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ABSTRACT

The results of the comparison of satellite remote sensing (SRS) data and ground-based observation (GBO) information
on the large glaciers (Adishi, Shkhara and Gergeti) of Georgia are presented. From each satellite image, the location of
the tip of the glacier's tongue was determined, a chronological order of the data was made, and the average rate of
glacier retreat was calculated. Using SRS, the dynamics of the retreat of glaciers are studied based on the determination
of individual places of movement of the tip of the glacier tongue. The dynamics of some large glaciers retreat based on
the GBO data of the National Hydrometeorological Service (NEA) of Georgia is presented and is additionally used for
quality assessment and quality control (QA/QC) of the results. The analyses show that based on SRS and GBO data the
retreats of studied glaciers are nonlinear and by high confidence can be presented by a parabola curve. The comparison
of SRS and GBO data shows that they are in good agreement with each other.
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Introduction

Over the last decades, global warming has led to a widespread shrinking of the cryosphere, with mass
loss from ice sheets and glaciers (very high confidence) [1]. Projected physical changes include global glacier
mass loss expected to continue in the near future (2031-2050) due to rising surface air temperatures (high
confidence), with imminent consequences for river flows and local hazards (high confidence) [1].

To study the impact of climate change on glaciers, along with the SRS data the GBO data is needed.
This is preconditioned by the fact that using high-resolution SRS allows the simultaneous study of the state of
large glaciers with the required resolution and accuracy, under conditions of limited material resources and
time [2,3]. The GBO data is needed for the QA/QC of the results.

Used satellite data that is available through Earth Resources Observation Systems (EROS). This archive,
which is under the jurisdiction of the US Department of the Interior, preserves data obtained by Landsat
satellites, as well as satellite images at the disposal of NASA. For the QA/QC of the results, complex use of
historical glacier catalogue data, existing field material and expert knowledge is necessary.
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Materials and methods

The impact of ongoing climate change on glacier degradation is one of the most visible when studying
the retreat of large glaciers (area > 2 km?). A methodology has been developed to study the dynamics of retreat
of large glaciers.

Weather conditions have a significant impact on the use of SRS, in particular, in case of cloudiness, it
is impossible to use satellite images. When observing glaciers, this limitation is added to the state of the surface
of the glacier itself. The surface of the glacier should be as free as possible from snow cover, in particular,
SRS should be carried out from the end of the ablation until the first snowfall. In the Earth, this period depends
on the location of the glacier, altitude, climate and weather conditions. Under the conditions of the modern
climate, this time interval for Georgia covers the period from the end of June to the beginning of October.

The contouring of glaciers is carried out by manual digitization, during which expert knowledge is taken
into account. ASTER DEM digital terrain model and topographic maps of the USSR (1:50,000) of the 60s of
the last century were used to identify the studied glaciers and specify their contours.

When studying the dynamics of the retreat of large glaciers, it is especially important to accurately
determine the location of the end of the glacier tongue. The use of expert knowledge is essential when the
glacier tongue is covered by moraines and/or debris.

Glaciers, whose tip of the tongue is formed, is outlined and is not covered by either broken material or cloud,
have been selected for the study. The methodology for determining the dynamics and rate of retreat at the end
of the glacier tongue for large glaciers is presented in [4, 5].

Results

Only nine large glaciers were selected from the large glaciers of Georgia, the condition of which was
satisfactory for our purposes. Of these nine glaciers, only three glaciers could be compared with NEAs” GBO
data. These glaciers are Adishi and Shkhara belonging to the R. Enguri glacia basin and Gerget glacier of the
R. Tergi glacial basin.

For example, let's consider in detail the dynamics of the change in the location of the end of the tongue
of the Adishi glacier based on the determination of individual places of the movement of the tip of the tongue.
According to each satellite image, let's make a chronological order of the data and calculate the average speed
of glacier retreat. For the QA/QC of the obtained results, NEAs’ data is used.

