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Cryospheric Monitoring and
Research by Means of ERS

Helmut Rott, Thomas Nagfer and Wolfgang Rack,
Innsbruck

Im Rahmen von Experrmenten betreffend die Nutzung des Aktiven Mikrowellen instrumentes (AM) der Euro-
paischen Erdbeobachtungssateliten ERS-1 und ERS-2 wurden Methoden und Anwendungen auf dem Gebiet der
KKryospharenforschung untersucht. Feldmessungen der Radariickstreuung in den Alpen und in der Antarktis lle-
ferten Grundlagen fir die Analyse der Satelltendaten. Mittels AMI Scatterometer Daten wurden grof3flachig Eigen-
schaften van Schnee und Eis Uber ger Antarktis untersucht. Es wurde ein Vettahren zur Kastissung schmelzenden
Schnees mittels AMI Synthetisch Apertur Radar (SAR) entwickelt, das baeits firr die Modellierung von Schnee- und
Gletscherschmelze erprobt wurde. ERS-1 SAR Daten der Antarktischen Halbinsel und des Siidlichen Patagoni-
schen Eisfeldes zeigten einen markanten Riickzug des Eises, was als Hinweis auf regionale Klimaanderungen zu
sehen ist.

Abstract

In the frame of scientific experiments on the use of the Active Microwave Instrument (AMI) of the European Earth
Observation Satelites ERS-1 and ERS-2 methods and applications for snow and Ice monitoring have been in-
vestigated. Ground based scatterometer measurements and field campalgns in the Alps and in Antarctica provided
the basis for the analysts of the spaceborne microwave data. Las¢e scale characteristics of Antarclic snow and ice
were analyzed by means of AMI scatterameter dada. An algorithm was developed for snow mapping by means of
AMI Synthetic Apertur Radar (SAR) and successfully tested for modelling of snow and glacier melt. Dramatic
changes -of ice extent, including the collapse of an ice sheif, have been detected by means of ERS-1 SAR on the
Antarctic Peninsula and on the Southem Patagonian Icefleld, providing evidence for regional ciimatic change.

1. Introduction

ERS-1, the first European Remote Sensing Sa-
tellite, was launched by the European Space
Agency (ESA) on 17 July 1921, followed by its
successor ERS-2, launched on 20 April 1995.
Though the sensors had been designed for re-
search and appiications in coastal zanes, in po-
lar regions, and for global ocean processes, in
the course of the ERS-1 mission a wide range
of applications developed also over land sur-
faces [1].

In the frame of three scientific ESA-approved
experiments with ERS-1 and ERS-2 (Principal In-
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vestigator H. Rott) scientists of the University of
Innsbruck have been Involved in the develop-
ment of methods on the use of ERS data for
snow and Ice monitoring and research and stu-
died dynamics and ice/climate interactions on
Alpine glaciers, on the Patagonian Icefield and
in various parts of Antarctica. Research on scat-
tering signatures provided the basis for the ana-
lysis of satellite data. The main activities were re-
lated to the Active Microwave Instument (AMI)
of ERS.

AMI operates in the C-band at 5.3 GHz (5.6 cm
wavelength) parallel (VW) polarizatlons; it com-
prises a synthetic agerture radar (SAR) with high
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spatial resolution (20 mx25 m with 3 azimuth
Jooks} and 100 km swath width, and a scatte-
rometer with about 50 km spatial resolution and
500 km swath width, These two instruments
can operate only alternately. The SAR Is a high
resolution all weather imaging sensor, whereas
the scatterometer, though designed to measure
wind velocity and direction at the ocean surface,
has found to be useful also for a range of large-
scale land applications, including snow and ice
monitoring.

2. Backscattering Signatures of Snow and Ice

For the analysis of spacebome microwave
data it is necessaty to know about the interac-
tlon mechanisms of the microwaves with the tar-
gets of interest. Backscattering and emlission of
snow and ice at 5 GHz and 10 GHz were mea-
sured with a scatterometer/radiometer at various
sites in the Alps and during two field expeditions
In different parts of Antarctica [2]. in addition,
data from calibrated spacebome or airbome
sensors were utilized for signature tesearch in
combination with field measurements of the phy-
sical properties of the observed targets [2, 3]. Li-
quid water content, grain size, stratification, and
surface roughness are the key parameters for
microwave scattering.

