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The main objective of present work is the investigation of glaciers melting including significant ecological risks
especially in connection with climate change issues. Long term satellite monitoring objectives toward the climate are:

e Determination of the processes related with climate and glaciers interaction.

o Detection of climate and environmental changes provided through glaciers changes;

e Validation of global and regional climate models, sensitivity studies, climate change scenarios specification,

etc.

Satellite monitoring of glaciers has the well expressed potential to facilitate measurements that traditionally were
performed using field techniques or ground based observations in one or several spots. High resolution space borne
data allow glacier length change measurements along the entire glacier tongues, and in that way complement or even
replace ground-based measurements.

Using the remote sensing data it can be determined:

The ice snow border;

Glaciers movement speed;

The glacier elevation model and area of contours;

Glaciers mass balance.
The surface of a glacier can be roughly divided into accumulation and ablation areas, separated by the equilibri-
um line where accumulation is exactly equal to ablation. The equilibrium line is generally more or less coincident with
the snow line. In winter, before any ablation starts, practically the whole glacier is accumulation area and is summer, at
the end of the glacier’s year; the accumulation area is at its smallest. The end of the glacier’s year is the time when the
greatest amount of the previous winter’s snow has melted (the ablation area is at its maximum) and new snow has not
yet fallen. This occurs typically in September or October in the Alps, so that the mass balance year begins on the first
of October, by convention in the so called fixed date system. Further north, in Scandinavia and Svalbard, the moment
is approximately a month earlier, while on the glaciers in the southern hemisphere it is in March or April according to
the geographical location and altitude [1]. Tropical glaciers, such as the glaciers of Mount Kilimanjaro, are defined by
the global circulation patterns of the Inter Tropical Convergence Zone (ITCZ) and have low thermal seasonality which
leads to ablation all year round, while the occurrence of accumulation varies between the humid inner tropics, the out-
er tropics and the subtropics. The investigation of glacier zones is typically carried out at the end of the glacier’s year
at a time when snow cover on the glacier and in the surrounding is at its minimum.

A glacier can be divided (see fig.1) into a number of specific zones (or facies). Starting from upper elevation
and using Paterson’s [2] nomenclature, the uppermost zone is dry snow zone in which no melting occurs. This zone
exists only in the highest elevations of the ice sheets and on the highest (and coldest) mountain glaciers, where the an-
nual average temperature is lower than the threshold value of -11° C.

Below the snow zone, the dry snow line separates from the percolation zone in which some melting takes place
during the summer. The wet snow line separates the percolation zone from the wet snow zone in which all the current
year’s snow melts. Below this, and separated from in by the snow line, is the superimposed ice zone, in which melt
water refreezes onto the colder glacier ice surface. As the superimposed ice is created by melting and refreezing of
the current year’s snow this zone is still considered to be part of the accumulation area. The equilibrium line (EL) sep-
arates the accumulation and ablation areas and is located at the lower boundary of the superimposed ice zone and the
bare-ice zone. At the equilibrium line, accumulation is exactly equal to ablation, and the EL is more or less coincident
with the snow line. Below the snow line is the firn zone, which represents last year’s snow.

The various zones to be detected by remote sensing were first proposed by Ostrem [3] and they have since been
mapped with optical sensors, passive microwave sensors and synthetic aperture radar (SAR). The zones can be detect-
ed by various remote sensing data based on the surface wetness, grain size and purity of the glacier surface. Some at-
tempts at glacier mapping have been made using multiangular satellite imagery (MISR, Multi-angle Imaging Spectro-
radiometer).
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Fig. 1. Glacier Zones on example of the Kirtisho Glacier

The glacier zones can be mapped using radar data from the ablation period using the microwave backscattering
properties of the surface. In summer, the accumulation area is in general covered with wet snow, surface scattering is
controlled by the water content and surface roughness dominates. Typically the backscattering coefficient is low over a
smooth snow surface. Surface scattering is high in ablation areas controlled by surface roughness, which is typically
higher than in accumulation areas [4] and increases downward or through-out the summer as a result of melting. Cre-
vassed areas give high backscatter values depending on the orientation of the crevasses relative to the look- direction
of the radar. This use of summer SAR data for glacier zone mapping is based on distinguishing areas of contrasting
backscatter on glaciers. So called radar glacier zones are defined as follows: the dry snow zone, frozen-percolation
radar zone, wet snow radar zone, phase 2 melt radar zones, superimposed radar zone and the bare glacier ice radar
zone. However, there zones do not necessarily coincide with the classical glaciological zone described earlier [2].
Winter radar images may be applied to glacier zone mapping as the radar radiation is able to penetrate through dry
snow.

