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Preface by IACS (IUGG)

The International Association of Cryospheric Sciences (IACS) was established in 2007 as the youngest of eight
Associations within the International Union of Geodesy and Geophysics (IUGG). As a service of IACS and several other
organizations, WGMS works to assemble and disseminate information on global glacier change and has established itself
as the global go-to organization for glacier fluctuation data. These data form a critical component of cryospheric and
climate-system monitoring, are indispensable for the expanding suite of large-scale glacier-evolution models and serve
as a nucleus for internationally coordinated research efforts. The datasets compiled and maintained by the WGMS enable
contributions to ongoing TACS Working Groups, including:

- ‘Regional Assessments of Glacier Mass Change (RAGMAC)’ whose aim is to introduce a new consensus estimate of
global glacier mass changes and related uncertainties
- ‘Randolph Glacier Inventory (RGI) and its role in future glacier monitoring and GLIMS’ whose aims are to maintain
and further develop the Randolph Glacier Inventory.

The WGMS also contributes information on glacier fluctuations to reports of the Intergovernmental Panel on Climate
Change (IPCC), including the Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC 2019), and
the Sixth Assessment Report (AR6 2021).

A notable success from this past year was the completion of the eight-year evaluation of the Global Terrestrial Network
for Glaciers (GTN-G). The GTN-G is the framework for the internationally coordinated monitoring of glaciers, jointly
run by several organizations, including the WGMS. It plays a prominent and respected leadership role in the glaciological
community by promoting the democratization of data, facilitating data sharing and exchange, and exercising sound data
standardization, curation and management. The 2023 evaluation highlighted strengths of the GTN-G, including keeping
up with the increase in quantity and quality of data, which can be accessed through their improved data portal and
browser. A major achievement with the increase in data has been the data management and stewardship of the GTN-G.
The officers strengthen international collaboration, highlighting the work of the GTN-G as important to researchers, as
well as policymakers, stakeholders and the public.

We acknowledge and appreciate the ongoing efforts of the contributors, Principal Investigators and National
Correspondents, and applaud their commitment to making observations publicly available through the WGMS. On behalf
of the scientific community, we commend the WGMS for its longstanding leadership in the sphere of open data, and for
the vital role it continues to play in a rapidly evolving data landscape.

Gwenn Flowers, Prof Dr Lauren Vargo, Dr Liss Andreassen, Dr
Head, Division of Glaciers Deputy Head, Division of Glaciers President
IACS TIACS TIACS






Preface by IHP, UNESCO

Melting glaciers and ice sheets are the biggest cause of sea level rise in recent decades. Glacier loss is a serious threat to
natural and human water supplies in many parts of the world. According to IPCC 2021, risks in physical water availability
and water-related hazards will continue to increase by the mid- to long-term in all assessed regions, with greater risk at
higher global warming levels.

50 UNESCO World Heritage sites are home to glaciers (a total of 18,600 glaciers have been identified in these 50 sites,
covering around 66,000 km?), representing almost 10% of the Earth’s total glacierized area. A recent study by UNESCO
(UNESCO, IUCN, 2022) highlights the accelerated melting of glaciers in World Heritage sites, with glaciers in a third
of sites expected to disappear by 2050.

The need for a worldwide inventory of existing perennial ice and snow masses was first considered during the International
Hydrological Decade, declared by UNESCO for 1965-1974 (UNESCO, 1970). However, there still remain deep gaps in
monitoring the glacier system in all mountainous regions.

UNESCO’s Intergovernmental Hydrological Programme (IHP) plays a key role, as a platform for scientific networking
and cooperation, to contribute to assessing and monitoring changes in snow, glaciers and water resources and as well
to propose options for adaptation. This role is recognized by the adopted resolution on glaciers preservation by the UN
General Assembly (A/RES/77/158) and invites UNESCO to support countries in addressing issues related to accelerated
melting of glaciers and its consequences.

The regular publication of Global Glacier Change Bulletins by the World Glacier Monitoring Services (WGMS) is
very commendable, the bulletin is produced based on the internationally coordinated systematic observations on glacier
fluctuations, which provide a valuable and increasingly important data on glacier changes. The knowledge generated
through the monitoring of glacier changes is also a contribution to IHP IX (2022-2029) “Science for a water secure
world in a changing environment®. The publication is very relevant to the recent UNESCO IHP Projects “Strengthening
the resilience of Central Asian countries by enabling regional cooperation to assess high altitude glacio-nival systems to
develop integrated methods for sustainable development” and “Adaptation to climate change reducing vulnerabilities of
populations in the Central Asia region from glacier lake outburst floods in changing climate”.

The periodical publication will also make a contribution to the 2025 the International Year of Glaciers’ Preservation
and to the World Day for Glaciers on 21 March of each year, adopted by UN General Assembly (A/RES/77/158) to be
observed starting in 2025. UNESCO commends WGMS for its ongoing leadership and efforts towards closing the gaps
in monitoring the glacier system in all regions.

Abou Amani, Dr
Director Division of Water Sciences, Intergovernmental Hydrological Programme (IHP), UNESCO






Preface by MeteoSwiss

The cryosphere builds an important part of the climate system. Its systematic observation is essential as changes in polar
and high mountain areas affect the whole globe. In this regard, the year 2022 was an extreme example, illustrating the
impact of rising temperatures on the mass balance of Alpine glaciers. According to observations by Glacier Monitoring
Switzerland (GLAMOS), in 2022, Swiss glaciers have lost 6% of their total volume. Never before has such a dramatic
glacier melt been observed in Switzerland.

Peak values, such as these, demonstrate the importance of high quality, systematic and long-term climate observations.
Without the collection and sharing of these observations, the ability to predict, understand, mitigate, and adapt to
changes in the climate system would be limited. Therefore, very recently, at its 19th congress in May 2023, the World
Meteorological Organization (WMO) endorsed a resolution addressing the rapid changes in cryosphere by calling for
urgent action through coordinated observations and predictions, data exchange, research, and services.

In line with this recent resolution, one purpose of the Global Climate Observing System (GCOS) is to promote the
unrestricted distribution of accurate and sustained observations of all components of the climate system. According to the
2022 GCOS Implementation Plan, “‘ensuring that Global Data Centres exist for all in situ observations of Essential Climate
Variables ECVs” is one priority of GCOS. In this context, the importance of the cooperation between GCOS and WGMS
is explicitly recognized. While WGMS has been playing an important role in ensuring access to glacier observations since
1894, this illustrates that over the past decades, WGMS has established itself as an outstanding international data centre
not only at Swiss but also at global level.

In the framework of GCOS Switzerland, the Federal Office of Meteorology and Climatology MeteoSwiss has been
one of the funding agencies for WGMS since over a decade. Today WGMS provides a significant contribution to the
international GCOS programme and serves as role model for other data centres. MeteoSwiss is a proud partner of this
service and remains strongly committed to continue its engagement to WGMS and GCOS and thereby to the coordinated
observation of the climate system.

Bertrand Calpini, Prof Dr Michelle Stalder
Deputy Director Head of Swiss GAW/GCOS Office
MeteoSwiss MeteoSwiss






Foreword by the WGMS Director

Glaciers around the globe continue to melt at rapid rates. In the time period covered by the present bulletin, the glaciers
observed lost about 0.75 m water equivalent per year which corresponds to a loss of 750 litres of water reserve per square
meter of ice cover and year. With this, glaciers are continuing the historically unprecedented ice loss observed since the
turn of the century and amounting to double the ice loss rates of the 1990s (based on the ‘reference’ glacier sample).
Glaciers are indeed key indicators and a unique mean of displaying ongoing climate change. Their rapid decline not only
alters the visual landscape of mountain and polar regions, it also has a very real impact on local hazard situations, regional
water cycles, and global sea levels.

The present Global Glacier Change Bulletin is the fifth issue of this publication series. The primary focus is on glaciological
mass-balance observations that are complemented by geodetic volume changes and front variation series. It serves as an
authoritative source of illustrated and commentated information on global glacier changes based on the latest observations
from the scientific collaboration network of the WGMS. The present bulletin reports the results from the hydrological
years 2019/20 and 2020/21 as well as preliminary observations for 2021/22. Since the last bulletin, we added more than
400 glaciological mass-balance and about 600 front-variation records to our database, reported from about 400 Principal
Investigators from 40 countries. In addition, we added over 1 million elevation change records from over 200,000 glaciers
from space-borne geodetic surveys (Hugonnet et al., 2021).

Thanks to the global observational coverage, we are now able to combine the seasonal to annual variability from
glaciological observations with multi-annual to decadal geodetic elevation changes for improved regional and global
estimates of glacier mass changes (Zemp et al., 2019, 2020; Dussaillant et al., 2023). The global mass loss of glacier
ice has increased significantly since the 1990s and amounts to around 350 gigatonnes per year for the past decade. This
corresponds to an increase in sea level of almost 1 millimetre per year. Corresponding assessments contributed to the
latest state of the climate reports (e.g., IPCC AR6, 2021, C3S, 2023) and to global estimates of the Earth’s ice imbalance
(Slater et al. 2021), water cycle (Dorigo et al., 2021), and energy budget (von Schuckmann et al., 2023) as well as to the
Glacier Mass Balance Intercomparison Exercise (https://glambie.org) funded by ESA.

While the successful boost in glacier observations from space provides new insights in global glacier changes, it also
required a complete overhaul of the WGMS data infrastructure. The latest evaluation through IACS commended the
WGMS to continue its current efforts in data standardization, curation, and management. It also showed the need to
push the in-situ network to real-time monitoring and to rethink the concept of the present publication series in view of
increasing data volumes and diverging user needs.

Sincere thanks are extended to WGMS co-workers, National Correspondents, and Principal Investigators around the
world and their sponsoring agencies at national and international levels for their long-term commitment to building up an
unrivalled database which, despite its limitations, undoubtedly remains an indispensable treasury of international snow
and ice research, readily available to the scientific community and to the public.

Michael Zemp, Prof Dr
Director, WGMS
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1 INTRODUCTION

Internationally coordinated glacier monitoring began in 1894, with the periodic publication of compiled
information on glacier fluctuations starting one year later (Forel, 1895; Allison et al., 2019). In the beginning,
glacier monitoring focused mainly on observations of glacier front variations and after the late 1940s on
glacierwide mass-balance measurements (Haeberli, 1998). Beginning with the introduction of the Fluctuations
of Glaciers (FoGQ) series in the late 1960s (PSFG, 1967; WGMS, 2012, and volumes in between), standardized
data on changes in glacier length, area, volume and mass have been published at pentadal intervals. At the
beginning of the 1990s, the Glacier Mass Balance Bulletin series (WGMS, 1991; WGMS, 2013, and issues
in between) was designed to speed up access to information on glacier mass balance at two-year intervals.
Since the late 1980s, glacier fluctuation data have been organized in a relational database (Hoelzle & Trindler,
1998) and are available in electronic form through websites of the WGMS (https://www.wgms.ch) and
GTN-G (https://www.gtn-g.org). The Fluctuations of Glaciers web browser provides easy access to global
glacier change data and helps to increase the visibility of related observers, their sponsoring agencies, and the
internationally coordinated glacier monitoring network.

In the 1990s, an international glacier monitoring strategy was drawn up for providing quantitative,
comprehensive, and easily understandable information relating to questions about process understanding,
change detection, model validation and environmental impacts with an interdisciplinary knowledge transfer to
the scientific community as well as to policymakers, the media and the public (Haeberli et al., 2000; Haeberli,
1998).

This strategy has five tiers:

1. organizing glacier monitoring as a multi-component system across environmental gradients,
thereby integrating glacier-wide observations at the following levels:

2. extensive glacier mass balance and flow studies within major climatic zones for improved process
understanding and calibration of numerical models;

3. determination of glacier mass balance using cost-saving methodologies within major mountain
systems to assess the regional variability;

4. long-term observations of glacier length changes and remotely sensed volume changes for large

glacier samples within major mountain ranges for assessing the representativeness of mass-balance
measurement series; and
5. glacier inventories repeated at time intervals of a few decades by using remotely sensed data.

Based on this strategy, the monitoring of glaciers has been internationally coordinated within the framework
of GTN-G under the Global Climate Observing System (GCOS) in support of the United Nations Framework
Convention on Climate Change (UNFCCC). The GTN-G is run by the WGMS in close collaboration with the
U.S. National Snow and Ice Data Center (NSIDC) and the Global Land Ice Measurements from Space (GLIMS)
initiative. The WGMS is a permanent service of the International Association of Cryospheric Sciences of the
International Union of Geodesy and Geophysics (IACS/IUGG) and of the World Data System within the
International Science Council (WDS/ISC) and operates under the auspices of the United Nations Environment
Programme (UNEP), United Nations Educational, Scientific and Cultural Organization (UNESCO), and the
World Meteorological Organization (WMO).

To further document the evolution and to clarify the physical processes and relationship involved in global
glacier changes, the WGMS collects standardized information on changes in glacier length, area, volume,
and mass through annual calls-for-data. In 2022, the near-time reporting was extended to all glaciers, after
consultation with the WGMS National Correspondents and Principal Investigators, replacing the earlier one-
year retention period. This allows the WGMS to report preliminary mass-balance estimates as soon as a few
months after the end of the corresponding observation period. In this way, we are responding to the international
organisation's increasing need for timely contributions to the various climate status reports and have been able
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to greatly increase the visibility of the internationally coordinated glacier measurement network. All submitted
data are considered public domain and are made available in print and digital form through the WGMS at no
cost under the requirement of appropriate citation.

The Global Glacier Change Bulletin series merges the former Fluctuations of Glaciers (Vol. I-X) and Glacier
Mass Balance Bulletin (No. 1-12) series. It aims to provide an integrative assessment of global glacier changes
every two years. In this process, the main focus is on mass-balance measurements based on the glaciological
method (cf. Cogley et al., 2011). This method provides quantitative results at high temporal resolution, which
are essential for understanding climate-glacier processes and for allowing the spatial and temporal variability of
the glacier mass balance to be captured, even with only a small sample of observation points. The glaciological
observations are complemented by results from the geodetic method (cf. Cogley et al., 2011) to extend the
glaciological sample in space and time. The geodetic method provides overall glacier volume changes over a
longer time period by repeat mapping from ground, air- or space-borne surveys and subsequent differencing of
glacier surface elevations. It is recommended to periodically validate and calibrate annual glaciological mass-
balance series with decadal geodetic balances to detect and remove systematic biases (Zemp et al., 2013).
Meanwhile, geodetic observations from space-borne surveys allow to compute elevation and volume changes
for all glaciers in the world (Hugonnet et al. 2021). Related error bars are still relatively large for individual
glaciers but the data allow to credibly assess glacier mass-changes at decadal and regional to global scale. In
addition, glacier front-variation series are reported for the documentation of clearly visibly glacier reactions to
mass changes and for extending observations of glacier fluctuations backward in time.

The Global Glacier Change Bulletin No. 5 is organized in three main sections: global summary, regional
summaries, and detailed information for selected glaciers. The global summary provides an overview of
reported data and of glaciological balance results for the observation periods 2019/20 and 2020/21, including
preliminary values based on the near-time reporting for 2021/22. This first section contains a global map of
available glacier fluctuation data, tables with key statistics on reported data and glaciological balance results
as well as a set of global figures summarizing reported data and results of changes in glacier mass, volume
and length. The second section consists of standardized facts and figures on glacier changes for all glacierized
regions of the world, each supplemented with mass balance and front-variation series from selected glaciers.
The third section contains detailed information for selected glaciers to provide an insight into the results of
the glaciological method. In addition, a list is included naming all Principal Investigators and their sponsoring
agencies for the observation periods of the current bulletin as well as of all National Correspondents as of
2023. We note two major changes since the last bulletin. First, the present bulletin is only printed in a limited
edition for the WGMS library and archive, and not shipped around the world anymore due to tighter customs
regulations and the move away from printed products by many libraries. Second, the production of a data
appendix is not practical anymore due to the large volume of now available data from spaceborne observations.
However, the bulletin(s) are published and made available in digital and searchable format. And open access to
the latest and earlier versions of the database is provided through the WGMS website (https://www.wgms.ch).




2 GLOBAL SUMMARY

Pioneer surveys of accumulation and ablation of snow, firn and ice at isolated points date back to the end of
the 19th century and the beginning of the 20th century (e.g., Mercanton, 1916). In the 1920s and 1930s, short-
term observations (up to one year) were carried out at various glaciers in the Nordic countries. Continuous,
modern series of annual/seasonal measurements of glacier-wide mass balance were started in the late 1940s in
Sweden, Norway, and in western North America, followed by a growing number of glaciers in the European
Alps, North America, and other glacierized regions. In the meantime, more than 7,800 glaciological mass-
balance observations from 490 glaciers have been collected and made available by the WGMS.

For the observation periods covering the hydrological years 2019/20 and 2020/21, 318 annual mass-balance
observations were compiled based on 169 glaciers worldwide. Of these observations, 71%, 65%, and 49%
were reported including seasonal mass balance, mass distribution with elevation, and point measurements,
respectively. Preliminary results for 2021/22 were reported for 71% of these glaciers. In addition, more than
1 million elevation change records and 600 front variations from over 200,000 and 390 glaciers, respectively,
were added since the last bulletin. The large number of geodetic observations is the result of the compilation of
geodetic assessments, provided by the research community using space-borne sensors, within the framework
of ESA’s Climate Change Initiative (CCI, CCI+) and Europe’s Copernicus Climate Change Service (C3S).
A global overview of available glacier change data is shown in Figure 2.1. Reported data for the observation
periods covered by the present bulletin are given in Table 2.1.

Table 2.1  Annual mass balances for the observation periods 2019/20 and 2020/21 as well as preliminary values (*) for 2021/22.
Abbreviations and units: PU = political unit; B20, B21, B22* in mm w.e.; ELA = equilibrium line altitude in m a.s.l.;
AAR = accumulation area ratio in %. ELAO and AARO correspond to balanced-budget ELA and AAR, respectively, and
are derived from linear regressions with B as independent variable (cf. Chapter 4). WGMS ‘reference’ and ‘benchmark’
glaciers are highlighted with grey background.