Fig. 1 shows a schematic image of the retreat of the Adishi Glacier on the background of the August
25, 2022, Landsat 8 OLI TIRS satellite image, where the green pins show the results obtained by GBO data.
In different years, the location of the glacier is shown with a different coloured outline. The length of glacier
retreat can be calculated through the white dashed line crossing the contours. From September 13, 1977 to
August 25, 2022, this figure was approximately 601 m.

Table 1 below summarizes the features of the Adishi Glacier retreat. The satellite image from 1977 is
considered the starting point. 23 different satellite data files taken between 1977 and 2022 from satellite data
are selected to study the retreat of the Adishi Glacier. To avoid overloading the image in Figure 1, only 8
contours of the location of the tip of the glacier tongue are plotted in different years. Table 1 summarizes the
individual characteristics of these satellite data.

Tables 1 and 2 show the coordinates and retreat distances of the end of the Adishi glacier tongue
according to satellite data ( period 1977 and 2020) and correspondingly GBO data covering the period of 1985-
2022.
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Table 1. According to SRS data, the location of the end of the Adishi glacier tongue and retreat distances.

25.08.2022

Fig. 1. Schematic picture of the retreat of the Adishi Glacier (r. Enguri Basin).

Coordinates (Grad.)
Retreat

No . Date . i

Satellite Type Latitude Longitude (m)
1 Landsat 2 MSS 13.09.1977 | 42.989233° 42.984633° 0
2 Landsat5 TM 09.10.1986 | 42.989254° 42.984746° 9.39
3 Landsat5 TM 01.09.1987 42.989281° 42.984876° 20.2
4 Landsat 4 TM 23.09.1989 | 42.989486° 42.985144° 53
5 Landsat 5 TM 15.09.1998 42.989552° 42.985231° 62.3
6 Landsat 7 ETM+ 18.08.1999 42.989630° 42.985334° 75.1
7 Landsat 7 ETM+ 05.09.2000 42.990473° 42.986319° 91.2
8 Landsat 7 ETM+ 27.09.2002 | 42.989572° 42.985452° 198
9 Landsat5 TM 28.08.2003 | 42.990546° 42.986400° 209
10 Landsat 7 ETM+ 08.15.2004 | 42.990784° 42.986682° 244
11 Landsat 7 ETM+ 18.08.2005 | 42.990946° 42.986846° 266
12 Landsat 7 ETM+ 08.10.2006 42.991070° | 42.986972° 284
13 Landsat5 TM 16.08.2007 42.991120° 42.987025° 290
14 Landsat 7 ETM+ 29.08.2009 42.991328° 42.987225° 319
15 Landsat 7 ETM+ 17.09.2010 42.991471° 42.987368° 338
16 Landsat5 TM 27.08.2011 42.991630° 42.987524° 360
17 | Landsat 8 OLI TIRS | 23.08.2013 42.991732° 42.987623° 374
18 | Landsat 8 OLI TIRS | 26.08.2014 | 42.991891° 42.987775° 396
19 | Landsat 8 OLI TIRS | 07.09.2015 42.992109° 42.987981° 424
20 | Landsat 8 OLI TIRS | 24.08.2016 42.992361° 42.988220° 459
21 | Landsat 8 OLI TIRS | 12.09.2017 | 42.992570° | 42.988423° 488
22 | Landsat 8 OLI TIRS | 11.09.2020 | 42.993209° | 42.988620° 560
23 | Landsat 8 OLI TIRS | 25.08.2022 | 42.993568° | 42.988683° 601
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Table 2. Location of the end of Adishi glacier tongue and retreat distances according to GBO data.

