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ABSTRACT. We present an analysis of many European Remote-sensing Satellite
(ERS) synthetic aperture radar (SAR) images of Vatnajokull, Iceland, by comparing
them with Advanced Very High Resolution Radiometer (AVHRR) images, mass-
balance observations and modelled firn stratigraphy. Summer SAR and AVHRR images
both detect the surface firn line (or the transient snow-line when it lies below the firn line)
as a distinct boundary. Winter SAR images of Vatnajokull generally display the late-sum-
mer surface firn line, and often also a transition at a higher elevation that possibly reflects
a subsurface continuation of the firn line. On some winter images the firn line is not ade-
quately detected, possibly due to a shallow firn pack. We found no differences in back-
scatter between melting snow and firn, and for most years no differences in reflectance
either. For Vatnajokull, equilibrium-line altitude is therefore not a particularly useful esti-
mator of the mean specific mass balance (By,). Unlike albedo images, SAR images do not
display interannual variations of the signal within the accumulation area that are clearly
related to By,. Hence, SAR images of Vatnajokull contain less information about By, than
albedo images. However, for some drainage basins, mean transient snow-line/firn-line
altitude during the melting season can be used to infer By,

1. INTRODUCTION

Glaciers and ice caps often lie in remote areas, are difficult
to access and can have vast surface areas. Direct observation
of the mean specific mass balance (By,) and related quanti-
ties, such as the equilibrium-line altitude (ELA) and the ac-
cumulation—area ratio, is therefore a time-consuming and
often costly procedure. As a consequence, these quantities
have been measured on relatively few glaciers worldwide.
Larger parts of the cryosphere can be studied on a regular
basis with satellite sensors. Ostrem (1975) proposed that the
often-found linear relation between B;, and ELA can be
used to infer By, by using satellite-derived ELA. In recent
years, much work has been devoted to inferring the snow-
line at the end of the melting season. Note that we define firn
as snow that has survived at least one summer, which
implies that the equilibrium line equals the snow-line at the
end of the melting season (if there is no superimposed ice).
Some authors successfully applied Ostrem’s method by
using satellite albedo images (e.g. Rott and Markl, 1989) or
synthetic aperture radar (SAR) images (e.g. Demuth and
Pietroniro, 1999), but the method often fails. This can occur
when the equilibrium line lies above its position of the pre-
vious year(s). In such cases the snow-line is sometimes vis-
ible (e.g. Rott and Markl, 1989), but often the difference in
albedo (o) between firn and snow several months old is too
small to be detectable (e.g. Rott and Markl, 1989; Hall and
others, 1995; De Ruyter de Wildt and others, 2002). Then,
only the firn line can be detected. De Ruyter de Wildt and
others (2002) developed a method that does not suffer from
this problem. The net potential shortwave radiation,
defined as the net shortwave radiation at the top of the
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atmosphere, can be calculated from albedo images. This
quantity, integrated over the glacier surface and over the
melting season, is a measure of the amount of absorbed
shortwave radiation. Consequently, it both influences and
depends on summer melt (due to ageing of snow and firn
and meltwater effects) and also depends on summer snow-
fall. It also depends on winter mass balance and was found
to be linearly related to By, for Vatnajokull, Iceland. Unfor-
tunately, in some years high cloudiness limited the availabil-
ity of albedo images and hence introduced uncertainty into
this linear relationship.

Clouds do not pose a problem when SAR backscatter
images are used. Backscatter (o() images can display
several boundaries, which correspond to surface or subsur-
face facies transitions. Microwaves penetrate through dry
snow, so the main signal over dry snow surfaces originates
from subsurface material (e.g. Rott and others, 1985). The
underlying material in the ablation area is ice, which pro-
duces less backscatter than the underlying firn in the accu-
mulation area. Firn contains scattering elements such as ice
structures and internal surfaces. SAR images acquired in
winter or early spring can therefore be used to detect the
boundary between ice and snow/firn (e.g. Fahnestock and
others, 1993; Hall and others, 1995; Partington, 1998; Konig
and others, 2001). When the surface is melting, the o signal
1s much lower and stems from the top few cm (e.g. Stiles and
Ulaby, 1982), meaning that only surface features can be
observed. It also means that the boundary between dry
and wet snow is detectable (e.g. Steffen and others, 1993), as
well as the boundary between bare ice and wet snow or firn
(e.g. Rott and Matzler, 1987; Adam and others, 1997). Smith
and others (1997) also observed a fourth zone, marked by
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Fig. 1. Map of Vatnajokull, based on the DEM used for image processing. The DEM has a horizontal resolution of 500 m. Height
contours are shown_for each 250 m interval. Outlets where the mass balance has been regularly measured are indicated. The black
circles represent siles where the mass balance has been measured. Over western Briarjokull and over Dyngjujokull, iransects

through measurement sites are shown.

high backscatter over wet snow (phase 2 melt or P2), which
is most likely caused by roughness due to suncups (Ramage
and others, 2000). These four zones (dry snow, wet snow,
metamorphosed wet snow and ice) were seen to move up-
glacier and replace each other during the melting season.
In spite of these observations, SAR images have been com-
pared to in situ mass-balance observations only a few times
(e.g. Demuth and Pietroniro, 1999; Hall and others, 2000;
Koénig and others, 2001), while a comparison of radar images
with mass-balance measurements and/or albedo images
from a number of years has yet to be made. From the latter
two studies it appears that, as is often the case for albedo
images, the og signal cannot distinguish between snow and

firn. Consequently, the snow-line appears only to be visible
on radar images when no firn is present at the surface.