PU  Glacier name I*/last/nryears  B20 B2l B22* ELA20 ELA21 ELAs AAR20 AAR21  AARv
AQ  Bahia del Diablo 2000/2022/23  —400  -740 291 450 500 350 25 27 55
AQ Hurd 2002/2021/20 1180 180 300 260 192 8 31 56
AQ  Johnsons 2002/202120  ~800 210 >360 160 190 0 76 58
AR Agua Negra 2015/2020/06 1264 >5280

AR Brown Superior 2008/2022/15  -3826  —1106 2026

AR Conconta Norte 2008/2022/15 2887 962 1834

AR De Los Tres 1996/2020/09 535 1470 1432 47 75
AR Martial Este 2001202222  -692  —1133 480 1090 1067 10 0 56
AT  Goldbergkees 1989/2022/34 -1093 504 -2800 3050 2850 2892 10 35 44
AT Hallstitter Gletscher ~ 2007/2022/16  —1440  —1228 2602 2812 2498 14 0 62
AT  Hintereisferner 1953/2022/70 970 668 -3319 3193 3095 2921 32 40 66
AT Jamtalferner 1989/2022/34 -1675 1000 3630 3079 2769 0 8 56
AT  Kesselwandferner 1953/2022/70 522 —183 2800 3239 3177 3120 39 53 68
AT Kleinfleisskees 1999/2022/24  ~738 291 2700 3000 2950 2866 24 51 59
AT  Pasterze 1980/2022/35 —1011  -740 2300 3025 2940 2713 39 52 91
AT Seekarles Ferner 2014/2022/09  -731 650 3289 3160 3160 24 37 53
A Stubacher 1946/2021/70 627 —688 2905 2905 2748 29 26 58

Sonnblickkeesi

AT Venedigerkees 2013/2022/10  -392 248 2208 2944 2875 2849 45 58 55
AT Vernagtferner 1965/2022/58 -824 -593 3249 3275 3248 3084 24 23 65
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PU  Glacier name I*last/nryears  B20 B2l B22* ELA20 ELA21 ELA» AAR20 AAR2l  AARo
AT Wurtenkees: 1983/2022/40  —1342 458 3596  >2750 >2750 2890 10 28 36
A Zettalunitz/ 2007/2022/16  -393  -446 2449 3130 3122 3085 41 40 42
Mullwitzkees
BO  Charquini Sur 2003/2021/19  -600 117 5234 5184 5176 17 19 36
BO Zongo 1992202130 334 119 5260 5359 5274 7 68 67
BT Thana 20202021/02 2784 1699 >5600 0
CA  Athabasca 2013/2022/08 445 260 2680 2701 72 71
CA Bologna 2016/2022/04 257
CA Devonlce CapNW  1961/2022/62  —647 5 508 1600 1030 1016 6 67 70
CA Helm 1975/2022/46  -1470  -3070 1002  >2080 2115 1994 2 35
CA Kokanee 2015202208 91  —1922  -80 2635 >2799 2583 39 1 56
CA  Meighen Ice Cap 1960/2022/63 726 131 451  >270  >270 0 0
CA ?:;vme South Ice 1963/2022/60 807 122 -1077  >715 <526 0 100
CA Peyto 1966/2022/57 474 1925 848  >2690 2910 2610 27 6 51
CA Place 1965/2022/57 1650 2379 870  >2450 2450 2091 1 2 47
CA  White 1960/2022/60 552 107 472 1344 1083 939 24 62 70
CH Adler 20062021/16 491 513 3485 3505 3394 43 40 57
CH Allalin 1956/2022/67 395 452 2372 3365 3385 3247 49 47 58
CH Basodino 1992202130 539 439 3055 3065 2877 10 9 49
CH Claridenfirns 19152021/107 750 408 2905 2885 2756 37 43 62
CH Corbassiére 1997202125 640 729 3285 3345 2992 48 39 71
CH Corvatsch Souths 2014/2021/08 881 937 3312 3302 3269 12 15 35
CH Findelen 20052021/17 250 531 3285 3345 3220 58 49 66
CH Giétro 1967/2022/56 439 556 -2724 3225 3285 3157 52 35 61
CH Gries 1962/2022/61 1218 -892 -3645 3075 3085 2821 16 15 56
CH  Grosser Aletsch 1940/2021/62 1165 —115 3125 2965 2904 51 61 65
CH Hohlaub 1956/2021/66  ~174 183 3195 3185 3149 54 56 59
CH Murteh 2013202109 311 372 3202 3217 3188 43 28 52
CH Oberaar 2021/2022/02 300 3000 2800 57
CH Otemma 20202021/02  —1168  -909 3165 3135 25 31
CH Pers 2020202102 -591 525 3015 3025 43 )
CH Pizols 2007/2021/15  —1345 310 2722 2712 2695 5 18 19
CH Plaine Morte 20102021/12  —1443 982 2805 2795 0 0
CH Rhone 1885/2021/44 686 102 2915 2855 2846 57 65 62
CH  Sankt Annas 20122021/10 766 484 2857 2842 2781 7 1 31
CH Schwarzbachs 2013202109 446 334 2822 >2832 2784 8 0 50
CH Schwarzberg 1956/2021/66  -517 698 3125 3135 3018 40 37 56
CH  Sex Rouges 2012202110 —1811 479 2882 2832 0 10
CH Silvretta 1919/2022/104 915  -868 -3188 2905 2925 2746 25 20 56
CH Tsanfleuron 20102021/12 2263 607 2975 2855 0 10
CL Echaurren Nortes 1976/2022/47 2430 -700 -1161
CL g/g"’ho Choshuenco »y0unm1/12 —800  —1615 >2400 1922 59
CN  Parlung No. 94 2006/2021/16  ~1489 2065 5458 5503 5363 14 5 46
CN g:‘;’:qi Glacier 1959/2022/51 230 829 _1251 4020 4275 4004 52 5 59
CN gf;‘r‘;gicflmerN"'l 1988/2022/32  -310 824 —1315 3987 4200 3948 48 2 64
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PU  Glacier name I“last/nryears  B20  B21 B22* ELA20 ELA21 ELA0 AAR20 AAR21  AAR
cn UrumaiGlacierNo- 1 g00000035 89 837 1134 4053 4350 4051 59 10 61
W-Branch
CO  Conejerass 2006/2021/16 4986 2786 >4913  >4871 0 1
CO Ritacuba Blanco 2009/2021/12 367 4949 5006 82 57
EC  Antizana 15 Alpha 1995202127 930 840 5145 5132 5067 7
ES Maladetas 1992/2022/31 212 -1939 3017 3117 >3200 3069 46 0 43
FR Argentiére 1976/2022/47 1030 370 -3800 2900 2850
FR  Gébroulaz 1995/2022/28 430 1000 2550 3000 2875 2949
FR  Ossoues 2002202221  —1510 2220 -4060  >3200 0 53
FR  Saint Sorlin 1957/2022/66 1140 —1390 -3810 2950 2950 2852
FR Sarenness 1949/2022/74  —100 70 4260  >2970 0
FR  Tré-la-Téte 2014/2022/09 1550 210 4560
GL Freya 20082022/15  -510  -900 700 1100 >1300 709 10 5 59
GL Mittivakkat 1996/2022/27 1390 —1720 1450  >930  >930 497 0 0 58
GL  Qasigiannguit 20132022/10 643 265 26 908 893 831 39 37 50
IN  Batal 2017/2020/04 160
IN  Chhota Shigri 1987/2022/20 1475 4974 59
IN  Hoksar 2014/2022/09 70 1440 1530 4000 4110 3953 67 47 76
IN  Kolahoi 20152022/08 90 1390 1678 4360 4440 4328 63 54 67
IN  Sutri Dhaka 2017/2020/04 230 5279 60
IS Braarjokull 1993202230  —175 -840 344 1220 1335 1205 60 48 61
IS Dyngjujokull 1992202225 216 710 422 1320 1465 1348 68 53 62
IS  Eyjabakkajokull 1991202231 778 —1477 359 1165 1215 1085 47 27 55
IS Hofsjokull E 1989/2022/34 680 800 190 1234 1263 1144 44 43 51
IS Hofsjokull N 1988/2022/35 -390 1410 280 1274 1381 1250 43 24 52
IS Hofsjokull SW 19902022/33 80 480 460 1339 1355 1272 55 52 53
IS Koldukvislarjokull 1992202229 151 —1322 386 1440 1590 1361 53 34 57
IS Langjokull Ice Cap 1997/202226 564  -1790 50 48 15 57
IS Tungnirjokull 1986/2022/31 774  —1611 1355 1225 1350 1143 50 31 62
IS Vatnajokull 2020/2020/01 300
IT  Calderone 1995202224 496 292 308 2683 63
IT  Campo settentrionales ~ 2010/2022/13 226 350 3130 3060 3080 3058 39 28 40
IT  Caresérs 1967/2022/56 -1371 950 3965 3114 3106 3091 1 3 44
IT Ciardoneys 1992/2022/31 780 —1330 4000 3100 >3120 2980  <5% 0 54
IT  Grand Etret 2000202223 333 1715 3662 3050 3070 37 11
IT  Lupo 20102022/13 421 211 4000 2600 2600 2577 25 32 46
IT Z/l;:;??;;er 2002202221 574 420 3174 3156 3108 3017 19 30 43
IT :j;izr:;; Fernr 1996/2022/27 1896 1200 3493  >2950 2934 2814 2 0 39
IT  Surettameridionales  2010/2022/13  —1323  -737 3564 2860 2825 2769 2 19 54
IT  Timorion 2001/2020/18 695 >3480 0
IT Vedrettade LaMare 2003202119 392 64 3245 3216 3170 41 49 49
Vedretta occ. di
IT  Ries/ Westlicher 2009/2022/14 14 202 2487 3000 3050 3003 44 40 48
Rieserferner
JP Hamaguri Yukis 1968/2022/51 -1636 1029 40
KG Abramov 1968/2022/42 124 1296 762 4115 4310 4156 71 48 65
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PU  Glacier name I*last/nryears  B20 B2l B22* ELA20 ELA21 ELA¢ AAR20 AAR2l  AARo
kg DatyshSeold 1971/2022/17 4 362 941 4135 4330 4212 89 38 59
Syek Zapadniy
KG Bordu 2016202207 70 650 1270 4210 4400 4259 54 17 43
KG S;icsiheiryz‘l’('fﬂ 2011/2022/12 =35 —1100  —753 4205 4440 4143 51 6 61
KG gij‘;‘fgr;le :_9%0) 2015/2022/08 15 352 —1458 4004 4071 4052 65 39 53
KG  Golubin 1969/2022/38 213 194 -1050 3755 3840 3800 7 78 7
KG Kara-Batkak 1957/2022/51 240 490 810 3910 3980 3854 54 46 57
kg SuyTer 19852022/13 10 410 1270 4210 4320 4231 64 44 49
(Glacier No. 356)

KG Turgen-Aksuu 2019/2022/04 343 847 1055 4040 4240 48 26

KZ Ts. Tuyuksuyskiy 1957/2022/66 287 609 1130 3800 3870 3752 46 36 52
NO Alfotbreen 1963/2022/60 1003 -1707 -550 <1000 >1360 1194 100 0 56
NO  Austdalsbreeny 1988/2022/35 801  -1775  -50 1375 >1740 1421 82 0 69
NO Engabreen 1970/2022/53 1170 -500 150 1017 1234 1161 85 47 60
NO Grisubreen 1962/2021/60 643 1541 >2277  >2777 2100 0 0 36
NO  Hansebreen 1986/2022/37 486 2335 —1050 1065 >1303 1141 80 0 57
NO Hellstugubreen 1962/2021/60 436 1279 1935 2155 1851 33 1 56
NO Langfjordjekelen 1989202232 -19  —195 —1900 830 780 768 59 65 62
NO Nigardsbreen 1962/2022/61 1651 566 800 1285 1645 1550 93 46 59
NO Rembesdalskika 1963/2022/60 637 1529 100 1580 >1851 1667 86 0 71
NO Storbreen 19492021773 46 1672 1760 2015 1716 53 2 57
NP  Mera 2008/2022/15 490 290 -850 5684 5330 5532 40 86 58
NP Pokalde 20102011/13 970 -150 -840 5626 5589 5580 13 41 46
NP Rikha Samba 19992021/11 218 218 5858 5858 5797 37 37 62
NP West Changri Nup 2011/2022/12 830 350 2500 5526 5534 5520 29 29 32
NP Yala 2012/2022/11 865 477 -1065 5459 5330 5382 26 63 46
NZ  Brewster 2005/2022/18  —1454 178 -1125 2225 1907 1938 7 43 45
NZ Rolleston 2011/2022/12 649 993 1065 1815 1810 1804 39 44 55
RU Djankuat 1968/2022/55 1370 170 590 3470 3180 3191 18 63 59
RU Garabashi 1984/2022/39 1427 502 1153 3789 8 48 60
RU Leviy Aktru 1977/2022/40 947 531 603 3670 3350 3163 35 56 61
SE  Mirmaglaciiren 1990/2022/32 755 427 1635 1617 1578 14 24 35
SE  Rabots glaciir 1946/2022/39 106 500 943 1499 1492 1379 40 34 48
SE  Riukojietna 1986/2022/34 702 -822 795 1364 1420 1333 5 0 56
SE  Storglaciiren 1946/2022/77 136 -823  -212 1402 1549 1462 56 30 46
SJ g:';;;irbreen 19672022/56 1744 600 —1393 788 465 291 0 5 47
SI Grenfjord E 1986/2021/09 1965  —1680 >560  >560 0

SJ  Hansbreens 1989/2021/32 -725 311 12 56
SJ  Irenebreen 2002202120 2204 745 2164 886 564 305 0 0 27
SI Kongsvegens 1987/2022/36 1081  —160 968 766 573 535 0 35 47
SI Kronebreen 2003/2022/14  —1133 30 809 941 694 676 14 38 )
SJ  Midtre Lovénbreen  1968/2022/55 —1574  —540 —1239 648 438 309 0 9 52
SJ  Nordenskioeldbreen 2006/2021/15 -122 691 660 50
SI' Waldemarbreen 1995202127 2276 947 2198 642 493 293 0 1 31
SJ Werenskioldbreen 1980/2020/10  —1773 618

py EastZulmart(Glacier 51000504 210 206 311 5250 5300 37 36

No 139)
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PU  Glacier name I*/last/nryears ~ B20 B2l B22* ELA20 ELA21 ELAs AAR20 AAR21  AARv
TI  Glacier No 457 2021/2022/02 353 437 5030 50
TJ  Glacier No 676 2020202001 98 3660 58
y  Yakarcha (Glacier 2020/2020/01 139 4100 62

No 71)
US  Columbia (2057) 1984/2022/39 892 -866 -861 1640 1650 1577 40 40 63
US  Danicls 1984/2022/39 380 2150 1180 57 12 61
US Easton 1990/2022/33 633 -1562 1216 2160 2400 2066 48 23 66
US Gulkana 1966/2022/57 190  -770 1160 1792 1805 1742 62
US  Ice Worm 1984/2022/39 620 —1450 —1260 45 31 63
US Lemon Creek 1953/2022/70 950 540 680 1179 1093 1016 60
US  Lower Curtis 1984/2022/30 810 —1480 730 1660 1680 1650 46 32 62
US  Lynch 1984/2022/39  -580 2260 1360 51 18 65
US Rainbow 1984/2022/39 441 945 751 1950 1860 1704 48 38 64
US  Sholes 1990/2022/33 1960 1720 1810 21 24 62
US  South Cascade 1953/2022/69 150 -1210 -1260 1891 2262 1913 54
US  Sperry 20052022/18  -370 2240 -1010 2346 2576 2442
US  Takus 1946/2022/77 180 30 180 1086 1004 1038
US  Wolverine 1966/2022/57 1810 930 1180 1335 1236 1162 63
UZ  Barkrak Sredniy 20172022006 281  —671 571 3736 3747 3706 52 51 62
UZ  Barkrak Sredniy E 20182022005 441 662 498 3752 3770 65 59

1 =based on Ba-AAR regression from 1963/64 to 1979/80

2 = influenced by strong glacier disintegration and artificial snow management

3 = balances include estimates for dry calving

4= glacieret (cf. Cogley et al., 2011)

s = influenced by strong glacier disintegration

6=1In 1993, Urumgqi Glacier No. 1 divided into two parts: the East Branch and the West Branch.
7 = glacier influenced by calving

s = The mass balance of this tidewater glacier is determined by a combination of snow pit, ablation stake measurements,
observations of the transient snowline, and the ELA.
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Climate (change)-related trend analysis is, in the ideal case, based on long-term measurement series. On-
going glaciological mass-balance records for more than 30 continuous observation years are recognized
as WGMS ‘reference’ glaciers. These glaciers have well-documented and long-term mass-balance pro-
grammes based on the direct glaciological method (cf. Ostrem & Brugman, 1991; Cogley et al., 2011),
are not dominated by non-climatic drivers such as calving or surge dynamics, and fulfil a set of criteria
as described on the WGMS website (https://wgms.ch/products_ref glaciers/). It is recommended that the-
se glaciological results be validated and, if necessary, calibrated with independent results from the geode-
tic method (cf. Zemp et al., 2013). In 2023, we introduced the WGMS ‘benchmark’ glaciers, after consul-
tation with our international collaboration network. The label ‘benchmark’ glacier is awarded to selected
glaciological mass-balance programmes that have not yet reached 30 years of ongoing measurements but
are located in regions without ‘reference’ glaciers, or where existing ‘reference’ glaciers are about to va-
nish. Benchmark glaciers fulfil the preconditions as defined for the ‘reference’ glaciers, have a time series
of more than 10 years of ongoing glaciological mass-balance measurements, and can have a maximum
observational gap of one year in the past decade. The present bulletin lists 60 ‘reference’ and 25 ‘bench-
mark’ glaciers (Table 2.1). Results of the ‘reference’ glaciers are summarized in Table 2.2 and in Figure 2.2.

Table 2.2 Summarized mass balance data. A statistical overview of the results of the ‘reference’ glacier sample is given for the three
recent reporting periods 2019/20, 2020/21, and 2021/22* (upper table) in comparison with corresponding values averaged
for the decades 1981-1990, 1991-2000, 2001-2010, and 2011-2020 (lower table). All annual balance values in mm w.e.;
* = preliminary values.

2019/20 2020/21 2021/22%
mean specific (annual) mass balance -600 —855 —1452
standard deviation 731 623 1315
minimum value —2430 -3070 —4260
maximum value 1651 122 800
nr of positive/reported balances 8/61 2/60 6/56
mean AAR 36% 30% 21%
decadal averages of: 1981-1990 1991-2000 2001-2010 20112020
mean specific (annual) mass balance —294 —445 —828 —832
standard deviation 721 767 835 843
minimum -1999 -2601 -3061 —2968
maximum 1847 1353 984 1122
avg nr of positive/reported balances 13/46 15/59 9/57 9/59
mean AAR 49% 44% 33% 33%

Taking the two years of this reporting period and preliminary results for 2019/20 together (from the near-
time reporting), the mean annual mass balance was —0.97 m w.e. per year. This is 17% more negative than
the mean annual mass balance for the first two decades of the 21st century (Table 2.2) which were without
precedent on a global scale, at least for the time period with available observations (Zemp et al., 2015).
Since the turn of the century, the maximum mass loss of the 1980-2000 time period (i.e., less than —0.9 m
w.e. observed in 1997/98) was reached or exceeded nine times: in 2002/03, 2004/05, 2005/06, 2009/10,
2010/11,2014/15,2017/18,2018/19, and again in 2021/22. The percentage of positive annual mass balances
decreased from 28% in the 1980s to 9% (2019/20-2021/22), and there have been no more years with a
positive mean balance for more than five decades. The melt rate and cumulative loss in glacier thickness
continues to be extraordinary. Furthermore, the analysis of mean AAR values shows that the glaciers are
in strong and increasing imbalance with the climate and hence will continue to lose mass even if climate
remained stable (Mernild et al., 2013). As such, mean AAR values indicate that the observed glaciers would
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Figure 2.2 Global averages of observed mass balances from 1930 to 2021. Annual glaciological balances (m w.e.) and annual rates
of geodetic balances (m w.e. a'') are shown together with the corresponding number of observed glaciers (upper graph).
Cumulative annual averages relative to 1960 (lower graph). Geodetic balances were calculated assuming a glacier-wide
average density of 850 kg m=. Note that the strong variability in the glaciolgocal data before 1960 is due to the small

sample size.

1990 2000 2010 2020

be committed to an average area loss of 41% under the climatic conditions of the reporting period.

The arithmetic mean of the ‘reference’ glaciers included in the analysis is based on a relatively small sample
and influenced by the large proportion of Alpine and Scandinavian glaciers. Therefore, mean values are also
calculated for (i) all mass balances available, independent of record length, and (ii) using only one single
value (averaged) for each of the 19 regions (cf. GTN-G, 2017). Looking at the regional average of the
‘reference’ glaciers, the mean annual balance of the current reporting period (incl. preliminary estimates of
2021/22) resulted in —0.85 m w.e. per year, which is slightly less negative than the arithmetic mean. Since

10
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2010, 9 out of 13 years ranked in the top 10 with respect to glacier mass loss since 1960. Note that the
balance variability before 1960 is strongly influenced by the very small sample size. Figure 2.2 shows the
number of reported observation series as well as annual and cumulative results for all three means. In their
general trend and magnitude, all three averages relate quite closely to each other and are in good agreement
with the results from a moving-sample averaging of all available data (cf. Kaser et al., 2006; Zemp et al.,
2009; Zemp et al., 2015). The global average cumulative mass balance indicates a strong mass loss in
the first decade after the start of measurements in 1946 (though based on few observation series only),
slowing down in the second decade (1956—1965; based on observations above 30° N only), followed by a
moderate ice loss between 1966 and 1985 (with data from the Southern Hemisphere only since 1976) and
a subsequent acceleration of mass loss to the present time (2019).