No Date Coordinates (Grad.) Retreat (m)
Latitude Longitude

1 [15.09.1985 42.989886 42.984383 0

2 |20.08.2002 42.990296 42.985645 116

3 ]15.08.2004 42.990659 42.986799 220

4 110.08.2012 42.991733 42.987981 371

5 ]19.09.2015 42.992250 42.988157 432

6 |05.07.2017 42.992881 42.988198 501

7 10.07.2022 42.993902 42.988410 614

Fig. 2.a presents the graph of the change in the location of the Adishi glacier tongue and the
corresponding trend, constructed using SRS data. The initial condition corresponds to 1977. To detail the
characterisation of the impact of the current climate change on the Adishi glacier, the graphs (Fig. 2. b) are
constructed, where the observational period is divided into two sub-periods: 1977-1998 and 1999-2020.
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Fig. 2. The dynamics of the retreat of the Adishi glacier according to SRS: a - for the full period of
observation, b - for two sub-periods of observation.

The same actions for the GBA data give a graph of the retreat of the Adishi glacier (Fig. 3 a). The initial
state corresponds to 1985. For more information, the observation period is divided into two sub-periods: 1985-
2004 and 2004-2022. The corresponding graphs are given in Fig. 3 b.

The analysis shows that the rate of retreat of Addishi glacier according to SRS and GBO data are: during
the whole period was about 14.8 and correspondingly 17.0 m/year. In the first subperiod, the velocity is
approximately 8.2 and 9.5 m/year and in the second subperiod - about 19.3 and 22.2 m/year respectively. Both
the SRS and GBO data show that the retreat in the second subperiod is significantly greater than the retreat in
the first subperiod, that is, the retreat of the glacier is non-linear.

The analysis shows that the difference between SRS and GBO data for the entire period is about 2.9
m/year, while the difference for the first period is about 1.3 m/year and about 2.9 m/year for the second period.
This difference is due to the differences between the periods of satellite and ground observations, as well as
the differences in reference measurements.
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Fig. 3. The dynamics of the retreat of the Adisho glacier according to GBO: a - for the full period of
observation, b - for two sub-periods of observation.

These data confirm that the rapid degradation of the Adishi glacier is caused by modern climate change.
On the other hand, glacier retreat data is an effective indicator of current climate change and its acceleration
in time. The non-linear retreat of the Adishi glacier by SRS and GBO, as well as the retreat of other large
glaciers of Georgia discussed by us [6-8] is described with high accuracy by a parabola curve.
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Fig. 4. Retreat graphs of Adishi Glacier based on SRS and GBO data

A comparison of the graphs in Fig. 4 shows that the graphs created based on SRS and GBO data are in
satisfactory agreement with each other.

Fig. 5 shows a schematic image of the retreat of the Shkhara Glacier on the background of the
September August 25, 2022, Landsat 8 OLI TIRS satellite image, where the green pins show the results
obtained by the GBO data. In different years, the location of the glacier is shown with a different coloured
outline. The same activities that were carried out for the Adishi glacier give for Shkhara glacier retreat the
same picture i.e. the glacier retreat is nonlinear, it is well described by the parabola curve both for the SRS and
GBO. A comparison of the graphs in Fig. 5 shows that the SRS and GBO graphs are in satisfactory agreement
with each other.
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Fig. 5. Schematic image of Shkhara glacier retreat on the background of the September 18, 2022, Landsat 9
OLI TIRS sensor image. The green pins show the results obtained based on GBO data.

The retreat of the Shkhara glacier is discussed analogously as it was done for the Adishi glacier. It is
received that 1. the retreat is non-linear, and 2. the retreat of the Shkhara glacier is described with high accuracy
by a parabola curve (Fig. 6) based on SRS and SBO data. A comparison of the SRS and GBO graphs in Figure
6 shows that they are in good agreement with each other.
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Fig. 6. Retreat graphs of Shkhara glacier based on SRS and GBO data

Among the large glaciers of Eastern Georgia, only the end of the Gergeti glacier is not covered with
debris, which allows the use of multispectral sensors. To study the physical picture of the Gergeti Glacier
retreat, Landsat satellite sensor data is used.