For Vatnajokull, one of the largest temperate ice caps in
the world, a wealth of information is available with which
SAR images can be analyzed and interpreted. A digital ele-
vation model (DEM) is available (Fig. 1) and its mass
balance has been regularly measured (e.g. Bjérnsson and
others, 1998¢). Recently a mass-balance model was devel-
oped and calibrated to the conditions on the ice cap (De
Ruyter de Wildt and others, 2003). The mass-balance meas-
urements have been compared to U.S. National Oceanic
and Atmospheric Administration (NOAA) Advanced Very
High Resolution Radiometer (AVHRR) images (De Ruy-

Table 1. Mean specific mass balance of various drainage basins of Vatnajokull (in m w.e.)

Year Western Briarjokull Eastern Briarjokull Eyjabakkajokull Dyngjujikull K()‘ldukm{slarj()‘kull Tungnadrjikull All
1991 -090

1992 0.81 0.35

1993 1.32 0.89 069 1.58 0.23 1.16
1994 0.55 042 0.36 0.03 011 031
1995 0.22 -048 0.04 -0.64 031
1996 -0.04 -0.76 —-0.88 -021 -0.68 —-0.54
1997 -1.04 -179 -1.88 -0.85 -1.07 —2.18 130
1998 -0.46 -0.94 —1.57 -0.53 -0.80 —1.53 -0.77
1999 -0.09 -0.56 -072 -0.58 -0.99 -0.26

Notes: The values were obtained by interpolation. The weighted mean for the whole northwestern part of Vatnajokull (All) is shown when the mass balance

was measured over the largest part of this area.
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Table 2. ERS SAR images and NOAA AVHRR images used Table 2 cont.
in this work
Year SAR AVHRR Year SAR AVHRR
Date Day Basins Date Day Date Day Basins Date Day
1991 5 Sept. 248 K DWB 15 Apr. 105 1997 1 May 121 DWBEB 23 Apr. 113
1 May 121 4 May 124 TK 20 May 140
25 May 145 20 May 140 TKDWB 2 June 153
2 June 153 7 June* 158%* K DWBEB 26 June 177
17 June 168 24 June 175 TKDWB 30 June 181
2 June 177 10 July 199  DWBEB 17 July 198
7 July 188 13 July 194 TK 12 Aug 224
91 July 202 29 July 210 DWBEB 12Aug 224
8 Aug. 220 16 Aug. 228 KDWBEB 8 Sept. 251
23 Aug. 235 2 Sept. 245 TKDWB 18 Sept. 261
6 Sept. 249 18 Sept. * 261 * DWBEB
19 Sept. 262 1998 16 Apr.* 106* DWBEB 15 Apr. 105
1992 15 June 167 24 May 144 TK 4 May 124
18 June 170 14 July 195 TKDWB 19 May 139
20 June 172 30 July 2 DWBEB 30June 18l
3 July 185 2 Aug. 24 TK 14 July 195
6 July 188 18 Aug. 230  TKDWB 31]July 212
14 July 196 3 Sept. 246  DWBEB 8 Aug. 220
9 Aug. 299 6 Sept. 249 TK 23 Aug. 235
10 Aug. 293 22 Sept. 265 TKDWB 4 Sept. 247
3 Sept. 247 15Sept. 258
11 Sept. 255 29 Sept. 272
1993 18 Jan.* 18% KWBEB 26 May 146 1999 23 Jan.* 23* K DWBEB 28 May 148
21 Jan.* 2%  TK 12 June 163 9 June 160
3 May* 123*  DWBEB 18 July 199 29 June 180
6 May* 196% TK 4 Aug. 216 6 July 187
22 May 142 TKDWB 10 Aug. 222 6 July 187
9 June 160 K DWBEB 24 Aug 236 21 July 202
26 June 177 TKDWB 3 Sept. 246 28 July 209
31 July 22 TKDWB 13Sept. 256 5 Aug. 217
4 Sept. 247  TKDWB 27Sept. 270 6 Aug. 218
20 Sept. 263 DWBEB 18 Aug. 230
23 Sept. 266 TK gg é“gt' ggg
29 Nov* 333*  TKDWB et
1994 26 Aug. 238 DWB EB 14 May 134
15 June 166 Notes: SAR images that were acquired during freezing conditions over the
2 July 183 northern and western part of Vatnajokull are marked *. The “basins”
8 July 189 column shows which of the drainage basins Tungnaarjokull (T), Koldu-
2 Aug. 214 kvislarjokull (K), Dyngjujokull (D), western Braarjokull (WB) and east-
12 Aug. 294 ern Braarjokull (EB) are displayed on the SAR images.
17 Aug. 229
30 Aug. 242
1995 28 Apr.* 18* K DWB EB 21 Apr. By ter de Wildt and others, 2002). In situ mass-balance meas-
15 May* 135% TKDWB 9 May 129 .
31 May 151 DWBEB 31 May 51 urements, NOAA AVHRR images a.nd a long tel.rm
3 June 54 TK 9 June 160 modelled mass-balance series form a unique dataset with
18 June 169 DWBEB 29 June 180 which SAR images can be compared. In this paper we do
19 June 170  TKDWB 14 July 195 so for eight melting seasons in the 1990s. We also use some
5 July 186 DWBEB 27 July 208 images that were acquired during freezing conditions. First
8 July 189 TK 7 Aug. 219 . . . .
10 Aug 999 DWBEB  17Aug, 999 We chlrectly c.ompa.re SAR images with AVHRR 1rr.1ages to
12 Aug. 24 TK 24 Aug, 236 identify glacier facies. Then we reconstruct the stratigraphy
29 Aug. 241 TKDWB 12Sept. 255 of a part of Vatnajokull from measured and modelled mass-
13 Sept. 256 DWBEB 28 Sept. 271 balance values, in order to explain several boundaries and
16 Sept. 259 TK . .
1996 29 Apr. 190 TKDWE 27 Apr 18 structures .that are \{lSlble. on .SAR anq AVHRR 1mages.
18 May 39 TK 13 May 134 On the basis of these investigations, we discuss some possible
4 June 156 TKDWB 19 June 171 ways of retrieving the mass balance from SAR images.
20 June 172 DWBEB 21 June 173
23 June 175 TK 11 July 193
9 July 191  TKDWB 16 July 198 2. DATA
25 July 207 DWBEB 22July 204
13 Aug. 226 TKDWB 27 July 209 .M -bal .
99 Aug. 292 DWBEB 4 Aug o17 2.1. Mass-balance observations
1 Sept. 245 TK 17 Aug. 230 Th bal V. ‘skull has b d with
17 Sept. 96 TKDWB 19 Aug 939 ¢ mass balance of atr.lajo ull has been measure wit
25 Aug. 238 good spatial resolution since 1992 (Bjornsson and others,
8 Sept. 252 1997,1998a, b, ¢, 1999; Sigurdsson, 1999; personal communi-
20 Sept. 264 cation from O. Sigurdsson). The data have mainly been
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obtained over the drainage basins of Eyjabakkajokull,
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Braarjokull, Dyngjujokull, Koldukvislarjokull and Tung-
naarjokull (Fig. 1). For Eyjabakkajokull, data from 1991 are
also available. Most measurements were taken at the end of
September or the beginning of October. On each outlet, the
mass balance has been measured along one or two profiles
that capture the altitudinal variation. Because most of Vat-
najokull is quite flat, the profiles can be used together with
a few additional measurement sites to describe the lateral
variation. We obtain the mean specific balances of the drain-
age basins and the ELAs by interpolating between the
measurement sites. For this interpolation, we developed an
algorithm that takes into account vertical gradients in the
mass balance, even when these are not resolved by the meas-
urement sites. A DEM is needed for this feature to work. For
each gridpoint of the DEM, the algorithm determines the n
closest measurement sites within 500 m altitude of the grid-
point. Then, because of the limited height differences, a lin-
ear relation between mass balance and altitude is found for
the n measurement sites, with which the mass balance at the
gridpoint can be calculated. To smooth discontinuities in the
resulting mass-balance field, the contribution of each meas-
urement site is weighted with the inverse of its distance to
the gridpoint. The resulting values of By, are not very sensi-
tive to the value of n. We therefore use a value of 6, which is
the lowest value that gives smooth mass-balance fields. Table
1 displays the resulting values of By,. The data include years
with a highly positive By, (1992, 1993) and years with a
highly negative By, (1997,1998). We estimate the uncertainty
in By, tobe 0.25 m w.e.