The geodetic method (cf. Cogley et al., 2011) provides overall glacier-volume changes over a longer
time period by repeat mapping from ground, air- or spaceborne surveys and subsequent differencing of
glacier surface elevations. The geodetic results - shown as arithmetic and area-weighted means - allow the
glaciological sample to be extended in both space and time (Figures 2.2, 2.3). Over the past decade, we were
able to boost the geodetic sample by integration of results from large assessments (e.g., Gardelle et al., 2013,
Fischer et al., 2015; Le Bris and Paul, 2015; Vijay and Braun 2016; Brun et al., 2017; Falaschi et al., 2019;
Braun et al., 2019; Dussaillant et al., 2019; Seehaus et al., 2019; Huber et al., 2020; Hugonnet et al., 2021)
to global coverage with more than one million observations from over 200,000 glaciers. The difference in
survey periods between the glaciological and the geodetic data becomes manifest in the variability of the
two graphs: a smooth line with mean balance between —0.25 and —0.5 m w.e. with steps due to changes
in the observed sample, i.e. a few hundred until 1950, a few thousands between 1950 and 2000, and over
200,000 glaciers from 2000 to 2020. The observation period from 2000 to 2020 shows a less negative
geodetic balance (Figs. 2.2 and 2.3) and indicates a negative bias in the glaciological sample. The mean
balance of the geodetic sample basically follows the trend of the glaciological sample but would require a
sample correction for trend analysis.

Zemp et al. (2019) combined glaciological and geodetic (from DEM differencing) datasets to a global
assessment and show that glaciers alone lost 9,625 billion tons of ice between 1961 and 2016, corresponding
to a sea-level equivalent of 27 millimetres. The global mass loss of glacier ice has increased significantly in
the last 30 years and currently amounts to 335 billion tons of lost ice each year. This corresponds to an increase
in sea levels of almost 1 millimetre per year. Zemp et al. (2020) presented a new approach to estimate and
correct for the bias in the glaciological sample. These ad hoc estimates for the latest years (2016/17-2021/22)
indicate that global glacier mass loss has further increased with sea-level rise contributions exceeding 1 mm
per year, which corresponds to more than a quarter of the currently observed sea-level rise (cf. IPCC, 2019).
This ice loss of all glaciers roughly corresponds to the mass loss of Greenland’s Ice Sheet, and clearly exceeds
that of the Antarctic Ice Sheet.

Direct observations of glacier-front positions extend back into the 19th century. This data sample has been
extended in space based on remotely sensed length change observations and continued back in time by
reconstructed front variations. Overall, the database contains more than 49,000 observations which allow
the front variations of about 2,500 glaciers to be illustrated and quantified back into the 19th century.
Reconstruction series from 40 glaciers extend far into the Little Ice Age (LIA) period, i.e., to the 16th century.
The global compilation of front-variation data, as qualitatively summarized in Figure 2.4, shows that glacier
retreat has been dominant for the past two centuries, with LIA maximum extents reached (in some regions
several times) between the mid-16th and the late 19th centuries. The qualitative summary of cumulative
mean annual front variations (Fig. 2.4) reveals a distinct trend toward global centennial glacier retreat, with
the early 21st century marking the historical minimum extent in all regions (except New Zealand (NZL) and
Antarctic and Sub Antarctic Islands (ANT), where few observations are available) at least for the time period
of documented front variations. Intermittent periods of glacier re-advance, such as those in the European Alps
around the 1920s and 1970s or in Scandinavia in the 1990s, are barely to be found in Figure 2.4a because they
do not even come close to achieving LIA maximum extents. Figure 2.4b provides a better overview of these
readvance periods by highlighting the years with a larger ratio of advancing glaciers. A qualitative overview
of regional changes from both the glaciological and the geodetic method is given in Figure 2.3 and discussed
in more detail in Section 3 on regional summaries.
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Figure 2.3  Regional mass balances from 1930 to 2021. Annual glaciological balances (m w.e.) and annual rates of geodetic balances
(area-weighted means, m w.e. a') are shown for 19 glacier regions and for the global average. Geodetic mass balances
were calculated assuming a glacier-wide average density of 850 kg m-.

Fluctuations of Glaciers database contains more than 1.25 million observations from over 200,000 glaciers
(Table 2.3). Regional and global overviews of the observational data samples are given in Figures 2.5-2.7. A
look at the glaciological sample reveals a steady increase over the past 25 years (Fig. 2.6). This reflects the
successful efforts of the observers to continue and extend their monitoring programmes in several regions as
well as of the WGMS to compile these results through its collaboration network. The geodetic sample could
be greatly increased in many regions, reaching global coverage in the period 2000-2020 (Fig. 2.7). The decline
in the geodetic sample over the last few years has to do with the typically decadal time period and the normal
post-processing character of geodetic surveys. In the case of the observational front-variation sample (Fig.
2.5), the decrease in observations is reported to be caused mainly by the abandonment of in-situ programmes
without remote-sensing compensation.

Table 2.3  Database statistics and increase from current observation periods.

Dataset Number of Number of Increment since
glaciers observations WGMS (2021)

Front variations (from observations) 2,569 47,273 —12/4595

Front variations (from reconstructions) 40 1,884 +1/+5

Mass Balance (glacier-wide) 492 7,821 +10/+435

Mass balance (point information) 157 52,297 +16/45,942

Volume/thickness change (geodetic 210,480 1,143,173 +173,034/+1,031,289

method)

Special events 2,749 4,789 +2/-29

Glacier maps 101 157 0/0
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Figure 2.4  Global front variation observations from 1535 to 2021. Upper Figure: Qualitative summary of cumulative mean annual
front variations. The colours range from dark blue for maximum extents (+2.5 km) to dark red for minumum extents
(—1.6 km) relative to the extent in 1950 as a common reference (i.e. 0 km in white). Lower Figure: Qualitative summary
of the ratio of advancing glaciers. The colours range from white for years with no reported advances to dark blue for years
with a large ratio of advancing glaciers. Periods with very small data samples (n < 6) are masked in dark grey. The figure
is based on all available front variation observations and reconstructions, excluding absolute annual front variations larger
than 210 m a'! in order to reduce the effects of calving and surging glaciers.
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Figure 2.5 Regional and global number of glaciers with front-variation data from 1535-2021.
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2 Global Summary
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Figure 2.6 Regional and global number of glaciers with glaciological mass-balance data from 1900—2021.
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Figure 2.7 Regional and global number of glaciers with geodetic mass-change data from 1900—2021.
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3 REGIONAL INFORMATION

Fluctuations of glaciers (not influenced by surge or calving dynamics) are recognized as high-confidence
climate indicators and as an important element in early detection strategies within the international climate
monitoring programmes (GCOS,2010; GTOS, 2009). Their fluctuations can be analyzed on global and regional
scales, but also on the local scale, where topographic effects may lead to different reactions of two adjacent
glaciers (Kuhn et al., 1985). The sensitivity of a glacier to climatic change is strongly related to the climate
regime in which the glacier resides. The mass balance of temperate glaciers in the mid-latitudes is mainly
dependent on winter precipitation, summer temperature and summer snowfalls (temporally reducing the melt
due to the increased albedo; Kuhn et al., 1999). In contrast, the glaciers in low latitudes, where ablation occurs
throughout the year and multiple accumulation seasons exist, are strongly influenced by variations in the
atmospheric moisture content which affects incoming solar radiation, precipitation and albedo, atmospheric
long-wave emission, and sublimation (Wagnon et al., 2001; Kaser & Osmaston, 2002). In the Himalaya, which
is influenced by the monsoon, most of the accumulation and ablation occurs during the summer (Ageta &
Fujita, 1996; Fujita & Ageta, 2000). Glaciers at high altitudes and in polar regions can experience accumulation
in any season (Chinn, 1985). The challenges of fieldwork in these different regions and climate regimes are
summarized and contrasted by Stumm et al. (2017).

For regional analysis and comparison of glacier fluctuation data, it is convenient to group glaciers by proximity.
We refer to the glacier regions as jointly defined by the GTN-G Advisory Board, GLIMS, the Randolph Glacier
Inventory Working Group of IACS, and the WGMS (GTN-G, 2017). For global studies of mass balance, these
glacier regions seem to be appropriate because of their manageable number and their geographical extent,
which is close to the spatial correlation distance of glacier mass-balance variability in most regions (several
hundred kilometres; cf. Letreguilly & Reynaud, 1990; Cogley & Adams, 1998). For every region, all data
records are aggregated at the annual time resolution to give consideration to the corresponding observational
peculiarities, i.e., for multi-annual survey periods, the annual change rate is calculated and assigned to each
year of the survey period. For quantitative comparisons over time and between regions, decadal mean mass
balances can be used to reduce the influence of meteorological extremes and of density conversion issues (cf.
Huss, 2013). For regional and global studies, arithmetic mean balances are suitable for assessing the state of
the average glacier, whereas area-weighted mean balances reflect the total mass change, as relevant for sea-
level contributions.

This chapter provides regional overviews including a figure showing regional averages of glaciological
and geodetic mass balances. Glaciological balances are shown as arithmetic means, and geodetic balances
both as arithmetic and area-weighted means. Glaciological observations were reported by the Principal
Investigators or compiled from the literature (e.g. Cogley, 2009; Dyurgerov & Meier, 2005). Geodetic data
were compiled from global (Zemp et al., 2019, Hugonnet et al. 2021) and regional assessments (as cited in the
following sections) and integrated into the Fluctuations of Glaciers database with the support of corresponding
researchers. Additional data were compiled from the literature. These geodetic results are shown together
with the corresponding number of observations, key statistics on regional glacier distribution and available
fluctuation series, as well as graphs of cumulative front variation and mass balance from selected glaciers with
long-term observation series. Note that for cumulative graphs with observational gaps the absolute change
over the full time period is unknown. The regions are ordered approximately from West to East and from North
to South. Regional estimates of total glacier area, rounded out to the next 500 km? mark, are from the RGI 6.0
(RGI Consortium, 2017).
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Figure 3.1.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m=.

The glaciers and icefields of Alaska are located in
the Brooks Range, the Alaska Range, where Mount
McKinley/Denali (the highest peak of the continent)
is located, and in the Coast Mountains along the Gulf
of Alaska coastline. Together these glaciers cover
an area of about 86,500 km?. Climate conditions in
this region range from very maritime conditions in
the Coast Mountains to continental conditions in the
Alaska Range. In Alaska, the major part of the front-
variation series was discontinued at the end of the
20™ century. Long-term mass-balance measurements
have been reported from Gulkana and Wolverine in
the Alaska Range as well as from the Juneau Icefield’s
Taku and Lemon Creek glaciers located in southeast
Alaska.

In Alaska, glaciers reached their Little Ice Age
(LIA) maxima at various times; for the northeast
Brooks Range it was the late 15" century, and for
the Kenai Mountains, the mid-17" century (Grove,
2004). However, most of the glaciers attained the LIA
maximum extent between the early 18" and late 19"
centuries (Molnia, 2007). Reported front-variation
observations show a general glacier retreat from the
LIA extents. Exceptions to this general trend are large
tidewater glaciers with impressive frontal retreat (e.g.
Columbia No 627) and advance (e.g. Harvard, Taku)
cycles, mainly driven by calving dynamics. The
former tidewater glacier Muir, located in the Saint
Elias Mountains, became a land-terminating glacier

after its last retreat phase. Observed mass-balance
glaciers lost about half a metre w.e. per year during
the 1990s and 2000s, with three years of positive
mean balances in 1999/00, 2007/08, and 2011/12.
Seasonal balance observations show the large mass
turnover of the maritime glaciers. In 2019/20 the
reported balance was negative with —782 mm w.e. a’!
followed by a less negative balance of =552 mm w.e.
a’l in 2020/21. The glaciological measurements are
supported by results from geodetic surveys between
the 1950s and the 2020s. Regional glacier change
assessments were recently published by Berthier et
al. (2018), Jakob et al. (2020), Larsen et al. (2015), Le
Bris & Paul (2015), McNabb & Hock (2014), McNeil
et al. (2020), O’Neel et al. (2019), and Yang et al.
(2020).

Estimated total glacier area (km?): 86,500
Front variations

- # of series™: 136/0
- # of obs. from stat. or adv. glaciers*: 210/0
- # of obs. from retreating glaciers*: 382/0
Glaciological balances

- # of series™: 26/4
- # of observations*: 363/8
Geodetic balances

- # of series®: 26,938/26,661
- # of observations®: 135,173/80,497

* (total/2020 & 2021), ° (total/>2009)
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3 Regional Information
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Figure 3.1.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Alaska over the entire
observation period.
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3.2 WESTERN NORTH AMERICA
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Figure 3.2.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a’!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

The glaciers in Western North America are located in
the Pacific Coast Mountains, the Rocky Mountains,
the Cascade Range, and in the Sierre Nevada.
Together, the glacier area covers a total of approx.
14,500 km?. In general, the climate of the mountain
ranges shows strong variations depending on latitude,
altitude and proximity to the sea. Therefore, glaciers
in the south are much smaller and occur at higher
elevations than in the higher latitudes, where some
glaciers extend down to the coast.

From western North America more than 50 mass
balance and more than 120 front-variation series are
available but only half of them have been continued
into the 21 century. South Cascade Glacier in the
Cascade Range has the longest mass-balance record
followed by Place and Helm glaciers in the Coast
Mountains and Peyto Glacier in the Rocky Mountains.
In conterminous USA and Canada, glaciers reached
their LIA maximum extent in the mid to late 19™
century (Kaufmann et al.,, 2004). Reported front
variations show a general glacier retreat from the
LIA extents with intermittent periods of glacier re-
advances in the early 20" century and from the 1970s
to 1980s. Since the 1990s glacier retreat has been
continued.

Mean annual balance rates of the observed glaciers
were between 400 and 450 mm w.e. a’! in the 1980s

and 1990s, and almost —1000 mm w.e. a! in the
2000s. Seasonal balance observations show the large
mass turnover of the maritime glaciers. The reported
mean annual balance of 2019/20 was negative with
—752 mm w.e. followed by a very negative mean
annual balance of —1,708 mm w.e. in 2020/21. The
glaciological observations are well supported by
results from geodetic surveys.

Regional glacier change assessments were recently
published by Menounos et al. (2019), Pelto (2018),
Pelto & Brown (2012), Shea et al. (2013), Tennant &
Menounos (2013), and Tennant et al. (2012).

Estimated total glacier area (km?): 14,500
Front variations

- # of series™: 125/7
- # of obs. from stat. or adv. glaciers*: 284/0
- # of obs. from retreating glaciers*: 842/13
Glaciological balances

- # of series™: 62/15
- # of observations*: 985/29
Geodetic balances

- # of series®: 17,307/17,278
- # of observations®: 86,893/51,848

* (total/2020 & 2021), © (total/>2009)
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3 Regional Information
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Figure 3.2.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Western North America
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3.3 ARCTIC CANADA NORTH & SOUTH
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Figure 3.3.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m~.

The Canadian Arctic Archipelago is a group of
more than 36,000 islands and hosts a total of about
146,000 km? of glaciers, icefields and ice caps. The
largest islands with glaciers are Baffin, Ellesmere,
Devon, Axel Heiberg, and Melville. The glaciers
in this high-latitude region are much influenced by
the extent and distribution of sea ice which in turn
depends on ocean currents and on the Arctic and
North Atlantic Oscillations.

Information on glacier changes mainly stems from a
fewdozenmass-balanceseries. Thelongestcontinuous
measurements are reported from Meighen, Devon
and Melville Ice Caps and from White Glacier. The
long-term glaciological measurement series of White
Glacier has recently been homogenized and validated
with geodetic surveys by Thomson et al. (2017). In
addition, Burgess and Danielson (2022) used geodetic
survey data to provide independent validation to the
annual in-situ glaciological measurements collected
over the Meighen Ice Cap since 1959.

The timing of the LIA maximum extent of glaciers
in the Canadian Artic Archipelago is estimated to the
end of the 19t century (Grove, 2004). The subsequent
glacier retreat is clearly visible in remotely sensed
images thanks to glacier moraines and trimlines.
However, detailed front-variation observations are
not available for this region.

The few reported mass-balance measurements
indicate slightly negative balances of less than 100
mm w.e. a'' between the 1960s and the 1980s and
an increased mass loss between —200 and —300 mm
w.e. al in the 1990s and 2000s. Seasonal balances
show the small mass turnover of the Arctic ice caps.
In Arctic Canada North, the reported mean annual
balance of 2019/20 was very negative with —683 mm
w.e. and less negative with —30 mm w.e. in 2020/21.
The available results from geodetic surveys are
also indicating negative balances since the mid 20
century. Between 2000 and 2020, the geodetic sample
covers both Artic Canada North and South. Regional
glacier change assessments were recently published
by Noél et al. (2018).

Estimated total glacier area (km?): 146,000
Front variations

- # of series™: 7/0

- # of obs. from stat. or adv. glaciers*: 17/0

- # of obs. from retreating glaciers*: 37/0

Glaciological balances

- # of series™: 26/4

- # of observations*: 366/8

Geodetic balances
- # of series®:
- # of observations®:

11,889/11,882
59,559/35,756

* (total/2020 & 2021), ° (total/>2009)
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3 Regional Information
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Figure 3.3.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Arctic Canada over the
entire observation period.

ARCTIC CANADA NORTH & SOUTH

23



Global Glacier Change Bulletin, No. 5, 2023

57 — winter balance
—— annual glaciological balance
4 - —— summer balance
annual rate of geodetic balances (area—-weighted mean)
—— annual rate of geodetic balances (arithmetic mean)
3 4 — — number of glaciers with obs. series for glaciological annual balances
number of glaciers with obs. series for geodetic balances
9 2-
3
E 17 \/\/\*v /\/¢ o ‘/\/\/
@ IS
e 0 g
= o
©
Ke] -1 4 W l\
@ V . j\' v - 10000
©
_2 —
= N / - 1000
=3 - 100
=4 - 10
7N~ ==
-5 - / N AN e L1
T T T T T T T T T T T T T T T T T T
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Time [Years]

Figure 3.4.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a’!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

The world’s largest non-continental island is covered
to about 80% by the Greenland Ice Sheet. In addition,
about 20,300 local glaciers cover an area between
90,000 km? and 130,000 km?, depending on the
counting of different connectivity levels between
local glaciers and the ice sheet (Rastner et al., 2012).
These glaciers range from sea level to 3,694 m a.s.1.
at Gunnbjern Fjeld — Greenland’s highest mountain
located in the Watkins Range on the east coast.

There exists a large variety of glacier types, from
icefields and ice caps with numerous outlet glaciers,
to valley, mountain and cirque glaciers. The island
acts as a centre of cooling resulting in a polar to
subpolar climate regime. Due to the large north-south
extent, different thermal regimes can be expected for
the glaciers, ranging from mostly cold in the north
to polythermal in the central part to temperate in the
south. About 80 front-variation series are available
from the southern part. Mass-balance measurements
are available from about 25 sites, but most series
are discontinued after a couple of years. Recent
measurements are reported from Mittivakkat and
Freya, both located on the east coast and Qasigiannguit
on the west coast. The few investigations from
Greenland indicate that many glaciers and ice caps
(e.g. on Disko Island) reached their maximum extents
before the 19" century. The subsequent glacier
retreat is documented at about decadal intervals for
approx. 80 glaciers in the southern part of Greenland.