To study the retreat of the Gergeti glacier, 12 different satellite data files from 1977-2022 are selected.
According to each satellite image, the location of the tip of the Gergeti glacier tongue was determined, and the
data were chronologically ordered (Fig. 7).
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Fig. 7. Schematic image of Gergeti glacier retreat on the background of the September 3, 2022, Landsat 8
OLI TIRS sensor image. The green pins show the GBO data.

The steps to reveal the retreat dependence on time of the Gergeti glacier are the same steps that were
carried out for the Adishi glacier. The same results are received i.e. the retreat of the Gergeti glacier is non-
linear and is described with high accuracy by parabola curves correspondingly for SRS and GBO data (Fig.
8). A comparison of the SRS and GBO graphs in Figure 8 shows that they are in good agreement with each

other.
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Fig. 8. Retreat graphs of Gergeti glacier based on SRS and GBO data.
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Conclusion

Large glacier degradation under modern climate change poses a significant threat to the country’s
sustainable development and the study of their retreat is considered one of the priority activities. To obtain a
scientifically based answer regarding the large glaciers' degradation issues, taking into account the impact of
current climate change, it is necessary to use SRS and GBO data. If we analyse the graphs of SRS and GBO
data for all three glaciers, it is evident that glacier retreat is nonlinear both for SRS and GBO data and is
described with high confidence by parabola curves. A comparison of the SRS and GBO graphs shows that
they are in good agreement with each other. The detail considering the corresponding graphs shows that the
differences in the SRS and GBO data at the beginning of the graphs are bigger than in recent years. This is
explained by the fact that earlier field ground observations were carried out using the geodetic planning
method, and since 2004 - using a special field Global Positioning System (GPS), which also uses satellite
information and has high accuracy. A comparison of SRS and GBO graphs that define good agreement with
each other confirms the relevance of using GBO data for quality assessment and quality control (OA/OC) of
SRS data.

The presentation was made at the international scientific conference "Geophysical processes in the Earth
and its envelopes", Thilisi, Georgia, November 16-17, 2023.

Acknowledgement

The research was performed with the support of the Shota Rustaveli National Science Foundation
project FR-21-1996 "Research on the Degradation of Georgian Glaciers in Recent Decades and the Creation
of an Electronic Atlas of Georgian Glaciers".

References

[1] IPCC (2018). A Special Report of the Intergovernmental Panel on Climate Change. The Ocean and
Cryosphere in a Changing Climate. Edited by Melinda Tignor, Elvira Poloczanska, Katja Mintenbeck,
Andrés Alegre, Maike Nicolai, Andrew Okem, Jan Petzold, Bardhyl Rama, Nora M. Weyer. Working
Group Il Technical Report. IPCC, Geneva, Switzerland, 2018, 755 p.

[2] Zemp M. et al. Historically unprecedented global glacier decline in the early 21st century. J. Glaciology,
61 (228), 2015, pp. 745-762, doi: 10. 3189/2015J0g15J017.

[3] Kordzakhia G., Shengelia L., Tvauri G., Dzadzamia M. Impact of Modern Climate Change on Glaciers
in East Georgia. Bulletin of the Georgian National Academy of Sciences, Vol. 10, Ned, 2016, pp. 56—63.

[4] Kordzakhia G., Shengelia L., Tvauri G., Dzadzamia M. Research of Glaciers Variation Dynamics in East
Georgia Under the Impact of Modern Climate Change, Proceedings of the Fourth Plenary Conference and
Field Trips of UNESCO-IUGS—IGCP 610 project ,,From the Caspian to Mediterranean: Environmental
Change and Human Response during the Quaternary*“(2013—2017), 2-9 October, 2016, pp. 96-100, Printed
in Georgia, Georgian National Academy of Sciences, Georgia, Tb., 2016, pp. 96-100.