2.2. ERS SAR images

The European Space Agency (ESA) launched the first
European Remote-sensing Satellite, ERS-1, in 1991 and the
second, ERS-2, in 1995. Both satellites carry a C-band
(5.3 GHz) SAR with vertical transmit-and-receive (VV)
polarization. We use PRecision Image (PRI) SAR data
which are three-look (speckle-reduced) and are calibrated
and corrected for the SAR antenna pattern and range-
spreading loss (Laur and others, 1998). The strength of the
oo signal depends upon the local incidence angle, but as
most of Vatnajékull is almost flat we do not need to take the
surface slope into account. The op signal is dimensionless
and givenin dB (i.e. on a logarithmic scale). In total we pur-
chased 59 images, which are listed inTable 2. They were ac-
quired year-round during much of the period 1991-99 and
often display only a part of Vatnajokull. Table 2 shows which
drainage basins are visible on each image. The horizontal
resolution of the images is 33 m in range and 30 m in azi-
muth, while the pixel size is 12.5 m. We upscale the pixel size
of the ERS scenes with a factor of 10 (up to a pixel size of
125 m) in order to facilitate the processing of large numbers
of SAR scenes. The upscaling is allowed by the fairly large
size (8200km?) and low surface slopes (2.8° on average) of
Vatnajokull. Furthermore, the resulting resolution is still
smaller than those of the DEM (500 m) and the AVHRR
images (1.1km). The upscaling also takes care of the add-
itional speckle filtering that is usually required for PRI
images. ESA provides the horizontal coordinates of the
images with anaccuracy of 100 m in range and 200 m in azi-
muth. These coordinatesrefer to points that are projected on
a reference geoid, and differ from the actual coordinates on
the ice-cap surface (which lies above the reference geoid).
We therefore localized a number of control points on each
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image, like nunataks and glacier margins, and compared
their ESA-supplied coordinates with those of the DEM. For
each image, this resulted in nearly linear relations between
the displacement and the altitude. With these linear rela-
tions we could correct the coordinates of the image pixels.
Judging by the uncertainties of the linear relations, we esti-
mate that the uncertainties of the corrected coordinates are
equal to one DEM element (500 m) in both the longitudinal
and latitudinal direction.