However, observations made after 2010 have been
reported only from Mittivakkat Glacier.
Mass-balance measurements indicate that the ice loss
increased from —630 mm w.e. a’! in the 1990s to —890
mm w.e. a'! in the 2000s. The reported mean annual
balance of 2019/20 was negative with —848 mm w.e.
and in the same range with—962 mm w.e. for 2020/21.
Geodetic estimates with a full spatial coverage
between 2000 and 2020 show a more moderate
mass loss than indicatec by the few glaciological
observations.

Regional glacier change assessments were published
by Bjork et al. (2012), Bolch et al. (2013), Citterio et
al. (2009), and Machguth et al. (2016). Huber et al.
(2020) show a geodetic mass-change of —0.5 m a’! for
west-central Greenland from 1985 to 2012.

Estimated total glacier area (km?): 89,500
Front variations

- # of series™: 90/0
- # of obs. from stat. or adv. glaciers*: 124/0
- # of obs. from retreating glaciers*: 402/0
Glaciological balances

- # of series™: 13/3
- # of observations*: 84/6
Geodetic balances

- # of series®: 18,864/18,863
- # of observations®: 95,838/58,117

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.4.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Greenland over the entire
observation period.
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3.5 ICELAND
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Figure 3.5.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a’')
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Iceland is located on the Mid-Atlantic Ridge and its ice
cover is dominated by six large ice caps. Vatnajokull
is the largest followed by Langjokull, Hofsjokull,
Myrdalsjokull, Drangajokull, and Eyjafjallajokull.
The entire glacier cover is estimated to total slightly
above 10,000 km? (Hannesdéttir et al. 2020).

The glaciers in Iceland are located in a region of
subpolar oceanic climate. The warm North Atlantic
Current ensures generally higher temperatures than in
most places of similar latitude. Winter precipitation
and summer ablation levels on the glaciers are
comparatively high and the mass-balance sensitivity
is among the highest recorded. Many ice caps and
glaciers in Iceland are influenced by geothermal
and volcanic activity, resulting in frequent glacier
outburst floods, known in Icelandic as jokulhlaups.
Mass-balance measurements are available from a
dozen glaciers. The longest series starting in 1988 is
from outlet glaciers of Hofsjokull. Measurements on
Vatnajokull outlets and on Langjokull were started
in 1991 and 1997, respectively. Detailed front-
variation series are available from over 70 glacier
tongues reaching back to the 1930s, with sporadic
information derived from historical sources back to
the 18% century and in a few cases even further back
in time.

The maximum LIA extent is estimated to have
occurred close to the end of the 19" century
(Thorarinsson, 1943; Sigurdsson, 2005). Detailed

front-variation observations document the general
retreat from the LIA maximum extent up to 1970,
with a period of intermittent re-advance between
1970 and 1990 and continued retreat from 1995 to the
present time. Abrupt re-advances are due to surges.
The average mass loss of glaciers has increased from
about —500 mm w.e. a’! in the 1990s to more than
—1,000 mm w.e. a’! in the 2000s. The average mass
balance during the glaciological year 2019/20 was
negative with —368 mm w.e., followed by a quite
negative mass balance of —1,160 mm w.e. in 2020/21.
Regional glacier change assessments were recently
published by Adalgeirsdoéttir et al. (2020), Belart
et al. (2020), Bjornsson et al. (2013), Foresta et al.
(2016), Hannesdottir et al. (2015), Johannesson et al.
(2020), and Pope et al. (2016).

Estimated total glacier area (km?): 11,000
Front variations

- # of series™: 77/43
- # of obs. from stat. or adv. glaciers*: 805/9
- # of obs. from retreating glaciers*: 2,447/61
Glaciological balances

- # of series™: 16/10
- # of observations*: 294/19
Geodetic balances

- # of series®: 593/586
- # of observations®: 5,542/4,250

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.5.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Iceland over the entire
observation period.
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3.6 SVALBARD & JAN MAYEN
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Figure 3.6.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m=.

The Svalbard Archipelago is situated in the Arctic
Ocean north of mainland Europe. The largest island
is Spitsbergen, followed by Nordaustlandet and
Edgeoya. Its topography is more than half covered
by ice, and is characterized by plateau mountains and
fjords. The entire glacier area totals about 34,000 km?.
Jan Mayen is a volcanic island in the Arctic Ocean
and is part of the Kingdom of Norway, as is Svalbard.
It is partly covered by glaciers, with an area of about
100 km? around the Beerenberg Volcano. Svalbard
and Jan Mayen both have an arctic climate, although
with much higher temperatures than other regions at
the same latitude. Numerous glaciers on Svalbard are
of the surge-type.

Over 20 continuous mass-balance series are reported
from Svalbard, the longest ones being from Austre
Broggerbreen, Midtre Lovenbreen, Kongsvegen,
Hansbreen, Waldemarbreen, and Irenebreen. Front
variations are available from roughly 30 glaciers,
most of them dating back to about 1900. From Jan
Mayen, front variations are reported from Sorbreen.

During the LIA, glaciers in Svalbard were close to
their late Holocene maximum extent and remained
there until the beginning of the 20" century (Svendsen
& Magerud, 1997). The reported front-variation
series show a general trend of retreat without a
common period of distinct re-advances. On Jan

Mayen, Sorbreen shows a retreat starting in the late
19% century with a re-advance period in the mid-20%
century.

Glaciological mass-balance measurements indicate
continued ice loss at a rate of a few hundred mm w.e.
per year over the second half of the 20 century, well
supported by results from geodetic survey of a few
dozen glaciers. Mass loss increased to 490 mm w.e.
a’l in the 2000s. Seasonal balances show a relatively
low mass turnover. The average mass balance of
2019/20 was —1,719 mm w.e. and —610 mm w.e. in
2020/21. Regional glacier change assessments were
recently published by Morris et al. (2020), Schuler
et al. (2020), Sobota et al. (2016) and Sobota (2013,
2021).

Estimated total glacier area (km?): 34,000
Front variations

- # of series*: 27/1
- # of obs. from stat. or adv. glaciers*: 36/0
- # of obs. from retreating glaciers*: 165/2
Glaciological balances

- # of series*: 23/10
- # of observations*: 377/17
Geodetic balances

- # of series®: 1,637/1,614
- # of observations®: 16,487/13,046

* (total/2020 & 2021), © (total/>2009)
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Figure 3.6.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Svalbard and Jan Mayen
over the entire observation period.
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3.7 SCANDINAVIA
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Figure 3.7.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a’')
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

In Scandinavia, the greater part of the ice cover
is concentrated in southern Norway, namely
in Folgefonna, Hardangerjokulen, Breheimen,
Jotunheimen, and Jostedalsbreen, which is the largest
ice cap of mainland Europe. In northern Norway there
are the Okstindan and Svartisen ice caps, glaciers
in Lyngen and Skjomen as well as in the adjacent
Kebnekaise region in Sweden. Together, these
glaciers cover about 3,000 km?. Glaciers are situated
in different climatic regimes, ranging from maritime
along the Norwegian west coast, humid continental
in the central part, to subarctic further north.

Scandinavia is one of the regions with the most and
longest reported observation series. From the approx.
60 mass balance series, eight have continuously
reported series since 1970; those in Norway have
recently been reanalysed by Andreassen et al. (2016).
Front-variations series are available from almost 90
glaciers extending back to the 19t century, with some
reconstructions even back to the 17t century.

After having disappeared most likely during the
early/mid-Holocene (Nesje et al., 2008), most
of the Scandinavian glaciers reached their LIA
maximum extent in the mid-18" century (Grove,
2004). Following a minor retreat trend with small
frontal oscillations up until the late 19™ century, the
glaciers experienced a general recession during the
20™ century with intermittent periods of re-advances
around 1910 and 1930, in the 1970s, and around

1990; the last advance stopped at the beginning of the
21 century. On average, the observed mass balances
were slightly positive from the 1970s to the 1990s.
This was because coastal glaciers were able to gain
mass while the glaciers further inland continued to
lose mass. Geodetic results are well centred within
the variability of the glaciological results with slightly
negative average balances. After 2000, glaciers
in both the coastal and the inland region lost mass
resulting in an average balance of =790 mm w.e. a’!.
Seasonal balances show a large mass turnover. The
regional average of reported balances was positive
with 195 mm w.e. in 2019/20 and —1,140 mm w.e. in
2020/21. Regional glacier change assessments were
recently published by Andreassen et al. (2020), Jiao
et al. (2020), and NVE (2019, and earlier issues).

Estimated total glacier area (km?): 3,000
Front variations

- # of series™: 94/38
- # of obs. from stat. or adv. glaciers*: 945/7
- # of obs. from retreating glaciers*: 2,962/59
Glaciological balances

- # of series™: 58/14
- # of observations*: 996/28
Geodetic balances

- # of series®: 3,406/3,403
- # of observations®: 29,223/22,172

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.7.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Scandinavia over the
entire observation period.

SCANDINAVIA

31



Global Glacier Change Bulletin, No. 5, 2023

3.8 CENTRAL EUROPE

—— winter balance
—— annual glaciological balance
4 — —— summer balance
annual rate of geodetic balances (area-weighted mean)
—— annual rate of geodetic balances (arithmetic mean)

3 number of glaciers with obs. series for geodetic balances

Mass balance [m w.e.]
o
|

— = number of glaciers with obs. series for glaciological annual balances

Count

~ 10000

— 1000

— 100

- 10

1930 1940 1950 1960 1970

1980 1990 2000 2010 2020

Time [Years]

Figure 3.8.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a')
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Central Europe has about 2,000 km? of glacier
ice. The major part of it is located in the Alps with
Grosser Aletschgletscher as its largest valley glacier.
The Alps represent the ‘water tower’ of Europe and
form the watershed of the Mediterranean Sea, the
North Sea/North Atlantic Ocean, and the Black Sea.
Some smaller glaciers are found in the Pyrenees — a
mountain range in southwest Europe which extends
from the Bay of Biscay to the Mediterranean Sea. The
glaciers are situated in the Maladeta massif in Spain
and around the Vignemale peak in France. A few
more perennial icefields exist e.g., in the Apennine,
Italy, as well as in Slovenia and Poland.

Central Europe has the greatest number of available
front-variation and mass-balance measurements,
with many long-term series. From the over 60 mass-
balance series, ten have been maintained for more
than 30 years. Over 700 front-variation series cover
the entire Alps, many with more than 100 observation
years. In addition, reconstructed front variations are
available for a dozen glaciers extending back to the
16" century. About three dozen front-variation series
are available from the Pyrenees range, some of them
extending back to the 19% century. Mass-balance
measurements have been carried out at Maladeta (ES)
and Ossoue (FR) glaciers. In the Apennine, long-term
measurements are available from Calderone (IT).
Front-variationobservations give good documentation
of the subsequent retreat with intermittent periods of
re-advances in the 1890s, 1920s, and 1970-80s.

Glacier-mass loss accelerated from close to zero
balances in the 1960s and 1970s, to —560/~720/—1,030
mm w.e. a’l in the 1980s/1990s/2000s. Glaciological
results are well supported by results from geodetic
surveys from air-borne (Fischer et al. 2015) and
space-borne (Sommer et al. 2020) surveys.

Seasonal balances show a relatively large mass
turnover and a tendency towards more negative
summer balances over the past decades. Regional
mean balances were negative with —826 mm w.e.
in 2019/20 and —636 mm w.e. in 2020/21. Regional
glacier change assessments were recently published
by Davaze et al. (2020), GLAMOS (2020), Haeberli
et al. (2019), Huss et al. (2015), Lieb & Kellerer-
Pirklbauer (2019, and earlier issues), and Zebre et al.
(2021).

Estimated total glacier area (km?): 2,000
Front variations

- # of series™: 740/281
- # of obs. from stat. or adv. glaciers*: 7,473/32
- # of obs. from retreating glaciers*:  24,451/377
Glaciological balances

- # of series™: 82/56
- # of observations*: 2,150/109
Geodetic balances

- # of series®: 3,960/3,781
- # of observations®: 20,530/11,374

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.8.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Central Europe over the
entire observation period.
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3.9 CAUCASUS & MIDDLE EAST
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Figure 3.9.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a’!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated

assuming a glacier-wide average density of 850 kg

The Greater Caucasus mountain range contains
over 2000 glaciers (Tielidze & Wheate, 2018), with
total area of about 1500 km?. This is about 96% of
the contemporary glacier area of the Caucasus and
Middle East glacier region. Most of the glaciers are
located in the northern Caucasus, with Mount Elbrus
(5,642 ma.s.l.) considered the highest peak in Europe.
The climate of the Caucasus varies with elevation and
latitude. The northern slopes are a few degrees colder
than the southern slopes and precipitation increases
from east to west in most regions. In the Middle East,
small glaciers are found on Mount Erciyes in Central
Anatolia, Turkey, as well as in the higher elevations
of the Sabalan, Takhte-Soleiman, Damavand,
Oshtorankuh, and Zardkuh regions in Iran.
Mass-balance measurements are reported from a
dozen glaciers located in the Caucasus with ongoing
long-term series at Djankuat and Garabashi (RU).
Frontal variations of glaciers in the Caucasus as well
as of Erciyes Glacier (TR) are well-documented
throughout the 20™ century. Geodetic measurements
are available for only Djankuat (Rets et al., 2019) and
Alamkouh glaciers located in the Russian Caucasus
and in the Takhte—Soleiman of Iran, respectively. In
the Caucasus, glaciers reached their LIA maximum
extents around 1850 (Grove, 2004). Glacier-front
variations show a general trend of glacier retreat
with intermittent re-advances around the 1980s.
Few further length-change measurements have been
reported since 2010.

m.

The few mass-balance measurement series indicate
negative mean balances around —250 mm w.e. a’!
over the past decades, with a relatively large mass
turnover (Tielidze et al. 2022). The negative peak
in the geodetic results before 2000 is caused by the
very small geodetic sample size, and an unfortunate
mixture of the moderately negative values from the
Caucasus glaciers with the strongly negative values
from Alamkouh Glacier, Iran. The mean balances of
Djankuat and Garabashi glaciers were —1,398 mm
w.e. and —336 mm w.e. in 2019/20 and 2020/21,
respectively.

Regional glacier change assessments were recently
published by Kutuzov et al. (2019), and Tielidze et
al. (2018, 2020).

Estimated total glacier area (km?): 1,500
Front variations

- # of series™: 76/2
- # of obs. from stat. or adv. glaciers*: 243/0
- # of obs. from retreating glaciers*: 805/4
Glaciological balances

- # of series™: 13/2
- # of observations*: 196/4
Geodetic balances

- # of series®: 2,895/2,895
- # of observations®: 18,079/12,207

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.9.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Caucasus and Middle
East over the entire observation period.
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3.10 RUSSIAN ARCTIC
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Figure 3.10.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Large ice caps are located on the Russian high Arctic
archipelagos such as Novaya Zemlya, Severnaya
Zemlya and Franz Josef Land totalling an area of
51,500 km?. These glaciers are very much influenced
by the North Atlantic Oscillation and sea-ice
conditions in the Barents and Kara Seas.

The glaciers in this region are not well investigated
due to their remote locations. Front variations have
been reported from about 40 outlet glaciers on
Novaya Zemlya based on expeditions, topographic
maps and remote sensing data (e.g., Carr et al., 2014).

Mass-balance measurements are limited to a few
observation years from Sedov Glacier on Hooker
Island, Franz Josef Land, and Glacier No. 104, which
is part of Vavilov Ice Cap on October Revolution
Island, Severnaya Zemlya.

Dated moraines suggest LIA maxima around or after
1300 for some glaciers, and the late 19" century for
others on Novaya Zemlya (Zeeberg & Forman, 2001).
In the Russian Arctic islands, a slight reduction was
found in the glacierized area of little more than one
per cent over the past 50 years (Kotlyakov, 2006).
Front-variation observations document a rapid retreat
of tidewater glaciers on Novaya Zemlya over the 20
century, with a more stable period during the 1950s
and 1960s.

The geodetic observations indicate a mass-change
rate between 200 and 350 mm w.e. a’l.

Regional glacier change assessments were recently
published by Carr et al. (2014), Melkonian et al.
(2016), Sommer et al. (2020), and Zheng et al. (2018).

Estimated total glacier area (km?): 51,500
Front variations

- # of series™: 44/0
- # of obs. from stat. or adv. glaciers*: 151/0
- # of obs. from retreating glaciers*: 382/0
Glaciological balances

- # of series™: 3/0
- # of observations*: 15/0
Geodetic balances

- # of series®: 1,070/1,070
- # of observations®: 9,025/6,875

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.10.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in the Russian Arctic over
the entire observation period.
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Figure 3.11.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'!)

are shown together with the corresponding number

of glaciers with observations. Geodetic balances were calculated

assuming a glacier-wide average density of 850 kg m-.

In Northern Asia, glaciers with a total area of about
2,500 km? are located in the mountain ranges from the
Ural to the Altai, in the east Siberian Mountains, and
Kamchatka. The Ural Mountains form a north-south
running mountain chain that extends about 2,500 km.
Its mountain peaks reach 900 to 1,400 m a.s.1. hosting
about 140 small glaciers in a continental climate. The
Altai extends over about 2,100 km from Kazakhstan,
China, and Russia to Mongolia, and hosts the greatest
number of glaciers in this region. The east Siberian
Mountains such as Cherskiy Range, Suntar-Khayata,
and Kodar Mountains, have only small amounts
of glacier ice. The topography of Kamchatka is
characterized by numerous volcanoes with heights
up to almost 5,000 m a.s.l. Here, many glaciers are
strongly influenced by volcanic activities.

The available data series are sparse and most of
them were discontinued in the latter decades of the
20" century. The few mass-balance programmes
were reported from Maliy Aktru, Leviy Aktru, and
Vodopadniy (No. 125) glaciers in the Russian Altai,
but got interrupted after 2012. In 2018/19, the mass-
balance programme at Leviy Aktru was resumed.
In Japan, long-term observations are carried out on
Hamagury Yuki, a perennial snow patch which is
located in the northern Alps of Central Japan.

Until some years ago, investigations in the Altay
failed to reveal evidence of early LIA advances
(Kotlyakov et al., 1991). New studies based on
lichenometry indicate extended glacier states in the

late 14" and mid-19" centuries (Solomina, 2000). In
the Cherskiy Range, the LIA maxima extents have
been dated as 1550—-1850 (Gurney et al., 2008). On
Kamchatka, the maximum stage of the LIA was
reached in the 19" century (Grove, 2004), with
advances of similar magnitude in the 17" and 18®
centuries (Solomina, 2000). The few front-variation
series show a centennial retreat with no distinct re-
advance periods. Kozelskiy Glacier on Kamchaka
advanced during the 1950s to the mid-1980s.

Available mass-balance measurements reveal slightly
negative balances since the 1960s. The regional
average balance (i.e. Leviy Aktru) was negative with
—1,292 and —249 mm w.e. for 2019/20 and 2020/21,
respectively.