[5] Kordzakhia G. I., Shengelia L. D., Tvauri G. A., Dzadzamia M. Sh. The climate change impacton the
glaciers of Georgia. In Journal-World Science, vol. 1, Ne 4(44), Warsaw, Poland, 2019, pp. 29-34.

[6] Ilenremus JI.J., Kopazaxus I'.11., Teaypu I'.A., I3am3amust M. 1ll. BiusHue Texkymero u3mMeHeHUs
KJIMMaTa Ha Oonpmne neanuku ['pysun. ,l'eorpadus: pazsutue Hayku u obpazoBanus” KommexkTuBHas
MoHorpadusi mo MatepuaiaMm Bcepoccuiickod, ¢ MeXIyHapOAHBIM y4acTHEM, HAyYHO-TIPAKTHYECKON
koH(pepennmnu LXXII I'eprienoBckue urennst 18—21 ampens 2019 roxa. Uza-so PITIY um. A.W. I'epuiena,
T. |, Poccus, C.-I1., 2019, c. 218-226.

16



[7] Kordzakhia G., Shengelia L., Tvauri G., Dzadzamia M. Climate Change Impact on the Glaciers of the
Rioni River Basin (Georgia). Acta Horticulturae et Regiotecturae — Special Issue Nitra, Slovaca
Universitas Agriculturae Nitriae, 2021, pp. 27-30.

[8] Kordzakhia G. Fourth National Communication of Georgia, Under the United Nations Framework
Convention on Climate Change. 4.4 Glaciers, Thilisi, Georgia, 2021, pp. 241-250.

Bogdotmmggermls oo 34obgzs®gdols m3sbsbggols 33eggoliorgols
056583 B3O olEGsbzomMmo Bmbpo®mgdols s Lsggary
dofiolldoMms 533063900l IMbs3999d0L 9gEsMgds

8- 3MMIsb0os, . Ggba g0, 3. M35MM0, . 3505305, Q. 319I05330¢0, . 39M0dg
69Bomdg

§om3mpqboos Lads®mgzgewml o dyobzsMgdbg (sodo, Tbsts 3gMagm0) ™obsdybogdeero
©OoLEBBE0WMOHO 53306039008 s boggwryg dofoldoMms 330603900l BMbs3gdgdol  FgEsMgdol
990093900. ®0MMYY0 056593300 LyMHsmols Fobg300 sEA0bEs dgobzs®ol gbols dmemls
000905690y, dggs dmbsggdms  JOMbMWMYyomEMmo Moo ©o odmmzwo 0dbs  dgobzsmols
©1396@5bg30L LMo BLobdsMg. MEPB-0L Jsdmygbgdom Fglfogerowos 8gobzscmgdol ¢356sbggzol
0653035 34ob3560L 9bob 3900l IMAMSMDOL (35003990 5EP0GdOL 45BLsBEZMOL Loggrdzgunby.
39092900l bsGoLbOL FgRsligdols s JMBEGHMMMOLsM30L A59MmYgbgd s oMmgdml gMm3zbrico
Lo5396GML  Boggwrg 533060390900  dofjoldoMs dmbs3gdgdo. oEObws, ®MI dglfsgrowo
994063560900l 356@obg35 MFOB0Z0 bolosmMOLLy s Foowo BLOBMBE0M 5PO[IMYds 356M5dMEOL
IOMom. 5939 OO LOBMLBEGH0D 3sMdMWOL AMMEOom SMOfjgMgds 899agdoL  boerolbol
99335900L5 s 3bEGHMMEOLIMZ0L Fodmygbgdmwro Lsgzgwg 9dudgoEool dmbsigdgdol dobgygoom
539090 d94ob350900L 356@obg30L 46M553030. MsbsAYB3MMIWO EOLEBEOMMO 330039001
boggang  dofoldods 5330603900l  IMbs398900L  Fgagds  330B39b90L, ™I Jglfsgerowro
99406350900l MEB-0ls s Loggmg 33060390900l dofioldots Imbs3gdgd0 9OHMTbIMME 3y
®56b390M5800.

