1 SAR backscatter over sea ice and the on-
setof 0°C (or higher) temperatures recorded by six drifting
buoys in the Beaufort Sea.

In agreement with the results of Rees and others (1993),
we find that SAR may be used to monitor the position of the
transient snowline on large glaciers. This may have value in
efforts to monitor glacier mass balance. Equilibrium-line
altitude (ELA) can in many cases be approximated as the
position of the late-summer snowline (@strem, 1975
Ostrem and Brugman, 1991). ELA is in turn related to
glacier mass balance (@strem, 1975; Braithwaite, 1984),
although some glaciers require knowledge of the transient
snowline and the ELA at different times during the ablation
season to determine mass balance (Pelto, 1987). For the study
site, the maximum late-summer snowline elevations in 1992
and 1993 derived from ERS-1 SAR imagery were 1220 m
and H60 m, respectively. The ELA of the nearby Porcupine
Glacier has previously been estimated at 1400 m (Pelto,
1967). The closeness of these values suggests a potential use
for SAR in complementing ELA-monitoring programs,

Comparison of air temperature and runoll’ measure-
ments with patterns of M-zone development suggest that
only a thin layer of surface melting is required to sharply
decrease 7 over snow. The appearance of the M zone is cor-
related with the first arrival of above-freezing temperatures
and precedes increased stream flow by around 2 weeks.
ERS-18AR images acquired on 19 May, 8 and 25 June 1994
over a nearby non-glacierized snowpack show a diminish-
ing arca of low radar returns. Field measurements on this
snowpack collected on 8 June indicate that by this time it
was rapidly melting and 0°C throughout. Meltwater dis-
charge measured in Bronson Creck increased steadily
between 31 May and 10 June, suggesting that maximum
runoff production occurs later than peak extent of low radar
returns. The P2 zone may be correlated with high meltwater
production but more work is needed to determine the rela-
tionship between the evolution of radar glacier zones and
meltwater discharge in streams.

CONCLUSION

35 ERS-1 SAR scenes of an icefield and two outlet glaciers
reveal the temporal and spatial evolution of four zones
related to surface wetness and textural properties. They ap-
pear, migrate up-elevation and disappear in response to
spring and summer melting. Boundaries between these
zones appear to represent: (1) the 0°C isotherm; (2) a diffuse
transition between fresh wet snow and rough wet snow; and
(3) snowline. After the first few weceks of melting each year,
high backscatter returns (-6 to 8 dB) are found over first-
vear snow. A proposed mechanism for these high radar re-
turns is multiple-path scattering from a wet, pitted snow
surface. Meltwater volumes delivered to streams are sensi-
tive to the occurrence of these zones. Increased stream flow
begins about 2 weeks after the initiation of melting on the
glacier surface.
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