Estimated total glacier area (km?): 2,500
Front variations

- # of series™: 23/0
- # of obs. from stat. or adv. glaciers*: 43/0
- # of obs. from retreating glaciers™*: 322/0
Glaciological balances

- # of series™: 19/2
- # of observations*: 319/4
Geodetic balances

- # of series®: 4,917/4,908
- # of observations®: 24,558/14,724

* (total/2020 & 2021), © (total/>2009)
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Figure 3.11.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Asia North over the
entire observation period.
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Figure 3.12.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Central Asia stretches from the Caspian Sea in the
west to China in the east and from Russia in the north
to Afghanistan in the south. It is characterised by a
continental climate. Glaciers cover a total area of
about 49,500 km? and are located in the Hissar Alay,
Pamir, Tien Shan, Kunlun, and Qilian Mountains.
There is a large number of glacier fluctuation
series available, distributed evenly over the region.
However, continuous long-term measurements
are sparse. Most of the observation series were
discontinued after the demise of the Soviet Union.
Only two of the long-term mass-balance programmes
have been continued: Ts. Tuyuksuyskiy and Urumqi
Glacier No. 1 in the Kazakh and Chinese Tien Shan,
respectively. In recent years, interrupted long-term
mass-balance measurements have been resumed at
Abramov, Golubin, Glacier No. 354 (Akshiyrak),
Batysh Sook/Syek Zapadniy, and Kara-Batkak in
Kyrgyzstan.

The LIA is considered to have lasted until the mid or
late 19 century in most regions (Grove, 2004) with
glacier maximum extents occurring between the 17
and mid 19* centuries (Solomina, 1996; Su & Shi,
2002; Kutuzov, 2005). Front-variation observations
show a general retreat over the 20™ century with some
re-advances around the 1970s.

The available mass-balance measurements indicate
slightly negative balances in the 1950s and 1960s with
increased ice loss of about —500 mm w.e. a! between
the 1970s and 2000s. Seasonal balances show a

relatively small mass turnover. The glaciological
results are supported by the available geodetic
surveys. Regional average balances for 2019/20 and
2020/21 were —119 and —629 mm w.e., respectively.

Geodetic assessments were made available from
various studies (Brun et al., 2017; Gardelle et al.
2013; Holzer et al., 2015; Piedzonka & Bolch, 2015)
and show a mass-change rate of about 250 mm a’!
since 2000.

Regional glacier change assessments were recently
published by Barandun et al. (2020, 2021), Sorg et al.
(2012), Unger-Shayesteh et al. (2013), Farinotti et al.
(2015), and Hoelzle et al. (2017).

Estimated total glacier area (km?): 49,500
Front variations

- # of series™: 302/9
- # of obs. from stat. or adv. glaciers*: 396/6
- # of obs. from retreating glaciers*: 1,205/12
Glaciological balances

- # of series™: 52/19
- # of observations*: 720/35
Geodetic balances

- # of series®: 52,973/52,962
- # of observations®: 276,453/169,646

* (total/2020 & 2021), © (total/>2009)
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Figure 3.12.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Asia Central over the
entire observation period.
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Figure 3.13.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'')
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Adjacent to Central Asia, the regions Asia South West
and Asia South East comprise the Karakoram, Hindu
Kush, Himalaya, and Hengduan Shan mountain
ranges. The Himalaya is the largest mountain range in
the world and extends from the Nanga Parbat (8,126
m a.s.l.) in the NW over 2,500 km to the Mancha
Barwa (7,782 m a.s.l.) in the SE. The climate, and
the precipitation in particular, is characterized by the
influence of the South Asian monsoon in summer and
the mid-latitude westerlies in winter. The glacier area
in this region totals about 48,500 km?.

The data coverage of Asia South West is very sparse.
The only reported mass-balance series of more
than ten years is from Chhota Shigri located in the
Himachal Pradesh, India. Also Asia South East lacks
long-term glacier observation series. Recent mass-
balance results are reported from Parlung Glacier No.
94, located in the south-eastern Tibetan Plateau, and
from Yala, Rikha Samba, Pokalde, West Changri Nup
and Mera glaciers in Nepal.

The LIA is considered to have lasted until the mid or
late 19 century in most regions (Grove, 2004) with
glacier maximum extents occurring between the 17t
and mid-19" century (Solomina, 1996; Su & Shi,
2002; Kutuzov, 2005). Front-variation observations
show a general retreat over the 20" century with no
marked period of glacier re-advances.

Glaciological and geodetic surveys reported from a
variable glacier sample indicate an ice loss at the rate
of a few hundred millimetres w.e. a-! over the past
decades. For 2019/20 and 2020/21, reported balances
were —1,092 and —531 mm w.e., respectively, in Asia
South Eastand—138and—1,415 mmw.e., respectively,
in Asia South West. From the Karakoram, information
about positive mass balances and re-advances of
(mainly surge-type) glaciers has been reported for the
beginning of the 21* century.

Regional glacier change assessments were recently
made available by Azam et al. (2018), Bolch et al.
(2011), Brun et al. (2015), Dehecq et al. (2019),
Gardelle et al. (2013), Rankl et al. (2014), Shean et
al. (2020), and Vijay & Braun (2016).

Estimated total glacier area (km?): 48,500
Front variations

- # of series™: 114/4

- # of obs. from stat. or adv. glaciers*: 69/0
- # of obs. from retreating glaciers*: 337/05

Glaciological balances

- # of series™: 43/11

- # of observations*: 299/20
Geodetic balances

- # of series®: 38,572/38,568
- # of observations®: 198,867/121,477

* (total/2020 & 2021), © (total/>2009)
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Figure 3.13.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in Asia South East and
South West over the entire observation period.
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3.14 LOW LATITUDES (incl. Africa & New Guinea)
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Figure 3.14.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'')
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

Glaciers in the low latitudes are situated on the
highest mountain peaks of Mexico and in the tropical
Andes. In addition, a few ice bodies are located
in East Africa on Ruwenzori, Mount Kenya and
Kilimanjaro, as well as in Papua (formerly Irian Jaya,
Indonesia) and Papua New Guinea. The glacier area
of the Low Latitudes totals about 2,500 km? of which
the largest parts are located in Peru and Bolivia. In
the tropical Andes, long-term monthly mass-balance
measurements are carried out at Zongo and Charquini
Sur glaciers (BO), Antizana 15 Alpha (EC), and
Congjeras (CO). Several dozen front-variation series
document glacier retreat over the past half-century.
Front variations of glaciers in Africa and New Guinea
are well documented with a few observation series
back to the 19" century. From Lewis Glacier on
Mount Kenya, mass-balance measurements have
been reported between 1978/79 and 1995/96 and
again between 2010/11 and 2013/14.

In the tropical Andes, glaciers reached their latest
LIA maximum extensions between the mid-17"and
early 18 centuries (Rabatel et al., 2013). Glaciers in
Peru and Ecuador were in advanced positions until
the 1860s, followed by a rapid retreat (Grove, 2004).
Front-variation observations document a general
retreat over the 20" century, with increase retreat rates
since the late 1970s. In Africa, glaciers reached their
LIA maximum extents towards the late 19% century
(Hastenrath, 2001) followed by a continuous retreat
until present. In New Guinea, glaciers reached their

LIA maxima in the mid-19" century. Here the glacier
changes have been traced from information on
glacier extents derived from historical records, dated
cairns erected during several expeditions, and remote
sensing data. All ice masses except some on Punkcak
Java seem to have now disappeared.

The regional mass balance shows a strong interannual
variability with an average mass balance around —800
mm w.e. a’! since between the 1970s and the 2000s.
The reported balances for 2019/20 and 2020/21 were
—1,537 and —605 mm w.e., respectively. Geodetic
observations show a smaller ice loss than indicated by
glaciological observations. Regional glacier change
assessments were recently published by Braun et al.
(2019), Dussaillant et al. (2019), Prinz et al. (2011),
and Rabatel et al. (2013).

Estimated total glacier area (km?): 2,500
Front variations

- # of series™: 95/3
- # of obs. from stat. or adv. glaciers*: 58/0
- # of obs. from retreating glaciers*: 646/5
Glaciological balances

- # of series™: 14/5
- # of observations*: 200/9
Geodetic balances

- # of series®: 2.922/2,895
- # of observations®: 18,419/12,865

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.14.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in the Low Latitudes over
the entire observation period.
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3.15 SOUTHERN ANDES
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Figure 3.15.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

The Southern Andes contain the glaciers of Argentina
and Chile, with a total glacier area of about 29,500
km? (cf., Barcaza et al., 2017; Zalazar et al., 2017).
The climate and topography vary along the Andes
with an important transition around 35° S, between
the Dry Andes to the north and the Wet Andes to the
south. Most of the glacier area is located in the Wet
Andes, including the large Northern and Southern
Patagonian Icefields and Cordillera Darwin in Tierra
del Fuego. However, the importance of glaciers as a
freshwater storage is much higher in the Dry Andes
where major cities with large irrigation areas, like
Santiago and Mendoza, are located.

The longest mass-balance series of the entire Andes is
reported from Echaurren Norte (CL) with continuous
measurements since 1975/76. The available mass-
balance measurements indicate a strong interannual
variability with decadal mean balances slightly
negative in the 1970s, 1980s, and 2000s; and —680
mm w.e. a’!' in the 1990s. In the last 10 years, several
new monitored series were initiated on glaciers in
different regions. Regional mean balances were
negative with —1,776 mm w.e. in 2019/20 and —1,103
mm w.e. in 2020/21.

Geodetic thickness changes for most glaciers in the
Southern Andes were comprehensively assessed and
show widespread loss since 2000, with larger rates
in the Wet Andes (Braun et al., 2019; Dussaillant et

al., 2019; Falaschi et al. 2019; Ferri et al. 2020). The
icefields of Patagonia have the highest down-wasting
rates, contributing significantly to sea-level rise
(Rignot et al., 2003; Malz et al., 2018).

In the Southern Andes, most glaciers reached their
LIA maximum between the late 17* and early 19t
century (Masiokas et al., 2009). Most front-variation
measurements document a general retreat since the
LIA maximum extent with some re-advances in the
1980s and a general retreat trend in recent decades
(Espizua & Maldonado, 2007; Espizua & Pitte,
2009; Lopez et al., 2010; Meier et al., 2018). In the
Dry Andes, 21 glaciers with surge-type behavior
were found (Falaschi et al., 2018); the most recent
being Horcones Inferior and Nevado del Plomo in
Argentina (Harrison et al., 2015; Pitte et al., 2016).

Estimated total glacier area (km?): 29,500
Front variations

- # of series™: 220/0
- # of obs. from stat. or adv. glaciers*: 200/0
- # of obs. from retreating glaciers*: 623/0
Glaciological balances

- # of series™: 16/7
- # of observations*: 208/12
Geodetic balances

- # of series®: 17,418/17,404
- # of observations®: 89,934/62,681

* (total/2020 & 2021), © (total/>2009)
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Figure 3.15.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in the Southern Andes
over the entire observation period.
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3.16 NEW ZEALAND
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Figure 3.16.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

The majority of glaciers in New Zealand are located
along the Southern Alps spanning the length of
the South Island between 42° and 46° south. Their
climatic regime is characterized by high precipitation
with extreme gradients. Mean annual precipitation
amounts to 4,500 mm on the west side (Whataroa)
of the Alps and maximum values of up to 15,000 mm
(cf. WGMS, 2008). Aoraki/Mount Cook is the highest
peak at 3,724 m a.s.l. The Haupapa/Tasman Glacier,
the largest glacier in New Zealand, is located below
its flank. In total, the inventory of 1978 reported
3,144 glaciers covering an area of about 1,000 km?
with an estimated total ice volume of about 53 km? at
that time (Chinn, 2001).

New Zealand has a long history of glacier observation;
however, most of the available front variation series
are of qualitative character, i.e., indicating whether
glacier fronts are advancing, retreating or stationary.
Long-term quantitative front-variation series are
reported for Franz Josef Glacier/Ka Roimata o
Hine Hukatere, Fox Glacier/Te Moeka o Tuawe,
and Stocking/Te Wae Wae Glacier. Mass-balance
observations are available for only a few glaciers;
recent measurements have been reported for Brewster
and Rolleston.

Since 1977, the end-of-summer-snow-line has been
surveyed on fifty index glaciers distributed over the
Southern Alps. The surveys are carried out by hand-
held oblique photography taken from a light aircraft.

Methods, data and more details are given in Chinn et
al. (2005).

The few mass-balance measurements indicate a large
interannual variability with an average mean balance
of a few hundred millimetres w.e. a’'. Seasonal
balances indicate very large mass turnover. Average
annual balances (of Rolleston and Brewster) were
negative in 2019/20 and 2020/21 with —1,052 and
—408 mm w.e., respectively.

Geodetic assessments show a mass-change rate
between —300 and —500 mm w.e. a' since 2000.
Regional glacier change assessments were recently
published by Carrivick et al. (2020), Mackintosh et
al. (2017), and Salinger et al. (2021).

Estimated total glacier area (km?): 1,000
Front variations

- # of series™: 95/3
- # of obs. from stat. or adv. glaciers*: 504/0
- # of obs. from retreating glaciers*: 677/4
Glaciological balances

- # of series™: 52
- # of observations*: 38/4
Geodetic balances

- # of series®: 2,816/2,816
- # of observations®: 45,643/40,032

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.16.2 Cumulative length changes (left) and cumulative mass balances (right) of selected glaciers in New Zealand over the
entire observation period.
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3.17 ANTARCTICA & SUBANTARCTIC ISLANDS
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Figure 3.17.1 Regional mass balances: Annual glaciological balances (m w.e.) and annual rates of geodetic balances (m w.e. a'!)
are shown together with the corresponding number of glaciers with observations. Geodetic balances were calculated
assuming a glacier-wide average density of 850 kg m-.

The total area of local glaciers in and around
Antarctica is estimated to be about 133,000 km?2.
Mainly due to the remoteness and the immense size
of the ice masses, little is known about these glaciers.
There are three categories of local glaciers outside
the ice sheet: coastal glaciers, ice streams which are
discrete dynamic units attached to the ice sheet, and
isolated ice caps. In addition, glaciers are situated
on Subantarctic Islands such as the South Shetland
Islands, South Georgia, Heard Islands, and Kerguelen
with a total estimated ice cover of roughly 7,000 km?.
Mass-balance measurements are available from only
a dozens of glaciers. Series of more than ten years are
reported from Bahia del Diablo on Vega Island as well
as from Hurd and Johnsons glaciers on Livingston
Island located east and west of the northern tip of the
Antarctic Peninsula.

Evidence of the timing of LIA glacier maxima south
of the Antarctic Circle (66° 30° S) is sparse due to the
lack of organic material for dating (Grove, 2004). For
South Georgia, LIA maximum extends are reported
for the 18", 19%, and 20* centuries (Clapperton et al.,
1989a, b) and LIA end is suggested to be 1870s from
lichenometry (Roberts et al., 2010).

Front variations, derived from aerial photographs and
satellite images, of glaciers on the Antarctic Peninsula
show a vast majority of glaciers retreating over the
past six decades (e.g., Cook et al. 2005). Glaciers on
South Georgia receded overall by varying amounts
from their more advanced positions in the 19 century,

with large tidewater glaciers showing a more variable
behaviour and remaining in relatively advanced
positions until the 1980s. According to expedition
records, little or no change occurred on glaciers
at Heard Island during the first decades of the 20t
century (Grove, 2004). However, in the second half,
glacier recession has been widespread, interrupted by
a period of some re-advancing glaciers in the 1960s.
The very few glaciological surveys indicate negative
mass balances since the 1960s, supported by geodetic
observations, and some positive years recently.
Reported balances for 2019/20 and 2020/21 averaged
at —793 and —237 mm w.e., respectively.

Regional glacier change assessments were recently
published by Farias-Barahona et al. (2020).

Estimated total glacier area (km?): 133,000
Front variations

- # of series™: 309/1
- # of obs. from stat. or adv. glaciers*: 139/1
- # of obs. from retreating glaciers*: 366/0
Glaciological balances

- # of series™: 21/3
- # of observations*: 163/6
Geodetic balances

- # of series®: 2,221/2,219
- # of observations®: 11,096/6,655

* (total/2020 & 2021), ° (total/>2009)
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Figure 3.17.2 Cumulative length changes (left) and cumulative mass balances (right) of of selected glaciers in Antarctica and the
Subantarctic Islands over the entire observation period.
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4 DETAILED INFORMATION

Detailed information on selected glaciers with ongoing direct glaciological mass-balance measurements in
various mountain ranges is presented here, in addition to the global and regional information contained in the
previous chapters. In order to facilitate comparison between the individual glaciers, the submitted material
(text, maps, graphs and tables) was standardized, and in some cases generalized.

The text provides general information on the glacier followed by characteristics of the two reported balance
years. General information concerns basic geographic, topographic, climatic and glaciological characteristics
of the observed glacier which may help with the interpretation of climate/glacier relationships. A recent
photograph showing the glacier is included.

Three maps are presented for each glacier: the first one, a topographic map, shows the stakes, snow pits and
snow probing network. This network is basically the same from one year to the next on most glaciers. In
cases of differences between the two reported years, the second was chosen, i.e., the network from the year
2020/21. The second and third maps are mass-balance maps from the reported years, illustrating the pattern of
ablation and accumulation. The accuracy of such mass-balance maps depends on the density of the observation
network, the complexity of the mass-balance distribution, the applied technique for spatial extrapolation, and
the experience of the local investigators.

A graph of glacier mass balance versus elevation is given for both reported years, overlaid with the
corresponding glacier hypsography and point measurements (if available). The relationship between mass
balance and elevation — the mass-balance gradient — is an important parameter in climate/glacier relationships
and represents the climatic sensitivity of a glacier. It constitutes the main forcing function of glacier flow over
long time intervals. Therefore, the mass-balance gradient near the balanced-budget equilibrium line altitude
(ELAo) is often called the ‘activity index’ of a glacier. The glacier hypsography reveals the glacier elevation
bands that are most influential for the specific mass balance, and indicates how the specific mass balance
might change with a shift in the ELA. An additional graph compares the mean annual glaciological and the
geodetic balances (if available) for the whole observation period. For the comparison, the geodetic values were
converted with a density factor of 850 kg m->.

The last two graphs show the relationship between the specific mass balance and the accumulation area ratio
(AAR) and the ELA for the whole observation period. The linear regression equation is given at the top of
both diagrams. The AAR regression equation is calculated using integer values only (in percent). AAR values
of 0 or 100% as well as corresponding ELA values outside the elevation range of the observed glaciers were
excluded from the regression analysis. The regressions were used to determine the AARo and ELAo values
for each glacier. The points from the two reported balance years (2019/20 and 2020/21) are marked in black.
Minimum sample size for regression was defined as six ELA or AAR values.
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4.1 BAHIA DEL DIABLO (ANTARCTICA/A. PENINSULA)

COORDINATES: 63.82°S/57.43°W

Photograph taken by S. Marinsek, 2 March 2019.

This polythermal-type outlet glacier is located on Vega Island, on the northeastern side of the Antarctic
Peninsula. The glacier is exposed to the northeast, covers an area of ~12.9 km?, and extends from an altitude
0of 630 m to 50 m a.s.l. The mean annual air temperature at the equilibrium line around the 400 m a.s.l. ranges
between —7 and —8 °C. The glacier snout overrides an ice-cored moraine over a periglacial plain of continuous
permafrost. The mass balance measurements on this glacier began in austral summer 1999/2000, using a
simplified version of the combined stratigraphic annual mass balance method because the glacier can be
visited only once a year.

The mass balance for the year 2019/20 was —400 mm w.e. and the mass balance for the year 2020/21 was
—740 mm w. e., both very negative. The values obtained for the ELA were 450 and 500 m a.s.1., respectively,
both above the ELAo.The AAR values of the reporting period were 25% and 27%, also both below the AARG.