2.3. NOAA AVHRR images

We purchased NOAA AVHRR images from the Dundee
Satellite Receiving Station in the U.K. The images were ac-
quired during the melting seasons (April—September) of the
years 1991-99. The horizontal resolution at nadir is 1.l km.
This resolution is quite large, but because of the size of Vat-
najokull and its small surface slopes it is low enough to
detect features like the firn line. Moreover, AVHRR images
canbe used to establish usable time series because the repeat
time over Iceland is high (a few times per day), making it
possible to detect the sparse cloud-free moments. In the first
four years, the NOAA-II satellite provided the data. From
1995 onwards, the images were acquired by the NOAA-14
satellite. Because Iceland lies in the North Atlantic Ocean,
where storm activity is high, the skies are often overcast and
most of the images display some clouds. It was therefore not
always possible to find cloud-free images for the end of the
melting season (e.g. in 1994 and 1999). We found 9-15 images
for each melting season, with a typical time interval of
2 weeks between images (Table 2). Nearly all images were
acquired near solar noon, when irradiance was high. The
process of retrieving the surface albedo from the images
has been discussed in detail elsewhere (De Ruyter de Wildt
and others, 2002), so we restrict ourselves here to a short de-
scription of the successive processing steps:

Clouds are distinguished from snow and ice by making
use of the reflective and thermal differences in AVHRR
channel 3 (3.5-39 um) and the thermal differences in
channel 4 (10.5—11.5 um) that often, but not always, exist.
Not all clouds are detected in this way, so we had to
check the images for errors manually. A convenient way
of doing this is to compare subsequent images and look
at textural characteristics.

We apply a geolocation to each image by comparing the
images to the DEM. Tor this purpose, the images are ro-
tated and stretched, which involves some resampling.
The horizontal resolution of the DEM is smaller than
the AVHRR pixel size, namely 500 m. For most images
we were able to locate the ice margin and features like
mountain peaks and steep ridges with an accuracy of
one pixel. The accuracy of the geolocation for a few
images with a large satellite viewing angle is estimated
to be two pixels.

Measured radiation intensities are calibrated with the
calibration formulas of Rao and Chen (1995, 1999) for
the AVHRR instruments aboard the NOAA-Il and
NOAA-14 satellites, respectively. These coefficients take
instrument drift into account. The resulting radiances
are converted into planetary albedos.

We use a radiative transfer model (Koelemeijer and
others, 1993) to convert the planetary albedos into sur-
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Iig. 2. Radar backscatter against satellite-derived surface
albedo. Each point represents an AVHRR pixel; for this plot
the backscatter images have been resampled up to the same
resolution as the AVHRR images (1.1km). The maximum
time gap between radar and albedo images used to make this
plot is 3days. Seventeen such pairs were found, distributed
randomly over the spring and summer of five years ( Table 2).
Two of the pairs are not used because the corresponding SAR
images displayed unusual radiometric distortions.

face albedos. This model takes Rayleigh scattering and
attenuation by ozone and water vapour into account
but neglects the effect of aerosols. Because the results
are not very sensitive to the atmospheric profiles (Reij-
mer, 1997), we use the standard Sub Arctic Summer
Profile of McClatchey and others (1972) as input.

We employ an empirical expression to convert the sur-
face narrowband albedos in AVHRR channels 1 and 2
into broadband albedos. This expression (De Ruyter de
Wildt and others, 2002; personal communication from
W. Greuell) is based on many (8000) point measure-
ments made simultaneously in AVHRR channels 1 and
2 and over the entire solar spectrum (Greuell and
others, 2002). The measurements were made over a
broad range of surface types, ranging from dirty glacier
ice to melting snow and having broadband albedos of
0.05-0.80

"Io correct for the anisotropic nature of reflection at snow
surfaces, we apply an empirical parameterization (Koks,
2001), which is based on measurements over melting
snow 2—3 weeks old, and is valid for a broad range of
solar zenith angles (15.9-65.5°). During the summer,
virtually all surface snow of Vatnajokull melts and
becomes metamorphosed, so the parameterization is
likely to be valid for the average summer conditions on
Vatnajokull. We do not apply a correction for anisotropy
over glacier ice, because much of the glacier ice of north-
ern Vatnajokull is covered with black volcanic deposits
(for this surface type no parameterization is available).
Distinguishing between ice and snow on northern Vat-
najokull is easy, due to the darkness of much of the
glacier ice.

In the above, the fluxes are calculated with respect to a
horizontal plane. If the surface is inclined, the fluxes
through a plane parallel to the surface differ from those
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Iig. 3. ESA ERS o images of part of Vatnajokull, acquired
on 20 September, 1993 (a) and 2 August 1998 (b ). The latter
image was cut off because 1t displayed much of the surround-
ing terrain. Latin numerals indicate different zones of surface

Jacies. © ESA2002.

through the horizontal plane and a correction needs to
be applied to obtain the surface albedo. We calculate
the surface albedo with the expression of Knap and
others (1999).