Fig. 1 shows examples of characteristic back-
scattering signatures. The angular dependence
of the backscattering cross section ¢° at 5.3
GHz for co-polarized and cross-polarized anten-
has was measured with the field scatterometer
over a meadow near Innsbruck under snow-free
conditions and for wet snow cover. The penetra-
tion of the microwaves in wet snow is few centi-
meters only. Due to the high dielectric losses
and the camparatively smooth surface, o° of
the wet snowpack is several dB lower than o°
of the snow-free meadow. The contrast of wet
snow versus targets with rough surfaces Is even
higher, as evident in Fig. 1 for rock and moraine
surfaces. The o° = curve for these targets is
based on an analysis of ERS-1 SAR data over
the Alpine test area Otztal using digital elevation
data to calculate the local incidence angle of
the radar beam. The SAR-based algorithms for
wet snow cover monitoring are utilizing this con-
trast in ¢°. The o~differences are highest for
cross-polarized o®, indicating the high capability
for mapping wet snow. Presently, cross-polar-
lzed channels are available only on airborne
SAR systems and had been operating in space
dusrng short-term shuttle radar experiments.
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Fig. 1: Radar cioss section ¢ at 5.3 GHz in decibels, as
function of the incidence angle 8 of the radar beam. Co-
polarized o": A snow-free meadow,  wet snow, mea-
sured with & ground-based scatterometer; ll bare sail

and rock, based on ERS-1 SAR measurements. Cross-
polarized o + snow-free meadow, % wet snow.

Whereas wet snow can be clearly identified in
C- and X-band SAR imagery, the dielectric
losses in dry snow are small. This means that
the main part of radar signal is able to reach the
ground below a dry winter snowpack, and the
observed radar signal is dominated by scattering
at the snow/ground interface. For this reason ¢
is similar for a surface if it is free of snow or cov-
ered by dry snow. For the examples-in Fig. 1, ¢°
for dry winter snow differs by 2 dB at maximum
from the corresponding snow-free curve.

3. ERS-1 Scatterometry Over Antarctica

In order fo learn about the spatial distribution
of the different snow and ice regimes, backscat-
tering characteristics have been investigated
over Antérctica by means of ERS-1 AMI in scat-
terometer mocde. Ground based scatterometer
measurements and related studies of snow and
ice properties, carried out during two field expe-
ditions in different parts of Antarctica, assisted
in the understanding of the ERS-1 data. Three
parameters were identified which characterize
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the different regimes of polar firn: the mean in-
tensity, the incidence angle gradient, and the
azimuthal anisotropy [4, 5]. These parameters
depend on the snow metamorphic state which
is related to accumulation rate, temperature,
and wind.

Over the interior patts of Antarctica, where the
snow is pemmanent!ly dry, ¢° was found to be
very stable in time, enabling sensor intercalibra-
tions and monitoring of sensor stability. Dry
snow in the accumulation zones of glaciers and
ice sheets shows comparatively high backscat-
tering because the dielectric losses are low and
the signal is integrated over many layers. High-
est o is observed for refrozen firn along the
coast in winter due to scattering at ice layers
and ice lenses orginating from summer meft
events, In the katabatic wind zoneg ©® shows
strong variations with the azimuth angle. This an-
isotropy, which in extreme cases results in
ocean-like backscattering behaviour, is related
to the intensity and direction of the dominating
wind.

Along the coast and on the Antarctic Peninsula
the temporal variations of backscattenng signa-
tures provide information on areal extent and
duration of surface and sub-surface melt. As an
example, Fig. 2 shows the time sequence of ¢
for an area of about 100 km x 100 km size on
Larsen Ice Shelf, about 200 km south of the
area shown in the SAR image {Fig. 4). When
melting starts around November 20, ¢° drops
from O dB for the frozen firn to values around
-20 dB in mid-December, indicating wet snow
with liquid water content of several per cent.
During short freezing events between mid-De-
cember and mid-March o° increases temporarily
by a few dB, the main part of the firn below the
frozen crust remains wet. After mid-March ¢°

approaches asymptotically the winter value for
completely frozen fim. This information on sum-
mer melt is of considerabie interest for studies
of climate and mass balance in Greenlane and
on the Antarctic Peninsula.

4. The SAR Snow Mapping Algorithm

The areal extent of the snowpack is a key
parameter for modelling and forecasting snow-
meit runoff and for climate research. Though in
general dry snow can not be detected by SAR,
time sequences of SAR images provide informa-
tion on temporal dynamics of melting snow
whicit is of high interest for water management
and hydrology.