A fairly new and promising approach to assessing surface zones is to use laser scanner data. Modern laser scanners
also retrieve an intensity signal from the surface, as well as the travel time which is used for elevation determination,
and this can be used for mapping surface characteristics. Some preliminary classifications using the intensity signal
have been made in Norway.

The mean specific mass balance b (expressed in metres water equivalent per year) results from averaging the ac-
cumulation and ablation of the various glacier locations. Usually b is averaged over 100 m elevation bands as b (z).
Multiplying b (z) by the area of the respective elevations bands s (z) and adding over all elevations gives the volume
balance B (m 2 w. e. per year). The equilibrium line altitude (ELA) is assessed from glaciological field a study as that
is altitude where b (2) is equal to zero. The equilibrium line is close to the snow line at the end of glacier’s year. How-
ever, in this case one has to use term averaged snow line, since the snow line separating snow and firn does not follow
the contour lines, so that it does not have a unique altitude.

The accumulation area S c is defined not as the area above the EL, but as the area of the glacier surface where
b>0, and the ablation area is defined correspondingly. The accumulation area ratio (AAR, Equation 3.1) is characteris-
tic of the glacier’s status.

AAR=Sc/S (1),

where S ¢ is the accumulation area and S is whole glacier area.
AAR has values between 0.6 and 0.7 on stationary glaciers. Values above or below are for positive or negative
mean specific mass balance values, respectively.

Using remote sensing methods, the AAR can be determined at the end of the glacier year by mapping the glacier
zones and dividing the snow covered area of the glacier by the whole glacier area [1]. Imprecision in this method may
be caused by the non-optimal data of the remote sensing image (taken before the timing of the maximum ablation area)
or inaccuracies in the classification itself. The EL may also be determined by detecting averaged snow line, a border
between snow and firn , simply by manual delineation. Based on the high correlation between AAR and mean specific
mass balance, classification of glacier surface characteristics into snow, firn and ice calculation of AAR from the re-
sults gives an approximation of the mean specific mass balance for the glacier in certain year. Some uncertainties exist
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since same AAR can still give values of specific mass balance (b) spreading over several hundred mm of water equiva-
lent as presented for glacier Hintereisferner in Kuhn et al. [3].

The snow line and AAR can be monitored by various optical remote sensing data based on spectral signature dif-
ferences between snow and firn. In 2007 was applied object oriented classification of snow, firn and ice areas of land-
sat TM or ETM+ satellite images at the end of glaciological years. The resulting AAR and snow line altitude were
compared with AAR and ELA determined by glaciological method. The results were satisfactory as the correlation
between the remote sensing and glaciological methods for AAR was 0.64 and for snow line and ELA was 0.56.
Heiskanen et al. (2003) produced AAR by pixel-based classification and studied the location of the snow line using
Land-sat TM/ETM+ imagery in Engabreen, Norway. The classification produced a measure of AAR that considered
spatial variations of ablation better than the one calculated from field measurements. On Engabreen the boundary be-
tween firn and snow corresponded well to the equilibrium line derived from mass balance measurements. Also AAR
showed a good fit in the mass balance years studied. Another study on Engabreen was performed by Braun et al.
(2005), in
which unsupervised classification of Landsat TM/ETM + images was used for mass balance modeling.

Assessing mass balance by AAR is useful for remote glaciers for which mass balance, ELA and AAR are
difficult to assess using conventional methods. Aniya et al. (1996) used a Landsat TM mosaic of the Southern Patago-
nian Ice—field, South America, and supervised classification methods for TM bands1,4, and 5, for dividing various
glacier drainage basins into accumulation and ablation areas, thereby determining the position of the snow line. It was
found that the snow line could be taken as the equilibrium line and by comparing topographic maps the ELA was de-
termined.

Mass balance is most typically determined by the glaciological method, but also using hydrological and geodetic
methods. The use of the geodetic method, applying elevation models with greater accuracy than previously available,
is gaining popularity especially with the success of airborne laser scanning. The use of remote sensing data for the ge-
odetic method of using the determination or ELA and AAR by classification procedures would increase the number of
glaciers for which the mass balance is estimated.

The area of Glacier is a basic property in a glacier inventory that is frequently used for upscaling of only of overall
are change or sea level rise).The land surface area covered by glaciers is also important boundary condition for climate
models that calculate the energy fluxes according to surface type. As the globally available data sets of glacier covered
area are either not complete or very rough, new initiatives like Global Land Ice Measurement from Space (GLIMS)
have started to compile a global glacier inventory (location, size, digital outlines) from satellite data.