3. INTERPRETATION OF RADAR BOUNDARIES

A first and direct way to interpret the different o signatures
observed on the SAR images of Vatnajokull is to make a
scatter plot of o against o (Fig. 2). In this plot we clearly
see three clusters of data points, representing three kinds of
surface facies. Dry snow has high o and high oy signatures.
The difference between dry snow lying directly on top of
glacier ice and dry snow lying on firn is small (3—4dB) and
the two groups merge in Figure 2 (note that the two sub-
clusters of dry snow in this figure represent two different
days, not the difference between ice and firn below the dry
snow). Melting snow and firn have somewhat lower o
values, but drastically lower o values. Some authors (Smith
and others, 1997; Ramage and others, 2000) observed melt-
ing snow with high o (>—12 dB), which they called the P2
(phase 2) melt facies. On five out of 43 SAR images of
Vatnajokull with melting surfaces, we can observe such
facies with high o, but for only one of these is a simultan-
eous AVHRR image available. This facies is not identifiable
in Figure 2 because it represents only a small part of this one
pair of images. A third cluster represents bare glacier ice
with much lower « values and rather high o( values. For
melting surfaces, there is a tendency for higher o values at
lower « values (i.e. when the snow is wetter and/or grows
older and becomes more metamorphosed). This corres-
ponds to earlier observations that increasing surface wet-
ness and roughness produces higher backscatter (e.g. Jezek
and others, 1993; Rott and Davis, 1993).

Figure 3 shows two of the images that display high oy
over what we believe to be melting snow. All zones in these
images follow the height contours of the ice cap (Fig. 1). The
lowermost zone is bare glacier ice, as confirmed by AVHRR
images acquired at most 1 week later. The uppermost zone
(only in Fig. 3a) lies in the highest part of Vatnajokull, ap-
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Iig. 4. Modelled stratigraphy, backscatter profiles ( oy, solid lines) and albedo profiles (v, dashed lines) along the transect over
Briarjokull shown in Figure 1. For each of the years 1991-98, annual layering at the end of the melting season (21 September) is
shown. The o and o profiles are named by year and day of the year. For each year the profiles that display the highest firn line are
shown. Some additional o profiles acquired in freezing conditions are shown as bold lines. 10 m in surface altitude approximately

corresponds to 800 m in horizontal distance.

proximately above the 1600 m contour. From the daily mean
temperature in Kirkjubajarklaustur on the same day and
assuming a lapse rate of 6°C’km ', we find the daily mean
0°C isotherm to be at 1700 m. The close correspondence of
these two heights and the high o( values suggest that the
uppermost zone represents dry snow. If this is the case, then
zones I-I1I probably consist of melting snow and/or melting
firn. Zone I has low backscatter and corresponds to the ini-
tial-melt zone (“M”) of Smith and others (1997). Zone II has
high gy (-6 to —10 dB), but in both images it is bounded on
both sides by zones of low oy. If the high backscatter in zone
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IT is caused by roughening elements like suncups (Ramage
and others, 2000), then these must be absent in zone III. In
this respect, zone II differs from the P2 zone found by Smith
and others (1997), which lies directly above the bare-ice
zone. In any case, most images that we purchased do not dis-
play zone II, and Hall and others (2000), who studied many
SAR images of Hofsjokull, Iceland, do not mention such a
zone either. The reason for this absence may be the regular
occurrence of snowfall in the accumulation area during the
summer, which may prevent the formation of suncups.

For further interpretation of the different boundaries
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that are present in the SAR images of Vatnajokull, we com-
pare o profiles with « profiles and, following Kénig and
others (2001), with modelled stratigraphy. We do so for the
western part of Braarjokull, one of the large northern out-
lets, because this outlet mostly displays a rather sharp firn
line. On other outlets the situation is more complicated,
with a gradual and patchy firn—ice transition which makes
it difficult to compare SAR images with model results.

3.1. Stratigraphic modelling

To model the stratigraphy we used mass-balance obser-
vations (since 1992) and mass-balance values (1960-92)
obtained with a mass-balance model that was specially con-
structed for Vatnajokull (De Ruyter de Wildt and others,
2003). It describes the energy fluxes between atmosphere
and glacier, which are tuned with in situ measured data
(Oerlemans and others, 1999), in a detailed way. The most
important model specifications are:

Temperature in the katabatic surface layer is related, but
not equal, to the temperature in the free atmosphere just
above the surface layer (in the surface layer, tempera-
ture is mostly lower and temperature variations are
smaller than in the free atmosphere).

Incoming longwave radiation is a function of tempera-
ture in the free atmosphere, which is justified by the rel-
atively thin katabatic layer over Vatnajokull.

Sensible-heat flux is a function of temperature in the
katabatic layer.

Snow albedo depends upon the number of days since the
last snowfall.

Ice albedo depends upon location and varies from very
low in the northwest (0.10 due to volcanic ash layers) to
0.30 at some locations in the south and southeast.

Subsurface processes, such as refreezing of meltwater,
are neglected and whenever the surface energy flux is
positive, the surface is assumed to be at the melting point
(“zero-degree assumption”). For a temperate ice cap like
Vatnajokull, this is a reasonable assumption.

Free-air temperature and vapour pressure are assumed
to be always horizontally (but not vertically) homoge-
neous over the ice cap. Meteorological data show that
this is mostly the case. Cloudiness and relative variations
in precipitation are also assumed to be horizontally
homogeneous. This allows us to force the energy balance
over the entire ice cap with data from one meteorologi-
cal station.

The mean spatial distribution of precipitation over Vat-
najokull is not well known, which is why we use this
variable to calibrate the model to observations of the
mass balance (Bjornsson and others, 1997, 1998a,b, c,
1999). These observations were mainly made over the
central and northwestern parts of the ice cap (i.e. the
drainage basins of Tungnaarjokull, Koldukvislarjokull,
Dyngjujokull and Braarjokull). Precipitation data from
coastal weather stations in the south and southeast are
available to prescribe a spatial distribution.

Daily mean temperature, humidity and cloudiness
measured at Kirkjubajarklaustur (Fig. 1) are used to drive
the model. The spatial distribution of precipitation varies
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from year to year, so we force the model with the mean daily
precipitation at three locations close to Vatnajokull (Kirkju-
bagjarklaustur, Fagursholsmyri and Hornafjérdur; see Fig. I).