An algorithm for mapping melting snow in
mountain areas has been developed based on
multitemporal data of ERS-1 SAR [6]. The tem-
poral changes in ¢¢ between the wet snow cover
and reference images are utilized for the classifi-
cation. As reference, SAR images for snow-free
or dry snow conditions are used. Fig. 3 shows a
flow chart of the snow classification algorithm.
After calibration, the SAR images in slant range
or ground range projection are co-registered and
speckle fitered, The snow area is detected by
means of a threshold of the g“ratio of the two
images. The next step Is terrain-corrected geo-
coding, for which a high accuracy digital eleva-
tion model is needed. In mountain areas steep
slopes facing towards the radar antenna are
strongly distorted; these are the foreshortening
and layover zones, which can not be used for
classification. In order to reduce the loss of infor-
mation due to these effects, the SAR-derived
snow cover maps from ascending and descend-
ing orbitsare combined to derive a single map [6].

Simulated images are gener-

ated to assist in geocoding
and to derive layover masks,

OW“_"

F oy shadow masks, and incidence

angle maps. For generating
the combined snow cover
map from ascending and des-
cending orbits, at first all pixels
with local Incidence angle
<15 and 6>80° are ex-
cluded. Then the residual

{ maps are combined under the
1 rule that the pixe! with the lar-

NOV. DEC, JAN. FEB.

Fig. 2: Radar cross section ¢ ” at 35° incidence angle, from ERS-1 scattero-
metey dala, for the period 1 Mavembser 1992 to 25 April 1993 7or a site at
76.5°S, 62.9°W on Larsen Ice Shelf, Antarctic Peninsulfa.
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APR. ger local incidence angle is se~
lected if it is covered in both
images. The accuracy of the
algorithm was verified with

MAR.
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Fig. 3: Flow chart of the snow ciassification aigodthm by means of spacebome SAR.

ASC - ascending, DES — descending onbit,

field data and with TM images of the test site
Giztal in the Central Alps of Tyrol. The compari-
sons indicated agreement for snow classifica-
tions of 80 % to 90 % on a pixel by pixel basis.
The differences can be partly explained by time
differences of several days between optical and
SAR image acquisitions. The SAR-derived snow
cover maps have already successfully been
tested for modelling daily runoff due to show
and glacier melt [7, 8].

5. Climatic Response of Polar Ice and Gla-
ciers Detected by ERS SAR

Dramatic changes of ice extent have been de-
tected by means of ERS-1 SAR on the Antarctic
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Peninsula and on the Southern Patagonian Ice-
field, providing evidence for changes in regional
climatic conditions. The investigations on ice dy-
namics and ice/climate interactions in these re-
gions are carried out in a joint research program
of the Institut fir Meteorologie und Geophysik
der Universitat Innsbruck and the Instituto Antar-
tico Argentino, involving field campaigns and
analysis of satelllte data.

The Southern Patagonian Icefield, covering an
area of about 13000 km? and stretching north-
south for 350 km from 48.3°S to 51.5°S, is the
largest ice-mass in the southern hemisphere
north of Antarctica. Due to the extreme weather
conditions with dense cloud cover and strong
westerly winds throughout the year, knowledge
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of the Patagonian glaciers is still
very limited. Because of these con-
ditions SAR is the optimum sensor
for glacier research. Glaciological
field work has been carried out at
selected sites on Moreno Glacier
(covering about 250 km? in area),
Viedma Glacier (about 1000 km®),
and Upsala Giacier (about 900 km?),
Due to the size of the glaciers, re-
mote sensing data are crucial for
complementing the field measurs-~
ments. ERS-1 SAR data were ussd
to map glacier boundaries and ice
flow. features, to monitor changes of
calving glacier fronts, and to study
the temporal dynamics of accumula-
tion and ablation zones. A major cal-
ving event in 1994 on Upsala Gla-
cier, during which the glacier termi~
nus retreated by 1.5 km, was docu-
mented by means of ERS-1 SAR [9],

Ice shelves make up about 40 %
of the coastline of Antarctica. Be-
cause most of the ice that has accu-
mulated over the grounded patrts of
Antarctica is discharged through the
ice shelves, they play an important
role in the mass budget and dy-
namics of the ice sheet. The ice

Larsen'N,”