Precipitation in the region, recorded annually at 650 m a.s.] and at sea level, continues to be lower than the
average recorded since the beginning of the mass balance program. For 2019/20 precipitation at 650 m a.s.1.
was ~410 mm and ~195 mm at sea level. For 2020/21 precipitation at 650 m a.s.l was ~430 mm and ~135
mm at sea level. Warm summers, with average temperatures of 0.8 °C in 2019/20 and 1.5 °C in 2020/21, with
continuing low annual precipitation are main responsible for mass loss during the last years.
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4 Detailed Information

Figure 4.1.1  Topography and observation network and mass-balance maps 2019/20 and 2020/21.
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Figure 4.1.2  Mass balance versus elevation for 2019/20 and 2020/21.
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Figure 4.1.3  Glaciological balance versus geodetic balance for the whole observation period.
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Figure 4.1.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass ba-
lance for the whole observation period.
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4 Detailed Information

4.2 MARTIAL ESTE (ARGENTINA/ANDES FUEGUINOS)

COORDINATES: 54.78° S/ 68.40° W

Photograph of Martial Este taken by R. Iturraspe, 3 February 2021.

On the southern shore of the Tierra del Fuego Island, facing the Beagle Channel, the Martial Glacier dominates
the headwaters of the Buena Esperanza basin, whose main river is one of the water sources of Ushuaia city.
This glacier has lost 75% of its area since the Little Ice Age. The Martial Este is one of the main ice bodies that
compose the whole Martial Glacier. The hydrological cycle starts in April and the maximum accumulation on
the glacier usually succeeds in October/November. The mean annual air temperature at the ELA level (1,080
m a.s.l.) is —1.5 °C and the annual precipitation, well distributed over the whole year, reaches 1300 mm (530
mm at the sea level).

The glacier lost mass in 2019/20 and 2020/21 with balances of —692 and —1,133mm w.e., respectively. The
annual balances of the reporting period were negative in all elevation bins for the first time in the previous
17 years. These results confirm the end of the relatively stable conditions that were observed in the period
from 2006 to 2016 period, as well as the continuity of the historical trend in glacier retreat. The behavior of
the Martial Glacier is representative of the small cirque glaciers of the Argentinean side of Tierra del Fuego
with fronts higher than 950 m a.s.1. (Strelin & Iturraspe, 2007). Glaciers reaching into lower elevations present
higher mass loss. On 7 April 2020, a large rock fall event covered about one quarter of Martial East's surface, as
visible in the photograph taken one year after the incident. This event led to significant morphological changes
in the glacier's surface, and it is likely that related changes in albedo will affect the glacier's behaviour in the
years to come.

This glacier monitoring is a collaborative research of the Water Agency of the Province of Tierra del Fuego
and the National University of Tierra del Fuego.
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Figure 4.2.1  Topography and observation network and mass-balance maps 2019/20 and 2020/21.
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4 Detailed Information

Figure 4.2.2  Mass balance versus elevation for 2019/20 and 2020/21.
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balance for the whole observation period.
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4.3 GOLDBERGKEES (AUSTRIA/ALPS)

COORDINATES: 47.04°N/1297°E

=

Photograph of Goldbergkees taken by A. Neureiter on 27 August 2020.

Goldbergkees, also known as Vogelmeier-Ochsenkarkees, is a small mountain glacier in the Eastern Alps,
situated very close to the Observatory on top of Sonnblick (3,105 m a.s.l.) directly at the main Alpine ridge.
The glacier covers an area of 0.96 km? (2021), ranges from 3,060 m a.s.l. to 2,380 m a.s.l., and has separated
into three parts. The upper part (0.25 km?) shares a drainage divide with KleinfleiBkees and is oriented to
south-east. Both the middle part (0.62 km?) and the lower part (0.09 km?) of the glacier are mainly oriented to
north-east and exhibit proglacial lakes.

The glacier mass balance of 2019/20 was —1,093 mm w.e., with an ELA at 3,050 m a.s.l. and an AAR of 10%.
The balance of 2020/21 was —504 mm w.e., with an ELA at 2,850 m a.s.l. and an AAR of 35%.

Annual (winter) mass-balance observations date back to 1988/89 (1986/87). Average annual air temperature
at 3,100 m a.s.l., which corresponds to the average ELA, is —4.5 °C (1991-2020). Measured average annual
precipitation at Sonnblick is 2,560 mm (1991-2020). Average (1991-2020) winter (annual) mass balance of
the glacier is 1,710 mm (—780 mm). Detailed analysis of the glacier monitoring program are found in Schoner
et al. (1999, 2009). Since a few years, the actual and former state of the glacier can be followed via two high
quality webcams: CAM 1 and CAM 2.
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4 Detailed Information

Figure 4.3.1 Topography and observation network and mass-balance maps 2019/20 and 2020/21.
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Figure 4.3.2  Mass balance versus elevation for 2019/20 and 2020/21.
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Figure 4.3.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass
balance for the whole observation period.
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4 Detailed Information

44 JAMTALFERNER (AUSTRIA/ALPS)

COORDINATES: 46.86° N/ 10.16° E

Photograph of Jamtalferner by A. Fischer, taken on 20 September 2018.

Jamtalferner is a temperate valley glacier located in the Austrian part of the Silvretta region close to the border
to Switzerland. The glacier covers an area of 2.52 km? (2020) and has three tributaries (exposed to NW, N,
and NE) joining into one glacier tongue. In 2018, the highest point of the glacier was at an altitude of 3,116 m
a.s.l. near Hintere Jamspitze. The terminus reached down to 2,428 m a.s.l., with a length of the main tributary
between Hintere Jamspitze and the terminus of 2.2 km. The ice thickness was measured by GPR in 2015
and returned a maximum ice thickness of 58 m. In 18 out of 33 years of the total record length, the ELA was
above the summit. From 2002/03 onwards, the ELLA was above summit in 14 out of 19 years, with four years
featuring an AAR of 0%. The average summer air temperature, measured at the closest weather station in
Galtiir (1,587 m a.s.1.), is 12.9 °C (June, July, August, 1951-2000), 10.9 °C for the summer half year (i.e., May
to September), and 3.9 °C for the hydrological year. Presuming a lapse rate of 0.65 °C per 100 m, the summer
air temperature at the glacier tongue is 7.4 °C. The mean annual precipitation measured at Galtiir is 1,013 mm.
Jamtalferner has been surveyed regularly since 1891 (Fischer et al. 20164, Fischer et al., 2018), with detailed
winter and annual mass-balance measurements since 1988/89 (Fischer et al., 2016b). The network includes
around 4-9 snow pits and 10-20 ablation stakes. The number of snow pits has decreased and the number of
stakes increased over the measurement period due to the reduction of the accumulation area. Surface topography
has been documented in a number of maps and DEMs from the early 19th century onwards (Fischer et al.,
2019).

If we take the glacier area of 1988/89 as reference, Jamtalferner has lost 34% of this area over the total length
of mass balance records. The downwasting of Jamtalferner is rapid, with the glacier tongue going to lose the
connection to the higher areas in the next couple of years. The glacier mass balances in 2019/20 and 2020/21
were negative with —1,675 mm w.e. and —1,000 mm w.e., respectively. These are more negative balances than
the average of “960 mm w.e., but much less negative than the minimum balance of —2,277 mm w.e. recorded
in 2017/18. ELA was above summit in in both years, AAR was 9% in 2018/19 and 0% in 2019/20.
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Figure 4.4.1  Topography and observation network and mass-balance maps 2019/20 and 2020/21.

Topography and observational network

O ablation stakes

¥ snow probings

_17 mass-balance isolines [m w.e.]
L0 equilibrium line

[7] ablation area

Jamtalferner (AUSTRIA)

64



4 Detailed Information

Figure 4.4.2

Figure 4.4.3

Mass balance versus elevation for 2019/20 and 2020/21.
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Figure 4.4.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass
balance for the whole observation period.
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4.5 ZONGO (BOLIVIA/TROPICAL ANDES)

COORDINATES: 16.25°S/68.17° W

Photograph taken by Alvaro Soruco on 2 June 2017.

Zongo Glacier is a small temperate valley glacier located at 30 km northeast of La Paz city. Its length is around
3 km and its width is around 0.75 km, flowing from 6,100 to 5,000 m a.s.l. ELAo is estimated at 5,274 m a.s.1.
with a corresponding AARo of 67%. The valley has a southern exposure in its upper part and a south-eastern
exposure in the lower one. Climate is characterized by one dry and one wet season, the latter occurring during
the austral summer. Melting takes place mainly during the summer, reaching a peak in November, before
the peak of precipitation, which take place between January and March. As all glaciers in the region, Zongo
shows a long-term trend of mass loss, with positive and negative mass-balance periods coinciding with La
Nifia and El Niflo events, respectively. The biggest loss (—2,173 mm w.e.) took place during the El Nifio event
of 1997/98.

The reporting period was characterized by a transition from El Nifio to La Nifia conditions. The mass balance
of Zongo glacier was -334 mm w.e. in 2019/20 and 119 mm w.e. in 2020/21. ELA values were 5,260 m
a.s.l. and 5,359 m a.s.l. with corresponding AAR values of 72% and 68%, respectively. With these, Zongo
experienced four consecutive years of positive balances. However, the glacier front continues to retreat by
around 19 m per year.

Glaciological and geodetic measurements of Zongo and other tropical glaciers are carried out within GREAT
ICE (Sicart et al. 2015) and were analyzed by Rabatel et al. (2013). Soruco et al. (2009) compared the
glaciological series with geodetic and hydrological methods.
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Figure 4.5.1 Topography and observation network and mass-balance maps 2019/20 and 2020/21.
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Figure 4.5.2 Mass balance versus elevation for 2019/20 and 2020/21.
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4.6 URUMQI GLACIER NO. 1 (CHINA/TIEN SHAN)

COORDINATES: 43.08° N/ 86.82° E

Photograph of Urumqi Glacier No. 1 taken by Chunhai Xu in April 2021.

Urumgqi Glacier No. 1 is a valley glacier located 100 km south of Urumqi City, northwest China. As in 1959,
the starting date of observation on Urumqi Glacier No. 1, it was composed by two branches. After decades of
constant recession, the two branches separated into two small glaciers in 1993, which are now referred to as
the east and west branches of Urumgqi Glacier No. 1. ELAo and AARo are 4,051 m a.s.1. and 61%, respectively,
for the west branch; and 3,948 m a.s.l. and 64%, respectively, for the east branch. The area of the glacier was
determined by a survey in 2019 as being 0.972 km? for east branch and 0.551 km? for the west branch. The
latest radar echo-sounding measurements were conducted on the glacier in August 2012, which indicated its
maximum thickness as 124 £ 5 m.

The mass balance of Urumgqi Glacier No. 1 was —230 mm w.e. in 2019/20 and —829 mm w.e.in 2020/21. To
obtain the glacier-wide mean mass balance, the specific values observed at each stake was used for interpolation,
together with simulated values obtained using a simple energy-balance model (Oerlemans, 2011) in area
without measurements.
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Figure 4.6.1  Topography and observation network and mass-balance maps of 2019/20 and 2020/21.

Topography and observational network

O ablation stakes

_17 mass-balance isolines [m w.e.]
jof equilibrium line
[[=] ablation area

N
0 0.5 km

Urumgqi Glacier No. 1 (CHINA)

70



4 Detailed Information

Figure 4.6.2  Mass balance versus elevation for 2019/20 and 2020/21, West Branch on the left and East
Branch on the right.
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4.7 CONEJERAS (COLOMBIA/CORDILLERA CENTRAL)

COORDINATES: 4.82°N/7537°W

Photograph of Conejeras taken by J.L. Ceballos on 4 December 2020.

Conejeras Glacier is a small glacier (0.062 km?, 2021) and part of the (former) ice cap (0,35 km?, 2021) located
at the top of Santa [sabel glacier-volcano in the northern Andes. Along with the glacierized volcanoes Nevado
del Ruiz and Nevado del Tolima, it is surrounded by the “Paramo” ecosystem and Andean forests. Conejeras,
which has a minimum elevation of 4,686 m a.s.l. and maximum of 4,876 m a.s.l. is located at Santa Isabel’s
northwest side. In the period 2010-2021 Santa Isabel glacier reduced its area by 82%.

Conejeras’ mass balance has been calculated monthly with the direct glaciological method since April 20006,
starting with 14 stakes and meanwhile reduced to 9 due to the strong glacier retreat. Since 2006, Conejeras
Glacier has shown a permanent negative annual mass balance with a cumulative mass balance of —53.97 m
w.e. In 2019/20, the mass balance was —4,986 mm w.e. and —2,786 mm w.e. in 2021. The (theoretical) ELA
was located at 4,913 m a.s.l. (AAR 0%) in 2019/20 and at 4,871 m a.s.l. (AAR < 1%) in 2020/21. In 2021,
weather patterns in these mountains lead to an annual average precipitation of 1,166 mm and mean annual air
temperature of 0.3 °C.

The glacier reacts swiftly to atmospheric changes and is strongly influenced by climatic variability generated
by the Intertropical Convergence Zone (ITCZ) and the El Nifio-Southern Oscillation (ENSO). In 2021, “La
Nifia” limited the annual mass loss due to increased snowfall. The recent appearance of volcanic ash on its
surface is another important factor that influences its melting. The remaining ice thickness is estimated to be
8 m (2021), located in the middle part of the glacier.
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Figure 4.7.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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Figure 4.7.2  Mass balance versus elevation for 2019/20 and 2020/21.
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4.8 HOFSJOKULL (ICELAND)

COORDINATES: 64.81° N/ 18.82° W

Aerial view from the south towards Hofsjokull. Photograph taken by Thorsteinn Thorsteinsson, 20 August 2020.

Hofsjokull is an ice cap with an area of about 800 km? (Hannesdottir et al. 2020), located in Central Iceland,
about 100 km from the north coast and 130 km from the south coast. The climate in Iceland is maritime and
the precipitation regime of Hofsjokull is dominated both by low pressure systems moving eastward across the
North Atlantic Ocean and by atmospheric transport from a northerly direction. The mean annual temperature
at the Hveravellir weather station, located 20 km west of Hofsjokull, was —1.0 °C in the period 1961-1990 and
0.0 °C in the period 1991-2020. The ice cap spans an elevation range from 600 m a.s.l. to 1,790 m a.s.l. and
the maximum ice thickness is 750 m according to radio-echo soundings carried out in 1983 (Bjornsson 1988).

Mass-balance studies using standard glaciological methods of core drilling and stake readings were started on
Hofsjokull N in 1988 and have been operated annually since 1989 on three transects within the ice-flow basins
of Satujokull (Hofsjokull N), Pjorsarjokull (Hofsjokull E), and Blagnipujokull (Hofsjokull SW). Together,
these three basins comprise 40% of the total area of the ice cap. Measurements of winter balance have in most
years been made by the end of April or beginning of May and summer balance has been recorded by end of
September or beginning of October. Mass balances are calculated in the floating date system and using the
profile method, which explains the lack of distributed mass-balance maps. In addition, results from airborne
and spaceborne surveys have been used to estimate the geodetic mass balance and to correct biases in the
glaciological mass-balance series (Johannesson et al. 2013, Adalgeirsdottir et al. 2020). Also, non-surface
mass-balance components were estimated (Johannesson et al. 2020). During the entire 33-year period from
1989-2021 the (bias-corrected) mass balance has been negative in 28 years and positive in 5 years. The
average mass balance was —0.90 + 0.15 m w.e.

In 2019/20 the mass balances of Hofsjokull E, N, and SW were —680, -390, and —80 mm w.e., respectively. In
2020/21, corresponding balances were —800, —1,410, and —480 mm w.e., respectively.

The Icelandic Meteorological Office produces annual reports in Icelandic on the mass balance of Hofsjokull.
For additional information on the status of the ice cap and on data relating to annual mass balance and other
measurements, visit: https://icelandicglaciers.is (Thorsteinsson et al. 2017).
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Figure 4.8.1  Topography and observation network on Hofsjokull 2019/20 and 2020/21.
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Figure 4.8.2

per graph) and for the single branches (lower graph).
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Figure 4.8.3  Glaciological balance versus geodetic balance for the whole observation period, shown for
the eastern branch (upper graph), the northern branch (middle graph) and the southwest branch
of Hofsjokull (lower graph).
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Figure 4.8.4

Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass

balance for the whole observation period, shown for the eastern branch (upper graph), the nort-
hern branch (middle graph) and the southwest branch of Hofsjokull (lower graph).
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4.9 CARESER (ITALY/ALPS)

COORDINATES: 46.45°N/10.70° E

Photograph of Careser Glacier taken by L. Carturan on 13 September 2021.

Cares¢r Glacier is located in the Ortles-Cevedale group (Eastern European Alps, Italy). It occupies an area of
0.77 km? (in 2020) and its elevation ranges from 2,969 to 3,133 m a.s.l. The remnant of the former glacier is
exposed mainly to the west, is rather flat, and comprised in a narrow elevation range of less than 100 m. The
median altitude is 3,064 m a.s.l. and it is progressively decreasing. The mean annual air temperature at this
elevation is about —3 to —4 °C and annual precipitation averages 1,450 mm.

Glaciological mass-balance investigations on Careser Glacier started in 1967, and until 1980 the mass balance
was close to equilibrium. Imbalanced conditions and steadily negative mass balances followed, and in the last
three decades the ELA was mostly above the maximum elevation of the glacier. The mean value of the annual
mass balance was —1,200 mm w.e. from 1981 to 2001, and decreased to about —1,800 mm w.e. in the last two
decades. Starting in 2006, the glacier separated into several ice patches vanishing over the years, with the
exception of the eastern ice body (maximum thickness of 88 m in 2006), which is the only one still surviving.

In 2019/20, both winter snow accumulation and summer ablation were 14% below the average of the last 30
years. The melt season started late, in the third week of June, but was warm afterwards. The annual balance
was —1,371 mm w.e., which is less negative than the last 30-year mean value of —1,588 mm w.e. The ELA was
at 3,114 m a.s.l., and the AAR was 1%. The hydrological year 2020/21 was characterized by abundant winter
snow accumulation (40% above the average of the last 30 years). As in 2020, the onset of the melt season was
late, in the second week of June, but the summer was once again warm, leading to an annual balance of 950
mm w.e., even though significantly less negative than the long term mean. The ELA was at 3,106 m a.s.l. and
the AAR was 3%.

An overview and detailed analysis of the long-term monitoring programme at Careser Glacier was published
by Carturan et al. (2013).
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Figure 4.9.1  Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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Figure 4.9.2  Mass balance versus elevation for 2019/20 and 2020/21.

Figure 4.9.3

AAR [%]

Careser (ITALY)

Elevation [m a.s.l.]

Mass balance [mm w.e.]

Area distribution [%]

0 5 10 15 20 25 30 35 40 45 50 55
L 1 1 1 1 1 1 1 1 1 1
3125-3150 | hypsography
3100-3125 — D
3075-3100 | |
3050-3075 |
3025-3050 | |
A 4
2975-3000 - |:| e 2020/21
1
2950-2975 — |] 2019220 !
T T T T T T T T T T T T
-5000 -4000 -3000 -2000 -1000 0 1000

Mass balance [mm w.e.]

Glaciological balance versus geodetic balance for the whole observation period.

3000 3
2000 3 _
1000 3 Hh A1 ]
_é M ] il I_-I_ T
0 3 =
E L n I
3 U EY L
-1000 3 Y = OTH iy
_E winter balance N L HE ]
—-2000 H - B
E annual glaciological balance L L
~3000 _E summer balance M
_E == annual rate of geodetic balance = uu
-4000 3
L L O B L L I N R R RN R
1950 1960 1970 1980 1990 2000 2010 2020

AAR =0.04B, +43.8, R = 0.66

100
90 ;
80 ;
70
60 ;
50 ;
40 ;
30 ;

20

ELA [m a.s.l.]

T
-2000

-1500

-1000 -500 0

Mass balance [mm w.e.]