153356dm  LoByggdo: Logo@mzggeml  d4obzsMgdo, LsGgwod«mo ©oldsbgom®o bmbomgds,
30{olBgs 933060390900, 360T5EHOL (33OEIDS.

CpaBHeHHe JaHHBIX CIYTHUKOBOT0 IMCTAHIMOHHOTO 30HAMPOBAHMS
U M0JIEBbIX HA3eMHBbIX HAOIIOAeHUM ISl MCCIAEeTOBAHUS OTCTYILICHUS
boabmux jJeagnuxkoB I'py3uun

I'. Kopazaxus, JI. lllenrenus, I'. TBaypu, M. /[3axzamua,
I'. I'ynuamBuian, C. bepuase

Pe3rome

IIpencraBieHsl pe3ynpTaThl CPAaBHEHMS JAHHBIX CIIyTHHKOBOI'O IUCTaHIMOHHOro 3oHauposanust (CHH) c
JaHHBIMHU TIOJIEBBIX HAa3eMHBIX HaOMIoAeHHUH 3a OonbMHy JeqHukaMu [ py3un (Agumm, [xapa ['epretn).

Ilo KaXI0MYy CIIYTHHUKOBOMY CHHUMKY OIIPEACIAIOCH IMOJIOXKCHUEC BEPIIWHBI A3bIKa JICAHHUKA, IIPHUBOANIIACH
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XPOHOJIOTHYECKas YIIOPAJ0UYEHHOCTh JAHHBIX U PaCCUATHIBAIIACH CPEIHSSI CKOPOCTh OTCTyMaHus iegauka. C
nomompio CJIH m3ywaercss quHaMuKa OTCTyHaHUS JIGAHUKOB Ha OCHOBE OMPECICHHS] MECTOHAXOKICHUS
KOHYHMKA SI3bIKA JICAHHUKA MPHU JBIKCHUU. J[JI OLICHKH U KOHTPOJS KadecTBa PE3yNbTATOB HCIOJB3YIOTCS
Ha3eMHBbIE JaHHBIE MOJIEBBIX HaOmo/eHuil HarmoHanmpHOTO areHTCcTBa 1O OXpaHEe OKPYXKAroIIed Cpeibl.
YCTaHOBIEHO, YTO OTCTYIUICHHE HW3YYCHHBIX JICAHUKOB HOCUT HEIUHCHHBIM XapakTep M C BBICOKOM
TOYHOCTHIO OIMHUCHIBAETCS Mapabonmyeckor KpuBoi. Taxke rpaduk OTCTYIUICHUS JIETHUKOB, MOCTPOSHHBIN
IO JIAaHHBIM TTOJICBOM SKCIICUIINH, UCTIOIB3YEMBIi JIJIS OLICHKH KA4eCTBA U KOHTPOJIS PE3yJIbTaTOB, C OOIBIION
TOYHOCTBIO OITUCBHIBACTCS KpUBOW Tmapabosbl. CpaBHEHHE JAHHBIX CIIYTHUKOBBIX JUCTAHIIMOHHBIX
HaOIFO/ICHN W JaHHBIX ITOJIEBBIX HA3eMHBIX HaOmofeHni mokaseiBaeT, 4ro CIH nM3ydeHHBIX JTETHUKOB U
Ha3eMHBIC JJAHHBIC MTOJICBBIX HAOIIOCHHUIA XOPOIIIO COTJIACYIOTCS JPYT C IPYTOM.

KaioueBbie cioBa: Jleguuku ['py3nn, CIOyTHHKOBOE MAWCTAaHIIMOHHOE 30HAMPOBAHWE, Ha3eMHbBIE
HaOJIIONEHHs, U3MEHEHNE KIIMMAaTa.
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