We modelled the stratigraphy at many points along the
transect over western Braarjokull (Fig. 1) which enables us
to plot the stratigraphy as a function of surface elevation.
We do not take ice flow into account, because Braarjokull
1s in the quiescent phase of its surging cycle; the last surge
took place in 1963 (about 4 km; Sigurdsson, 1998). Further-
more, the surface slope of Braarjékull in the vicinity of the
firn line is very low (0.5—1°), so mass is transported to lower
surface elevations only very slowly.

3.2. Comparison of SAR data with AVHRR data and
stratigraphy

In Figure 4 we compare backscatter profiles and albedo
profiles along a flowline of western Braarjokull with the re-
constructed stratigraphy along the same flowline. Note that
in each stratigraphy plot, the equilibrium line is given by the
lower boundary of the most recent annual layer (the upper-
most layer). Also note that annual-layer thickness is given in
mw.e., which means that the compaction of firn into ice is
not taken into account. On a temperate ice cap like Vatna-
jokull, the compaction process is complicated by melting
and strong metamorphism of firn layers, which is very diffi-
cult to model. However, on other temperate glaciers the
firn—ice transition often occurs in layers 4-13 years old, at
depths of 13-32m (Paterson, 1994). On the stratigraphy
plots, we can observe that in 1991 the ELA was very high
and the long-term firn line was present at the surface. In
1992, and to a lesser extent in 1993, the ELA was very low,
and the long-term firn line was obscured by snow. It did
not reappear until 1997, when most surface firn from 1992
had melted away. In 1997 and 1998 the firn-line altitude
(FLA) at the end of the melting season was slightly higher
than in 1991 due to melting of the lowermost surface firn
layers in these two years.

In all years, the late-summer oy and « profiles display a
transition at the same altitude as the firn line (note that in
1993, 1996 and 1997 the SAR images were acquired some
days before the AVHRR images). We therefore believe that
the transitions on the summer oy profiles coincide with the
boundary between firn and ice to a good approximation. In
all years except 1992, the equilibrium line lies above the firn
line and cannot be seen on the oq profiles. The a profiles
only display the equilibrium line in 1997 and 1998. Note that
in 1993 and 1994 the ELAwas relatively low but nevertheless
obscured by firn from 1992 (when the ELA was even lower).

Only at the end of the melting season in 1992 was all firn
covered by snow, and for this year it should be possible to
detect the snow-line on satellite images acquired at the end
of the melting season. Unfortunately, we have no radar
images for this year and we found no cloud-free AVHRR
images for the end of the melting season. Images from the
winter and spring of 1993 might also display the snow-line
from 1992, because C-band microwaves can penetrate
several metres through refrozen stratified dry snow and firn
(e.g. Mitzler, 1987). However, the late-summer firn line is
not visible on the image from 18 January 1993 (Fig. 4, panel
for 1992). Near the end of August 1992, there was a consider-
able amount of snowfall, which contributed to the low ELA
in 1992 (Bjérnsson and others, 1998¢). This is confirmed by
the modelled cumulative mass balance near the equilibrium
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Fig. 5. Modelled cumulative mass balance at a site near the
long-term firn line on western Briiarjokull. At day 100, a few
weeks before the start of the melting season, the cumulative
mass balance has been set to zero.

line, shown in Figure 5. The mass-balance model is forced
with daily mean temperatures from Kirkjubajarklaustur,
and TFigure 5 shows that there was no significant melting
after August. Just above the 1992 equilibrium line, only a rel-
atively thin layer of snow was present which did not experi-
ence significant melting during the autumn and formed the
beginning of the winter snowpack. During the winter, the
snowpack was nearly as thick just below the equilibrium
line as just above it. It therefore seems unlikely that the
late-summer snow can be distinguished from winter snow
on the images from the winter and spring of 1993.
Although the image from 18 January 1993 does not dis-
play the equilibrium line from 1992, it does display two
other boundaries: one at 1220 m and, somewhat less clear,
one at 1150—1170 m (see Fig.6). The lowermost boundary cor-
responds to the FLA from 1991 (which, according to Figure
5, was captured on days 248 and 249 at its highest position).
We therefore assume that this boundary is the surface firn
line. The uppermost boundary lies significantly higher and
1s also present in most other images that were acquired
during freezing conditions (bold lines in Fig. 4). Tor
example, images from the winters of 199798 and 1998/99
also display a boundary at 1220 m, which in both cases is
higher than the FLA from the preceding summer. Again,
Figure 5 shows that there was no substantial melting after
the late-summer images were taken. Furthermore, the stra-
tigraphy plots in Figure 4 display an increase in subsurface
firn age at nearly the same altitude of 1225 m. This increase
may well correspond to an increase in density and we sup-
pose that 1220 m is the lowest altitude where, during freez-
ing conditions, the SAR sensor only “sees” firn and no ice. If
this is correct, then just below this altitude the firn—ice
transition lies closer to the surface and there the og signal
stems both from ice and from the overlying firn. The winter
o profiles for late 1993 and early 1995 do not show the trans-
ition at 1220 m. On these images, it may be obscured by the
thick pack of relatively recent firn. It is important to realize
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Iig. 6. ESA ERS o image of the northern part of Vatnajo-
kull, acquired on 18 January 1993. © ESA 2002.

that the actual annual layers, especially the young layers,
are thicker than shown in the stratigraphy plots because
the stratigraphy in Figure 4 is displayed in m w.e.