500

1000

Time [Years]

Figure 4.9.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass ba-
lance for the whole observation period.
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4 Detailed Information

4.10 TSENTRALNIY TUYUKSUYSKIY (KAZAKHSTAN/TIEN SHAN)

COORDINATES: 43.05°N/77.08°E

Ts. Tuyuksuyskiy Glacier on 23 July 2021. Photograph by N. E. Kassatkin.

Tsentralniy Tuyuksuyskiy is a valley glacier located on the northern slope of the Zailiyskiy Alatau ridge. The
glacier ranges from about 3,500 to 4,200 m a.s.1. and is considered to be cold to polythermal and is surrounded
by continuous permafrost. Its debris-free surface area amounted to 2.21 km? in 2022,

The mean annual air temperature at the ELA (3,980 ma.s.1. in 2021/22) was—7.5 °C and the annual precipitation
at the Tuyuksu meteorological station was 941 mm, of which 41% were measured during the summer period.
The ELAo is at 3,752 m a.s.l. with a corresponding AARo of 52%

The mean air temperature during the warm season (June to September) at the Tuyuksu meteorological station
was 5.4 °C, which was 0.9 °C above the average for 1972-2022, while the annual precipitation for the warm
season was 33 mm less than the average for a specified period.

Glacier mass balances for 2019/20 and 2020/21 were —287 and —609 mm w.e., respectively. Corresponding
ELA (AAR) values were 3,800 (46%) and 3,870 m a.s.1. (36%). The mean annual mass balance for the period
19722022 was —529 mm w.e.

Comparisons of glaciological and geodetic mass balances were carried out by Hagg et al. (2004) and Kapitsa
et al. (2020) finding a systematic bias in the glaciological observations, which was attributed to the lack of
observations in the accumulation zone of the glacier.
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Figure 4.10.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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4 Detailed Information

Figure 4.10.2 Mass balance versus elevation for 2019/20 and 2020/21.
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Figure 4.10.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass
balance for the whole observation period.
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4.11 ABRAMOYV (KYRGYZSTAN/TIEN SHAN)

COORDINATES: 39.63° N /71.60° E
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-

Photograph of Abramov Glacier taken on 26 July 2022 by Sultanbek Belekov.

Abramov Glacier is a valley glacier located on the northern slope of the Pamir-Alai in the Kok-Suu River basin
in Kyrgyzstan. The glacier has an area of 23 km? (in 2022) and spans an altitudinal range between about 3,650
and almost 5,000 m a.s.l. The average annual air temperature (1968—1998), measured at 3,837 m a.s.l. near the
glacier tongue, was —4.1 °C and the annual precipitation for the same period was 750 mm. The ELAo is 4,156
m a.s.l. and the corresponding AARo is 65%.

Intensive glaciological investigations started in the late 1960s with the installation of a glaciological station
next to the glacier. A detailed and intense programme to monitor the glacier mass change was launched in
1968 and continued until 1998. Due to political instability the mass balance programme was stopped abruptly
in the late 1990s, terminating a mass balance series after 31 years of investigation. In 2011, the mass-balance
monitoring program was re-established thanks to the joint efforts of the Central Asian Institute of Applied
Geosciences (CAIAG, Kyrgyzstan), the Geoforschungszentrum Potsdam (GFZ, Germany), and the University
of Fribourg (UNIFR, Switzerland).

In 2019/20 the mass balance of Abramov Glacier was slightly positive with 124 mm w.e., withan ELA at 4,115
m a.s.l., and an AAR of 71%. In 2020/21, the glacier experience a negative balance of —1,296 mm w.e. with
an ELA at 4,310 m a.s.l., and an AAR of 48%.

The old and new mass-balance observations of Abramov Glacier were homogenized and reanalysed with the
use of geodetic surveys by Barandun et al. (2015) and Denzinger et al. (2021).
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4 Detailed Information

Figure 4.11.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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Figure 4.11.2  Mass balance versus elevation for 2019/20 and 2020/21.
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4 Detailed Information

4.12 DJANKUAT (RUSSIA/CAUCASUS)

COORDINATES: 43.20° N /42.77° E

Photograph of Djankuat glacier taken on 9 September 2022.

The valley-type glacier is located on the northern slope of the central section of the Main Caucasus Ridge
and extends at present from 3,670 to 2,738 m a.s.l. Its surface area is 2.3 km? and the exposure is to the
north-west. Mean annual air temperature at the ELA, at about 3,200 m a.s.l., is =3 to —4.5 °C, and the glacier
is temperate. Average annual precipitation as measured near the snout is between 1,100 and 1,200 mm, but
roughly three times that amount at the ELA. The peculiarity of the glacier is the migration of the ice divide on
the divergent firn plateau south of the crest zone (on the territory of Georgia), redistributing mass flux between
adjacent slopes of the main ridge. Another characteristic feature of Djankuat Glacier, which tends to influence
progressively mass-balance patterns, is the dynamic expansion of debris cover during the recent period; in
2022 it occupied 20% of the glacier area. The debris originates from a series of tremendous rock falls into
the firn basin between 2001 and 2003, and is now been melting out melt middle section of the glacier. Four
complete debris thickness surveys over the entire glacier area have been undertaken in 1983, 1994, 2010 and
2022. The latter revealed an average thickness value of 0.6 m. The increase of total debris volume between
1983 and 2022 is fourfold.

Mass balance over the reporting period was negative as usual (—1,370 mm w.e. in 2019/20, —170 mm w.e. in
2020/21), with moduli of both income and discharge items higher than their long-term means. Nevertheless,
the two balance years differed greatly. 2019/20 was particularly unfavorable for the glacier state — mainly
owing to the absolute record of ablation (i.e. summer balance of —4,360 mm w.e.) since the beginning of direct
monitoring in 1968. On the contrary, the next year was characterized by one of the least negative balances over
the last decades — it was predetermined by high winter snow accumulation that exceeded its multi-year norm
by 31% (the third value in the 55-year-long series). Thus, the duration of period with continuous negative mass
balance values reached 16 years that is unprecedented since late 19th century, judging by reconstructed series.
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Figure 4.12.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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4 Detailed Information

Figure 4.12.2  Mass balance versus elevation for 2019/20 and 2020/21.
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4.13 WALDEMARBREEN (NORWAY/SPITSBERGEN)

COORDINATES: 78.67° N /12.00° E

Waldemarbreen in the summer of 2021 (photograph taken by 1. Sobota).

Waldemarbreen is located in the northern part of the Oscar Il Land, north-western Spitsbergen, and flows
down valley to the Kaffigyra plain. Kaffigyra is a coastal lowland situated on the Forlandsundet. The glacier
is composed of two parts separated by a 1,600 m long medial moraine. It occupies an area of about 2 km?
and extends from 500 m to 150 m a.s.l. with a general exposure to the west. Mean annual air temperature in
this area is about —4 to —5 °C and annual precipitation is generally 300400 mm. In the years 1997 to 2021,
the mean air temperature during the summer season in this region was 5.5 °C. Since the 19th century, the
surface area of the Kaffigyra region glaciers has decreased by about 50%. Recently, Waldemarbreen has been
retreating.

Mass-balance investigations have been conducted since 1996. Detailed glaciological research methods and
geodetic surveys are described by Sobota et al. (2016) and Sobota (2013, 2017, 2021).

The balance in 2019/20 showed a mass loss of —2,276 mm w.e. The corresponding ELA was 642 m a.s.l., with
an AAR of 0%. In 2020/21 the mass balance was —947 mm w.¢. The ELA was at 493 m a.s.l., with an AAR of
1%. The mean value of the mass balance for the period 1996-2021 was —-907 mm w.e.

92



4 Detailed Information

Figure 4.13.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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Figure 4.13.2 Mass balance versus elevation for 2019/20 and 2020/21.
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4 Detailed Information

4.14 STORGLACIAREN (SWEDEN/SCANDINAVIA)

COORDINATES: 67.90°N/18.57°E

Storglacidren on ugust 7,2021, with Kebnekaise’s Southern Peak in the distance and Istallsglacidren to the right (N. Kirchner).

Storglaciéren is a small polythermal valley glacier located in the alpine Kebnekaise mountains, Arctic Sweden.
The glacier stretches about 3 km from West (~1,720 m a.s.l.) towards East (~1,150 m a.s.l.) and has an area of
2.9 km?. The glacier is made up of a large, primarily flat (2° to 15°) ablation area and a small primarily steep (2°
to 80°) accumulation area. The average thickness is estimated to be near 100 m with a maximum thickness of
over 200 m at overdeepenings. The regional climate is continental with a prevailing westerly wind. Temperature
usually peaks in July and is at its lowest in January, but extreme events may occur in any season. Climate
records from Tarfala Research Station (1,130 m a.s.L.), situated about one kilometre from the glacier, exist from
1965. Additional melt season weather observations from the glacier (1,350 m a.s.l.) exist from 2013. At the
location of the glacial automatic weather station, the mean annual air temperature is approximately —3.3 °C
and the annual precipitation is around 1,500 mm where two thirds of the precipitation fall as snow. The latest
high-resolution geodetic data from the Tarfala Valley is from 2015 and was compiled by the Swedish national
land survey agency Lantméteriet. Since the start of the surface mass-balance measurements of Storglacidren in
year 1945/46, the cumulative mass change has been c. —20 m w.e. Today, the mass balance is measured with
an extensive network of almost 300 snow-depth probe points, 73 ablation stakes and several density pits and
is calculated using universal kriging with a Gaussian model.

The mass-balance year 2019/20 was a positive year with an annual mass balance of 136 mm w.e. (winter
balance, 1,776 mm w.e.; summer balance, —1,640 mm w.e.). The mass-balance year 2020/21 was a negative
year with a surface mass balance of =823 mm w.e. (winter balance, 1,099 mm w.e.; summer balance, —1,922
mm w.e.). Similarly, the elevation of the ice covered Kebnekaise Southern Peak was 400 mm higher in
September 2020 (2,096.0 m a.s.l.) as compared to 2019 (2,095.6 m a.s.1.), but was measured to only 2,094.6
m a.s.l. in September 2021.

The glaciological mass-balance series was reanalyzed with geodetic surveys (Koblet et al. 2010, Zemp et al.
2010) and reconstructed from historical images back to 1910 (Holmlund & Holmlund 2018).
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Figure 4.14.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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4 Detailed Information

Figure 4.14.2  Mass balance versus elevation for 2019/20 and 2020/21.
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Figure 4.14.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass
balance for the whole observation period.
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4.15 BASODINO (SWITZERLAND/ALPS)

COORDINATES: 46.42° N/ 8.48°E

Photograph of Ghiacciaio del Basodino and its proglacial area, taken by G. Kappenberger in July 2022.

Ghiacciaio del Basodino is a small north-east facing mountain glacier in the Southern Swiss Alps. The glacier
covers an area of 1.64 km? (2018) and extends from 3,181 to 2,588 m a.s.l. It currently has a length of
1.3 km and ice thickness measurements indicate an ice volume of 0.022 km?® in 2018 corresponding to a
mean ice thickness of 14 m, and a maximum thickness of 26 m (Grab et al., 2021). The average annual and
summer air temperatures (1991-2020) at the median glacier elevation (2,908 m a.s.l.) is around -3 °C and
+5 °C, respectively, and mean annual precipitation at the station Robié¢i (1,898 m a.s.l., 3 km from the glacier
terminus) is 2,400 mm.

Detailed seasonal mass balance investigations have been carried out continuously since 1991. The network
of initially six stakes has been gradually extended to 13 stakes that are observed both in spring and fall.
The evolution of surface topography is documented by 10 digital elevation models at decadal intervals and
volumetric changes have been determined over the period from 1929 to 2018 (Bauder et al., 2007). This
data indicates that over the last roughly 90 years, Ghiacciaio del Basodino has lost 85% of its ice volume.
Nevertheless, Ghiacciaio del Basodino is still the biggest glacier in the Ticino, the southernmost part of
Switzerland, and thus is considered as representative for this region.

The glacier-wide annual surface mass balance 2019/20 was only moderately negative with —-539 mm w.e.,
which is attributed to relatively high winter balance. The ELA was at 3,055 m a.s.l. and AAR was 10%. Even
though summer melting was less pronounced than in previous years, mass loss also occurred in 2020/21 with
a glacier-wide mass balance of 439 mm w.e. The ELA was at 3,065 m a.s.l. and AAR was 9%.
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Figure 4.15.1 Topography and observation network and mass-balance maps of 2019/20 and 2020/21.
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Figure 4.15.2  Mass balance versus elevation for 2019/20 and 2020/21.

Figure 4.15.3

Area distribution [%]

0 5 10 15 20 25 30 35 40 45 50
1 | | | | | | | | | |
3100-3200 — I:l hypsography
3000-3100 | |
G 2900-3000 | |
< A
E AN
s 2800-2900 | |
2 oA
©
@ 2700-2800 - | | s h
w A a
2600-2700 I:l
201920 ,
2500-2600 | ‘ 4
T T T T T T T T T T T T
-5000 -4000 -3000 -2000 -1000 0 1000
Mass balance [mm w.e.]
Glaciological balance versus geodetic balance for the whole observation period.
3000 3 =
— 2000 — 1l n A Nk
2 1000 lls
E | H H
—_— 0 L O - =i
) E = H o
(%) = = = H
[= E e——
] -1000 3 ) - ||4H THI T
© E winter balance B HiHI|L
- E annual glaciological balance M H
@ -2000 3 = H e
© E summer balance H | L= ||
= é = annual rate of geodetic balance = L
-3000 4 -
-4000 3
L R i e e L R R R R R EEERE RRE
1950 1960 1970 1980 1990 2000 2010 2020

Time [Years]

Figure 4.15.4 Accumulation area ratio (AAR) and equilibrium line altitude (ELA) versus specific mass
balance for the whole observation period.
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S CONCLUDING REMARKS

Glacier monitoring has been coordinated internationally since 1894. This long-term effort has resulted in the
compilation of an unprecedented dataset of changes in glacier length, area, volume, and mass. The dataset has
been made freely available by the WGMS and its predecessor organizations and is widely used in scientific
studies and assessment reports. The worldwide retreat of glaciers has become one of the most prominent icons
of global climate change. Moreover, glacier decline has impacts on the local hazard situation, regional water
availability, and global sea-level rise.

The retreat of glaciers from their Little Ice Age (LIA) moraines and trimlines can be observed in the field as
well as on aerial and satellite images for tens of thousands of glaciers around the world. Large collections of
historical and modern photographs (e.g., NSIDC, 2002, updated 2015) document this change in a qualitative
manner. The dataset presented here allows these changes to be quantified at samples ranging from a few hundred
to a few thousands of glaciers with data series from in situ and remotely sensed observations, respectively.
There is a global trend to centennial glacier retreat from LIA maximum positions, with typical cumulative
values of several hundred to a few thousand metres.

In various mountain ranges, glaciers with decadal response times have shown intermittent re-advances which,
however, were short and thus much less extensive when compared to the overall frontal retreat. The most
recent re-advance phases were reported from Scandinavia and New Zealand in the 1990s or from (mainly
surge-type glaciers in) the Karakoram at the beginning of the 21% century. Early (geodetic) mass-balance
measurements indicate moderate decadal ice losses of a few decimetre w.e. a”! in the second half of the 19th
and at the beginning of the 20" centuries, followed by increased ice losses around 0.4 m w.e. a”! in the 1940s
and 1950s. Larger data samples (from both glaciological and geodetic methods) with better global coverage
adequately document the period of moderate ice loss which followed between the mid-1960s and mid-1980s,
as well as the subsequent acceleration in ice loss to > 0.5 m w.e. a”! in the early 21 century. Spaceborne
geodetic observations with global coverage for the period from 2000 to 2020 indicate a negative bias of the
glaciological sample of a few decimetre, which might apply for earlier periods too.

In the time period covered by the present bulletin, glaciers observed by the glaciological method lost about
0.75 m w.e. a”!. This continues the historically unprecedented ice loss observed since the turn of the century
and is amounting to double the ice loss rates of the 1990s. Recent global assessments estimate and correct for
the bias in the glaciological sample (Zemp et al., 2020) and suggest that glaciers are currently contributing
more than 1 mm to mean global sea-level rise, which corresponds to more than a quarter of the observed rise.

With their dynamic response to changes in climatic conditions — growth/reduction in area mainly through the
advance/retreat of glacier tongues — glaciers re-adjust their extent to equilibrium conditions of ice geometry
with a zero mass balance. Recorded mass balances document the degree of imbalance between glaciers
and climate due to the delay in dynamic response caused by the characteristics of ice flow (deformation
and sliding); over lengthy time intervals they depend on the rate of climatic forcing. With constant climatic
conditions (no forcing), balances would tend towards and finally become zero. Long-term non-zero balances
are, therefore, an expression of ongoing climate change and sustained forcing. Trends towards increasing
nonzero balances are triggered by accelerated forcing. In the same way, comparison between present-day and
past values of mass balance must take the changes in glacier area into account (Elsberg et al., 2001). Many of
the relatively small glaciers, measured within the framework of the present mass balance observation network,
have lost large percentages of their area during the past decades. The recent increase in the rates of ice loss over
diminishing glacier surface areas, as compared with earlier losses related to larger surface areas, becomes even
more pronounced and leaves no doubt about the accelerating change in climatic conditions, even if a part of
the observed acceleration trend is likely to be caused by positive feedback processes.
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Rising snowlines and cumulative mass losses lead to changes in the average albedo and to a continued surface
lowering. Such effects cause pronounced positive feedbacks with respect to radiative and sensible heat fluxes.
Albedo changes are especially effective in enhancing melt rates and can also be caused by the input of dust
(Oerlemans et al., 2009). The cumulative length change of glaciers is the result of all effects combined, and
constitutes the key to a global intercomparison of decadal with secular mass losses. Surface lowering, thickness
loss and the resulting reduction in driving stress and flow, however, increasingly replace processes of tongue
retreat with processes of downwasting, disintegration or even the collapse of entire glaciers. Moreover, the
thickness of most glaciers regularly observed for their mass balance is measured in (a few) tens of metres
(Gértner-Roer et al. 2014, Welty et al. 2020). From the measured mass losses and thickness reductions, it is
evident that several network glaciers with important long-term observations may not survive for many more
decades. A special challenge therefore consists in developing a strategy for ensuring the continuity of adequate
mass-balance observations under such extreme conditions.