The area of Glacier is a basic property in a glacier inventory that is frequently used for upscaling of only of overall
are change or sea level rise).The land surface area covered by glaciers is also important boundary condition for climate
models that calculate the energy fluxes according to surface type. As the globally available data sets of glacier covered
area are either not complete or very rough, new initiatives like Global Land Ice Measurement from Space (GLIMS)
have started to compile a global glacier inventory (location, size, digital outlines) from satellite data.

Glacier area change (percent per year) could be compared on a global scale to quantify regional climate change
effects. However, glacier specific changes could only be determined when the same entities are compared. This is
quite troublesome when only point information from the former World Glacier Inventory (WGI) is available. Glacier
area changes as obtained from satellite data over large regions do also help to assess representativeness of the sparser
sample of field —based length change and mass balance measurements or to identify what else is going on. In South
Caucasus such down casting (i.e. stationary thinning) and disintegrating glaciers with little change at the terminus
could be observed widely using space borne sensors.
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The main objective of present work is the investigation of glaciers melting including significant ecological risks especial-
ly in connection with climate change issues.

Long term satellite monitoring objectives toward the climate are: determination of the processes related with climate and
glaciers interaction; detection of climate and environmental changes provided through glaciers changes; validation of global and
regional climate models, sensitivity studies, climate change scenarios specification, etc.

Satellite monitoring of glaciers has the well expressed potential to facilitate measurements that traditionally were per-
formed using field techniques or ground based observations in one or several spots. High resolution space borne data allow glacier
length change measurements along the entire glacier tongues, and in that way complement or even replace ground-based meas-
urements.

Using the remote sensing data it can be determined: the ice snow border; glaciers movement speed; the glacier elevation
model and area of contours.

The final objectives, based on the remote sensing, hydrometeorological network and glaciological observation data are:
glacier monitoring technological line improvement and glacier properties determination; river Enguri pilot basin glacier runoff
investigation based on determined values: creation of the Caucasian glacier models using the glacier characterizing data and glaci-
er development forecast using these models.
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OCHOBHOH 11€TbI0 PA0OTHI SIBISIETCSI PACCMOTPEHNE M UCCIIEJOBAaHUE TAasHUS JEJHUKOB, YTO BKIIOYAET B ceOe 3HAUM-
TENIbHBIE SKOJIOTMYECKHE PUCKH, OCOOCHHO B CBSI3H C NMpobOIeMaMH W3MEHEHHs KIMMaTa. J[oJrocpoYHBIME LEJISIMH CITy THUKOBOTO
MOHHUTOPHHIA JISJIHUKOB OTHOCHUTEJIBHO KJIMMAaTa, SBISIOTCS: OINpeZeieHHe IPOIEcCOB, KOTOPhIE CBSI3aHBI C B3aUMOJICHCTBHEM
MEK/1y JIEJIHUKaMU U KJIMMaToM; OOHapy>KeHne U3MEHEHNH KiIMMaTa U OKpYJKarollel cpeabl, 4To o0ecrieunBaeTcs 3a CUeT u3Me-
HEHWH JIeHUKOB; MPOBEPKa II00aTbHBIX U PErHOHAIBHBIX KIMMAaTHYECKUX MOJEJCH; NCCIeTOBaHNUS BOCIPHUMYHBOCTH, OIpe-
JIeNIeHHEe CIICHapHeB U3MEHEHUS KIIMMaTa 1 T.1.

JlcTaHIMOHHOE 30HIUPOBAHKE C MIOMOIIBIO CIIyTHHKOB MPUMEHUTEIHHO K MOHUTOPHHTY JIETHHKOB MMEET XOPOIIO BEIpaKe-
HBI TOTEHIHAN, CHOCOOCTBYIOIIMHA M3MEPEHHUSIM, KOTOPHIE TPAJAWIMOHHO NPOBOAMINCH C HMCIIOJIB30BAHUEM AKCIIETUIIMOHHBIX
paboT MM Ha3eMHBIMHU HAOJIOACHUSIMH B OJHOM MM HECKOJBKHX TOYKaX. BRICOKOE IMPOCTPAHCTBEHHOE pa3pelieHHe CITyTHHUKO-
BBIX JAHHBIX TO3BOJIIET M3MEPATh M3MEHEHUS JJIMHBI JISAHWKA, M TAKUM 00pa3oM, JOMOIHATH WM JaKe IMOJHOCTHIO 3aMEHSTh
Ha3eMHbIE H3MEPEHHSI.