Winter images from November 1993 (day 333; see panel
for 1993) and April 1995 (day 118; see panel for 1994) do not
display the late-summer firn line. The late-summer images
from 1993 and 1994 display (nearly) the highest FLA,
because according to Figure 5 there is no melting after 20
September 1993 (day 263) and very little after 26 August
1994 (day 238). The o profiles display a somewhat gradual
transition, but in both years this begins above the FLA and
ends at about 1160 m (the FLA from 1991). For both winters,
this corresponds to a zone where the firn pack was relatively
shallow. We therefore suggest that, in these two winters,
above 1160 m only firn is detected, while below this altitude
the influence of ice gradually increases.

During the winters of 199798 and 1998/99 there was no
shallow young firn pack to obscure the firn line, and the
SAR images therefore display the surface firn line. The
FLA in 1997 is almost the same as in 1991, and the image
from 18 September 1997 (day 261, which was acquired
during freezing conditions) displays a boundary close to this
firn line. The image from 23 January 1999 (Fig. 7a) displays
the same two boundaries as the other wintertime images,
but the late-summer firn line from 1998 (3 September) lies
midway between these two boundaries (Fig. 7b). Possibly
the firn line moved up-glacier after 3 September, although
little melt occurred after that date (Fig. 5).

4. MASS-BALANCE RETRIEVAL

It follows from Section 3 that SAR images are of limited use
for annual detection of the equilibrium line. As a conse-
quence, By, can often not be inferred from radar images by
using the linear relation between the ELA and B,, (Fig. 8).
SAR images display the long-term firn line, but this is not
related to By, on an annual basis (Fig. 8). However, By, may
be related to other quantities that can be inferred from SAR
images. Recent work (De Ruyter de Wildt and others, 2002)
has shown that the average surface albedo of the ice cap
during the melting season correlates well with By,. On the
other hand, melting snow and firn tend to have higher oy
values when the albedo is lower (Fig. 2). In addition, Figure
9 shows that in years with a positive mass balance (e.g. 1993),
the transient snow-line ('T'SL) rises more slowly and later in
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the melting season than in years with a negative mass
balance (e.g. 1997), resulting in a larger area of low o and
hence a lower average 0. These observations suggest that
during the melting season the average o over the glacier
surface ((0g)) may be inversely proportional to By,. This
can of course only be the case when dry snow and firn, and
the P2 facies, are excluded from the analysis, as these facies
disturb the negative correlation between oy and « over

g
1400
L a J
1300
€ o
i) o
2 1200
- . e e
[
L e O J
1100
jul
® | western Braarjékull TSL-FL °
O western Brdarjokull ELA 1
1000 . . .
-1 0 1 2
B (mw.e.)

De Ruyter de Wildt and Oerlemans: Satellite retrieval of mass balance

melting glacier surfaces. Figure 10 shows that, for western
Braarjokull, (og) generally increases during the summer,
corresponding to increasingly high TSLs and/or snow and
firn surfaces that are increasingly wet and rough. Only in
1993 was there no obvious increase and did (o) remain rel-
atively low during the summer. In this year, the summer was
cold with regular snowfalls. In general, the signal strength
changes with surface wetness and roughness, which are both
highly dependent on temporal circumstances. This is shown,
for example, by the data from 1998. In 1995 also (o) was
quite high in summer, while By, had an intermediate value
(Table 1). No suitable images are available for a large part of
summer 1995, and the high (o) values may not be represen-
tative. We can estimate the mean value of {(gp) over the sum-
mer by interpolating (o) between the successive images. We
do so for days 195243, which is the longest period for which
(00) values are available from each year. We then find a cor-
relation coefficient of 0.72 between (og), averaged over the
summer, and By,. There is no significant correlation
between (o) and By, for Dyngjujokull and Ksldukvislarjs-
kull. This may be due to the short-term variability of the oy
signal or, alternatively, to the small number of SAR images
for some years.

The most obvious feature on summertime SAR images
is the boundary between the areas of high and low back-
scatter. This boundary closely corresponds to the boundary
between the areas of low albedo (ice) and high albedo
(snow/firn). It is formed by either the TSL or by the firn line
(FL), and the position of this line contains, at least theoreti-
cally, information about By,. There are two arguments for
this statement. First, the TSL—TFL separates the low- and
high-albedo areas, while the albedo strongly determines
the amount of surface melt and hence the mass balance. Sec-
ond, the position of the TSL—FL reflects the accumulation
history of the preceding winter and the melt history of the
current melting season. Figure 9 shows that the course of
the TSL during the summer varies each year. During some
melting seasons it rises faster and/or earlier than during
others. As a result, the long-term firn line is exposed in some
years and remains covered by snow in others. The position
of the TSL can always be detected before it retreats to
regions above the long-term firn line, so, for each year, much
of the information about the accumulation and melt history
that is present in the position of the T'SL can be extracted. A
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Fig. 8. Mean transient-snow-line—firn-line ( TSL—FL) altitude at the end of the melting season, and ELA, as a function of the
mean specific mass balance for western Briarjokull and Dyngjujokull. Both radar and albedo images were used to derive TSL—
FL altitudes. ELAs are derived from the mass-balance measurements.
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Fig. 9. TSL—FL altitude along the transect shown in Figure 1
(western Briarjokull) as a_function of the day of the year.
Both backscatter images ( solid symbols) and albedo images
(open symbols) were used to obtain TSL—FL altitudes. Each
TSL—FL altitude was manually determined as the altitude at
which the change in backscatter or albedo was largest. Low
TSL—FL altitudes in the latter part of the summer, indicative
of summer snowfalls, are not shown.

simple way to quantify this is to compute the average alti-
tude of the TSL-FL. We compute it for the second half of
the melting season (days 200—264) because, in the year with
the lowest By, (1993), no ice was visible and hence no TSL
existed before day 200. Dips in the altitude of the TSL-FL
in the later part of the summer, indicative of summer snow-
falls, are not used. These are often highly temporal events
that are not representative of the previous and following
weeks. When no images for the end of the melting season
are available (e.g. 1992 and 1994), we linearly extrapolate
the TSL altitude from those earlier in the melting season.
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that do not display dry snow and firn are used.