10 km

Fig. 4: ERS-t SAR imnage of #ha Larsen fce Shelf bstween Sobral
Peninsulg and Seal Nunataks, acquired on 28 January 1995. ice front

Sobral
4 ¢ Beninsula

' Lindenberg
Island

28Jan85

shelves are floating masses of ice, pasitions from ERS-1 SAR (8 to 6] and optical data (1 and 7). 1: 1

with typical thickness of hundreds
of meters, which are sustained by
ice supply from-grounded areas and
in situ snowfall, in some regions also by basal
freezing. Mass is lost due to calving of icebergs
and due to basat melting. Surface melt is of im-
portance only for the ice shelves at the Antarctic
Peninsula. ice shelves are particularly sensttive
to climatic changes because they are exposed
to both atmosphere and ocean.

Adramatic event of ice shelf disintegration was
observed by means of ERS-1 SAR on northern
Larsen Ice Shelf, which extends along the east
coast of the Antarctic Peninsula ;10]. In Januasy
1995, within a few days, 4200 km* of the ice shelf
broke away. The two northernmost sections of
the ice shelf disappeared almost completely, the
ice retreated to the grounding iine. As an exam-
ple, the section of the ice shelf between Sobral
Peninsuia and Larsen Nunatak is shown in Fig. 4.
During the last five decades the ice front retreated
slowly, coinciding with a trend of regional atmo-
spheric warming. In summer 1992 the retreat ac-
celerated. During a field campaign two month be-
fore the final disintegration an increased number
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March 1986, 2: 8 December1992, 3: 16 February 1993, 4: 25 January
1995, 5: 28 Januvary 1995, 6: 30 January 1995, 7: 22 March 1995.

of crevasses and rifts indicated major changes in
ice dynamics, but the rapidity of the collapse
was not expected. The ice disintegrated finalty in
the form of comparatively small icebergs, some
of these are visible in Fig. 4.

Mass balance considerations show that sev-
eral hundred years would be needed to build up
again the disintegrated sections of Larsen ice
Sheli. Under the present climatic conditions this
seems not to be possible at all. The observations
by means of ERS-1 shed new light on climate
sensitivity and dynamics of ice shelves, indicat-
ing that Ice shelves may collapse rapidly after re-
treat beyond a critical limit due to perturbations
of the mass balance.

6. Further Methodological and Applications
Research

Emphasis of methodological developments
within ongoing research projects in Innsbruck
are focusing on radar interferometry, based on
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data from tihie ERS-1/ERS-2 Tandem Mission
which were acquired over glaciers in the Alps, in
Patagonia, and in Antarctica. The investigations
are aiming at mapping of ice motion and topo-
graphy. This information is reeulred to under-
stand the dynamic response of glaclers and ice
sheets. During the Tandem Mission, between
August 1995 and May 1996, the orbits have
been adjusted so that ERS-2 SAR covers the
same swath on the earth surface as ERS-1 with
a time delay of 24 hours. Shori repeat intervals
are particularly impottant for ctyospheric appli-
catlons of interferometry, because the rada: re-
turn. of snow and ice is ih general quite variable
in time. The investigations by means of ERS are
supplemented by an interferometric data set of
the Spaceborne Imaging Radar C/X-Band Syn-
thetic Aperture Radar (SIR-C/X-SAR) which was
acquired over Moreno Glacier in Patagonia from
the Space Shuttle Endeavour in October 1994
[11]. The interferograms of the X-, C-, and
L-band data of SIR-C/X-SAR, acquired within
24 hours time difference, showed good coher-
ence over the melting glacier only at L-band.
The interferometrically derived velocities agree
well with field measurements of ice velocity car-
ried out at selected points. Whereas most paits
of the glacier are inaccessible due to crevasses,
the interferometric data provide information on
ice motion over the whole glacier terminus re-
vealing a complex pattemn of ice dynamics not
known before.

On the applied side, research is focusing on
the use of SAR for snowmelt runoff modelling
and forecasting. A sub-project of the research
initiative ,Multi-image Synergistic Satellite Infor-
mation for the Observation of Nature** (MISSION)
of the Austrian Science Ministry is aimed at the
development of a model for calculating daity run-
off using remote sensing data from SAR and op-
tical sensors, as well as in situ measuremenits
from automatic stations. Because regular repeat
observations and spatially distributed data are
important for operational hydrology, this is a
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vety promising field for operational applications
of spaceborne SAR.
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