In such cases the long-term firn line (as seen during other
years) forms an upper limit to the extrapolated TSL. Figure
11 shows that the resulting average altitudes of the T'SL—FL
during the second half of the melting season correlate well
with By, for several drainage basins.

5. DISCUSSION AND CONCLUSIONS

We have analysed many ERS SAR images by comparing
them with AVHRR images, mass-balance observations
and modelled firn stratigraphy. Both SAR and AVHRR
images detect the TSL-FL as a distinctive boundary
because the reflective and backscattering properties of melt-
ing snow and firn are different from those of bare glacier ice.
However, we found no differences in backscatter and mostly
no differences in reflectance between snow and firn. There-
fore, when surface firn is present below the equilibrium line,
the equilibrium line is not visible on SAR images and only
occasionally visible on AVHRR images. We expect that the
equilibrium line is visible on SAR images when no surface
firn is present, but we have no SAR images available for the
one year of the mass-balance series when this was the case
(1992). Nevertheless, we can conclude that mass-balance re-
trieval through detection of the equilibrium line is often not
possible. For seven years we have SAR images acquired near
the end of the melting season, but on none of these could the
equilibrium line of western Braarjékull be detected. In two
of these years the ELA was low, but it could not be detected
because firn from a previous year was present at an even
lower altitude. On AVHRR images, we could identify the
equilibrium line of western Bruarjokull for only three out
of nine years. The equilibrium line of other drainage basins
of Vatnajokull could be seen on AVHRR images for even
fewer years (De Ruyter de Wildt and others, 2002).

As well as the boundary between ice and melting snow
and firn, SAR images can detect several boundaries that are
not visible on albedo images. The intensity of the o signal is
highly sensitive to the liquid-water content of snow, which
makes it possible to detect the extent of surface melt (e.g.
Steffen and others, 1993). For Vatnajokull this 1s of little use
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because all snow quickly starts to melt in late spring. A
boundary between newly melting snow and roughened
melting snow has been found elsewhere (Smith and others,
1997; Ramage and others, 2000). Although it may be present
on some SAR images of Vatnajokull, most images do not
display such a boundary. All of the boundaries mentioned
above are surface boundaries. Subsurface boundaries can
be detected when the surface is not melting, because then
microwaves can penetrate several metres into the snow and
scatter on subsurface structures. This is, for example, the
case on images that display a dry winter snowpack. These
images generally display the late-summer firn line, and also
a distinctive boundary that lies at a somewhat higher eleva-
tion and seems to represent the subsurface continuation of
the firnfice transition. The late-summer surface firn line
cannot be detected on some winter images, probably
because in these cases the firn line lies below the long-term
firn line. As a consequence, the firn pack is shallow just
above the firn line (in other words, the firn/ice transition
slopes only slightly with respect to the surface). This allows
the penetrating microwaves to reach the underlying ice in
the area directly above the firn line. On glaciers with stee-
per slopes than Braarjokull, the surface firn line and any
subsurface firn/ice transitions that may exist are probably
inseparable. Such glaciers will tend to have a firn/ice trans-
ition that dips more with respect to the surface.

The equilibrium line is often not visible on SAR images,
but nevertheless SAR images may be used in other ways to
infer the mass balance. The intensity of the oy signal is
related to surface wetness (and roughness) and therefore to
the amount of surface melt. For western Braarjokull, we
found a correlation between B,, and the mean o over the
surface area and during part of the melting season, but for
two other drainage basins no good correlation was found. It
seems that, due to variable surface roughness and/or wet-
ness, 0y is too variable in time to be a good proxy for By,
but no firm conclusion is possible until data from more years
are available. At present, we have three to five years with
both mass-balance and SAR data for each drainage basin.
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In any case, the interannual variation of the SAR signal
within the accumulation area is not as clearly related to
By, as the albedo. Hence, SAR images of Vatnajokull con-
tain less information about By, than albedo images.

The mean TSL-FL altitude during part of the melting
season is found to be a better estimator of By,. This is the
case for western Bruarjokull, Eyjabakkajokull and Dyngju-
jokull. On Tungnaarjokull, the transition from ice to snow
and/or firn is often extremely patchy and gradual, making
it impossible to derive a TSL-FL altitude. For Kéldukvislar-
jokull, we found too few usable images to obtain a usable
correlation with By,. The reason is its hypsometry: the ice
margin lies relatively high and bare ice appears relatively
late in the summer. The period when the TSL lies between
the ice margin and the long-term firn line is therefore short;
once the TSL lies above the firn line, it is largely undetect-
able, while the detectable upper ice boundary is unrelated to
the annual mass balance. On the other hand, in 1992 the
TSL remained at a low altitude all summer and hardly
reached the ice margin.
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