Key tasks for the future of glacier mass-balance monitoring include the continuation of (long-term) measurement
series, the extension of the presently available dataset, especially in under-represented regions (Nussbaumer
et al., 2017; Hoelzle et al., 2017; Gértner-Roer et al., 2019), the quantitative assessment of uncertainties
relating to available measurements (e.g., Magnusson et al., 2016), and their representativeness for changes
in corresponding mountain ranges. The latter requires a well-considered integration of in-situ measurements,
remotely sensed observations (e.g., Gardner et al., 2013; Wouters et al., 2019, Hugonnet et al. 2021), and
numerical modelling (e.g., Huss & Hock, 2018; Hock et al., 2019; Rounce et al. 2023 ) taking into account the
related spatial and temporal scales.
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sultbelekov@gmail.com), Kenzhebaev R. (CAIAG; r.kenzhebaev(@caiag.kg),
Mattea E. (UNIFR)

KG BATYSH SOOK/ Azisov E. (CAIAG; e.azisov(@caiag.kg), Barandun M. (DGUF; martina.barandun@

SYEK ZAPADNIY eurac.edu), Hoelzle M. (UNIFR; martin.hoelzle@unifr.ch), Kenzhebaev R. (CAIAG;

r.kenzhebaev(@caiag.kg), Saks T. (UNIFR; tomassakss@gmail.com), Usubaliev R.
(CAIAG; r.usubaliev(@caiag.kg)
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KG BORDU Ermenbayev B. (TshMRC), Omurbekov S. (TSHMRC), Popovnin V. (MSU;
begemotina@hotmail.com), Satylkanov R. (TshMRC, TSHMRC; r.satylkanov@
gmail.com), Sayakpayev D. (TshMRC)

KG GLACIER NO. 354 Azisov E. (CAIAG; e.azisov@caiag.kg), Barandun M. (DGUF; martina.barandun@

(AKSHIYRAK) eurac.edu), Hoelzle M. (DGUF, UNIFR; martin.hoelzle@unifr.ch), Kenzhebaev R.
(CAIAG:; r.kenzhebaev(@caiag.kg), Usubaliev R. (CAIAG; r.usubaliev@caiag.kg)
KG GLACIER NO. 599 (UNIFR), Azisov E. (CAIAG; e.azisov(@caiag.kg), Esenaman uulu M. (CAIAG),
(KJUNGEI ALA- Kenzhebaev R. (CAIAG; r.kenzhebaev(@caiag.kg), Usubaliev R. (CAIAG;
TOO) rusubaliev@caiag.kg)

KG GOLUBIN Azisov E. (CAIAG; e.azisov(@caiag.kg), Barandun M. (DGUF; martina.barandun@
eurac.edu), Esenamanov M. (CAIAG), Hoelzle M. (DGUF, UNIFR;
martin.hoelzle@unift.ch), Kenzhebaev R. (CAIAG; r.kenzhebaev(@caiag.kg), Saks
T. (DGUF, UNIFR; tomassakss@gmail.com), Usubaliev R. (CAIAG; r.usubaliev@
caiag.kg)

KG KARA-BATKAK Ermenbayev B. (TshMRC), Makeshov A. (TSHMRC), Popovnin V. (MSU;
begemotina@hotmail.com), Satylkanov R. (TshMRC, TSHMRC; r.satylkanov@
gmail.com), Sayakpayev D. (TshMRC)

KG SARY TOR Ermenbayev B. (TshMRC, TSHMRC), Popovnin V. (MSU; begemotina@hotmail.

(NO.356) com), Satylkanov R. (TshMRC, TSHMRC; r.satylkanov@gmail.com), Sayakpayev
D. (TshMRC)

KG TURGEN-AKSUU Ajikeev A. (KyrgyzHydromet), Belekov S. (KyrgyzHydromet; sultbelekov@gmail.
com), Musaev T. (KyrgyzHydromet), Musaevs T. (KyrgyzHydromet)

KZ TS.TUYUKSUYS- Kasatkin N. (INGEO, IGNANKaz, CARGC; kasatkinne@mail.ru)

KIY
NO AALFOTBREEN Kjellmoen B. (NVE; bkj@nve.no)
NO AUSTDALS- Elvehoy H. (NVE; hae@nve.no)
BREEN
NO ENGABREEN Elveheoy H. (NVE; hae@nve.no)
NO GRAASUBREEN Andreassen L. (NVE; Ima@nve.no)
NO HANSEBREEN Kjellmoen B. (NVE; bkj@nve.no)
NO HELLSTUGU- Andreassen L. (NVE; Ima@nve.no)
BREEN

NO LANGFJORD Kjellmoen B. (NVE; bkj@nve.no)
JOEKELEN

NO NIGARDSBREEN Kjellmoen B. (NVE; bkj@nve.no)

NO REMBESDALS Elvehoy H. (NVE; hae@nve.no)
SKAAKA

NO STORBREEN Andreassen L. (NVE; Ima@nve.no)

NP MERA Wagnon P. (UG/IRD, IRD; patrick.wagnon@univ-grenoble-alpes.fr)

NP POKALDE Wagnon P. (UG/IRD, IRD; patrick.wagnon@univ-grenoble-alpes.fr)

NP RIKHA SAMBA Gurung T. (ICIMOD), Joshi S. (ICIMOD,; sharad.joshi@icimod.org)

NP  WEST CHANGRI = Wagnon P. (UG/IRD, IRD; patrick.wagnon@univ-grenoble-alpes.fr)

NUP

NP YALA Gurung T. (ICIMOD), Joshi S. (ICIMOD; sharad.joshi@icimod.org), Stumm D.
(stummd@gmail.com)

NZ BREWSTER Anderson B. (ARC; brian.anderson@vuw.ac.nz), Cullen N. (DGUO-NZ;

njc@geography.otago.ac.nz), Sirguey P. (DGUO-NZ), Vargo L. (ARC; lauren.
vargo@vuw.ac.nz)
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NZ ROLLESTON Kerr T. (Rainfall. NZ; tim.kerr@rainfall.nz), Purdie H. (UCant/DG, UCant)
RU DJANKUAT Gubanov A. (MSU, RFBR), Popovnin V. (MSU, RFBR; begemotina@hotmail.com)
RU GARABASHI GARABASHI  Kutuzov S. (RAS/IG, IG RAS; s.kutuzov@gmail.com),
Lavrentiev I. (RAS/IG, IG RAS), Nikitin S. (RAS/IG, IG RAS), Nosenko G. (RAS/
IG, IG RAS; gnosenko@gmail.com), Rototayeva O. (RAS/IG, IG RAS), Smirnov
A. (RAS/IG, IG RAS)
RU LEVIY AKTRU Erofeev A. (TSU/DG, TSU), Kutuzov S. (RAS/IG, IG RAS; s.kutuzov@gmail.
com), Smirnov A. (RAS/IG, TSU)
SE  MARMA Tarfala Research Station Staff (tarfala@natgeo.su.se, nina.kirchner@natgeo.su.se)
GLACIAEREN
SE  RABOTS Tarfala Research Station Staff (tarfala@natgeo.su.se, nina.kirchner@natgeo.su.se)
GLACIAER
SE  RIUKOJIETNA Tarfala Research Station Staff (tarfala@natgeo.su.se, nina.kirchner@natgeo.su.se)
SE  STORGLACIAER- Tarfala Research Station Staff (tarfala@natgeo.su.se, nina.kirchner@natgeo.su.se)
EN
SJ AUSTRE BROEG- Kohler J. (NPI; jack.kohler@npolar.no)
GERBREEN
SJ GROENFJORD E Chernov R. (IG RAS), Elagina N. (IG RAS)
SJ HANSBREEN Luks B. (PAS; luks@igf.edu.pl)
SJ  IRENEBREEN Sobota I. (PRC/FESSM; irso@umk.pl)
SJ  KONGSVEGEN Kohler J. (NPI; jack.kohler@npolar.no)
SJ]  KRONEBREEN Kohler J. (NPI; jack.kohler@npolar.no)
SJ MIDTRE LOVEN-  Kohler J. (NPI; jack.kohler@npolar.no)
BREEN
SJ WALDEMAR- Sobota I. (PRC/FESSM; irso@umk.pl)
BREEN
SJ WERENSKIOLD-  Ignatiuk D. (US/IES; dariusz.ignatiuk@us.edu.pl), Laska M. (US/IES; michal.
BREEN laska@us.edu.pl)
T]  EAST ZULMART (CRG)
(GLACIER NO
139)
TJ]  GLACIER NO. 71 Kayumov A. (CRG; criosfera2017@gmail.com), Vosidov F. (CRG;
(YAKARCHA) firdavs.vosidov@mail.ru)
TJ  NO. 457 (NHD) Kayumov A. (CRG; criosfera2017@gmail.com), Navruzshoev H. (CRG;
nhd140704@gmail.com)
TJ]  NO. 676 (GGP) (CRG)
US COLUMBIA (2057) Pelto M. (NCGCP; mspelto@nichols.edu)
US DANIELS Pelto M. (NCGCP; mspelto@nichols.edu)
US EASTON Pelto M. (NCGCP; mspelto@nichols.edu)
US GULKANA Florentine C. (USGS-F, USGS; cflorentine@usgs.gov), Sass L. (USGS-F, USGS)
US ICE WORM Pelto M. (NCGCP; mspelto@nichols.edu)
US LEMON CREEK Florentine C. (USGS-F, USGS; cflorentine@usgs.gov), Sass L. (USGS-F, USGS)
US LOWER CURTIS Pelto M. (NCGCP; mspelto@nichols.edu)
US LYNCH Pelto M. (NCGCP; mspelto@nichols.edu)
US RAINBOW Pelto M. (NCGCP; mspelto@nichols.edu)
US SHOLES Pelto M. (NCGCP; mspelto@nichols.edu)
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US SOUTH CASCADE Florentine C. (USGS-F, USGS; cflorentine@usgs.gov), Sass L. (USGS-F, USGS)
US SPERRY Florentine C. (USGS-F, USGS; cflorentine@usgs.gov), McNeil C. (USGS), Sass L.
(USGS-F, USGS)
US TAKU Florentine C. (USGS; cflorentine@usgs.gov), McNeil C. (USGS-F, USGS)
US WOLVERINE Florentine C. (USGS-F, USGS; cflorentine@usgs.gov), Sass L. (USGS-F, USGS)
UZ BARKRAK Eshmiratov D. (CICADA, Mininnovation), Mamirov H. (CICADA, Mininnovation),
SREDNIY Petrov M. (CICADA, Mininnovation), Umirzakov G. (CICADA, Mininnovation;
g.umirzakov@nuu.uz), Yakovlev A. (CICADA, Mininnovation; andreyakovlev(@
mail.ru)
UZ BARKRAK Eshmiratov D. (CICADA, Mininnovation), Mamirov H. (CICADA, Mininnovation),
SREDNIY EAST Petrov M. (CICADA, Mininnovation), Umirzakov G. (CICADA, Mininnovation;
BRANCH g.umirzakov@nuu.uz), Yakovlev A. (CICADA, Mininnovation; andreyakovlev(@

mail.ru)
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PRINCIPAL INVESTIGATORS FRONT VARIATION
(in alphabetic order, for observation periods 2019/20, 2020/21, and 2021/22)

GLACIER: Principal Investigator (sponsoring agency)

AQ BAHIA DEL DIABLO: Ermolin E. (IAA-DG; ivgen52@yahoo.com), Marinsek S. (IAA-DG;

AT

smarinsek@dna.gov.ar), Seco J. (IAA-DG; jlseco@dna.gov.ar)

ALPEINER F.: Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); BACHFALLEN F.:
Diinser F. (OAV), Janz B. (OAV); BAERENKOPF K.: Seitlinger G. (OAV); BERGLAS F.: Stocker-Wald-
huber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); BIELTAL F.: GroB G. (OAV); BRENNKOGL
K.: Seitlinger G. (OAV); DAUNKOGEL F.: Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@
oeaw.ac.at); DIEM F.: Strudl M. (OAV; markus.strudl@gmail.com); EISKAR G.: Hohenwarter G. (OAV);
FERNAU F.: Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); FIRMISAN F.:
Strudl M. (OAV; markus.strudl@gmail.com); FREIWAND K.: Kellerer-Pirklbauer A. (OAV), Lieb G.
(OAV); FROSNITZ K.: Lang J. (OAV); FURTSCHAGL K.: Friedrich C. (OAV), Friedrich M. (OAV),
Friedrich R. (OAV); GAISKAR F.: Diinser F. (OAV), Janz B. (OAV); GAISSBERG F.: Fischer A. (OAV;
andrea.fischer@oeaw.ac.at); GEPATSCH F.: Noggler B. (OAV); GOESSNITZ K.: Krobath M. (OAV);
GOLDBERG K.: Binder D. (OAV); GR. GOSAU G.: Reingruber K. (OAV; office@blueskywetter.at);
GROSSELEND K.: Firber J. (OAV), Knittel A. (OAV); GRUENAU F.: Stocker-Waldhuber M. (OAV;
martin.stocker-waldhuber@oeaw.ac.at); GURGLER F.: Fischer A. (OAV; andrea.fischer@oeaw.ac.at);
GUSLAR F.: Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); HALLSTAETTER
G.: Reingruber K. (OAV; office@blueskywetter.at); HINTEREIS F.: Stocker-Waldhuber M. (OAV; martin.
stocker-waldhuber@oeaw.ac.at); HOCHALM K.: Firber J. (OAV), Knittel A. (OAV); HOCHJOCH F.:
Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); HORN K. (SCHOB.): Krobath M.
(OAV); HORN K. (ZILLER): Friedrich C. (OAV), Friedrich M. (OAV), Friedrich R. (OAV); JAMTAL F.:
GroB G. (OAV); KAELBERSPITZ K.: Firber J. (OAV), Knittel A. (OAV); KALSER BAERENKOPF K.:
Seitlinger G. (OAV); KARLINGER K.: Seitlinger G. (OAV); KESSELWAND F.: Stocker-Waldhuber M.
(OAV; martin.stocker-waldhuber@oeaw.ac.at); KLEINEISER K.: Seitlinger G. (OAV); KLEINELEND
K.: Firber J. (OAV), Knittel A. (OAV); KLEINFLEISS K.: Binder D. (OAV); KLOSTERTALER M: Grof3
G. (OAV); KRIMMLER K.: Luzian R. (OAV); LANDECK K.: Seitlinger G. (OAV); LANGTALER F.:
Fischer A. (OAV; andrea.fischer@oeaw.ac.at); LATSCH F.: Strudl M. (OAV; markus.strudl@gmail.com);
MARZELL F.: Plérer M. (OAV); MAURER K. (GLO.): Seitlinger G. (OAV); MUTMAL F.: Plérer M.
(OAV); NIEDERJOCH F.: Plérer M. (OAV); OBERSULZBACH K.: Luzian R. (OAV); OCHSENTALER
G.: GroB G. (OAV); OE. WURTEN K.: Binder D. (OAV, ZAMG), Galaoz M. (ZAMG), Hynek B. (ZAMG;
bernhard.hynek@geosphere.at), Neureiter A. (ZAMG; anton.neureiter@zamg.ac.at), Weyss G. (ZAMG);
OEDENWINKEL K.: Zagel B. (OAV); PASTERZE: Kellerer-Pirklbauer A. (OAV), Lieb G. (OAV);
PFAFFEN E.: Diinser F. (OAV), Janz B. (OAV); RETTENBACH F.: Plérer M. (OAV); ROFENKAR F.:
Plérer M. (OAV); ROTER KNOPF K.: Krobath M. (OAV); ROTMOOS E.: Fischer A. (OAV; andrea.
fischer@oeaw.ac.at); SCHALF F.: Plérer M. (OAV); SCHLADMINGER G.: Reingruber K. (OAV; office@
blueskywetter.at); SCHLATEN K.: Luzian R. (OAV); SCHLEGEIS K.: Friedrich C. (OAV), Friedrich M.
(OAV), Friedrich R. (OAV); SCHMIEDINGER K.: Seitlinger G. (OAV); SCHNEEGLOCKEN: GroB G.
(OAV); SCHNEELOCH G.: Reingruber K. (OAV; office@blueskywetter.at); SCHWARZENBERG F.:
Diinser F. (OAV), Janz B. (OAV); SCHWARZENSTEIN: Friedrich C. (OAV), Friedrich M. (OAV), Fried-
rich R. (OAV); SCHWARZKARL K.: Seitlinger G. (OAV); SCHWEIKERT F.: Strudl M. (OAV; markus.
strudl@gmail.com); SEEKARLES F.: Strudl M. (OAV; markus.strudl@gmail.com); SEXEGERTEN F.:
Noggler B. (OAV); SIMONY K.: Lang J. (OAV); SPIEGEL F.: Strudl M. (OAV; markus.strudl@gmail.
com); STUBACHER SONNBLICK K.: Seitlinger G. (OAV); SULZTAL F.: Diinser F. (OAV), Janz B.
(OAV); TASCHACH F.: Noggler B. (OAV); TOTENFELD: GroB G. (OAV); TOTENKOPF K.: Seitlinger
G. (OAV); TRIEBENKARLAS F.: Diinser F. (OAV), Janz B. (OAV); UMBAL K.: Lang J. (OAV); UNT.
RIFFL K.: Zagel B. (OAV); UNTERSULZBACH K.: Luzian R. (OAV); VERBORGENBERG F.: Stock-
er-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); VERMUNT G.: GroB G. (OAV); VER-
NAGT F.: Stocker-Waldhuber M. (OAV; martin.stocker-waldhuber@oeaw.ac.at); VILTRAGEN K.: Luzian
R. (OAV); W. TRIPP K.: Firber J. (OAV), Knittel A. (OAV); WASSERFALLWINKL K.: Kellerer-
Pirklbauer A. (OAV), Lieb G. (OAV)
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AT

BO
BT

CA

CH

WAXEGG K.: Friedrich C. (OAV), Friedrich M. (OAV), Friedrich R. (OAV); WEISSEE F.: Noggler B.
(OAV); WILDGERLOS: Nussbaumer S. (OAV); WINKL K.: Firber J. (OAV), Knittel A. (OAV); ZETTAL-
UNITZ/MULLWITZ K.: Lang J. (OAV)

CHARQUINI SUR: (Great-Ice, IRD, UMSA); ZONGO: (Great-Ice, IRD, UMSA)

GANGJU LA: Karma (NCHM), Tshering D. (NCHM), Tshering P. (NCHM; ptshering@nchm.gov.bt);
THANA: Tshering T. (NCHM; tsheringtashi@nchm.gov.bt), Tsheten N. (NCHM; namgaytsheten95@gmail.
com), Wangchuk N. (NCHM; wnamgay@nchm.gov.bt)

KOKANEE: Pelto B. (BCHydro, UBC; peltoglacier@gmail.com)

ALBIGNA: (VAW, GLAMOS), Kiihne R. (AWN), Soder N. (AWN); ALLALIN: Bauder A. (VAW, GLA-
MOS; bauder@vaw.baug.ethz.ch); ALPETLI (KANDER): (VAW, GLAMOS), Burgener U. (KAWA);
AMMERTEN: (VAW, GLAMOS), Hodel W.; AROLLA (BAS): (VAW, GLAMOS), Fellay F. (DWFL); BA-
SODINO: (VAW, GLAMOS), Soldati M. (SF); BIFERTEN: (VAW, GLAMOS), Klauser H.; BOVEYRE:
(VAW, GLAMOS), Stoebener P. (DWFL); BRESCIANA: (VAW, GLAMOS), Soldati M. (SF); BRUNNI:
(VAW, GLAMOS), Planzer M. (AFJ); CAMBRENA: (VAW, GLAMOS), Berchier G. (AWN); CAVAGNO-
LIL: (VAW, GLAMOS), Soldati M. (SF); CHEILLON: (VAW, GLAMOS), Bourdin O. (DWFL); CHLI (NO.
91): (VAW, GLAMOS), Brandes T. (KFA); CORBASSIERE: Bauder A. (VAW, GLAMOS; bauder@vaw.
baug.ethz.ch); CORNO: (VAW, GLAMOS), Soldati M. (SF); EIGER: (VAW, GLAMOS), Bauder A. (VAW,
GLAMOS; bauder@vaw.baug.ethz.ch), Schai R. (KAWA); EN DARREY: (VAW, GLAMOS), Bourdin O.
(DWFL); FINDELEN: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); FORNO:
(VAW, GLAMOS), Nyfeler R. (AWN); GAMCHI: (VAW, GLAMOS), Schenk M. (KAWA); GIETRO:
Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); GLAERNISCH: (VAW, GLAMOS), Klauser H.;
GORNER: Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); GRAND DESERT: (VAW, GLAM-
0OS), Bourban F. (DWFL); GRIES: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch);
GRIESS (KLAUSEN): (VAW, GLAMOS), Annen B. (AFJ); GROSSER ALETSCH: (GLAMOS), Bauder
A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); HINTERSULZFIRN: (VAW, GLAMOS), Philippi N.
(WN); HOHLAUB: Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); KALTWASSER: (VAW,
GLAMOS), Schmidhalter M. (DWFL); KEHLEN: (VAW, GLAMOS), Planzer R. (AFJ); LAVAZ: (VAW,
GLAMOS), Brunner L. (AWN); LIMMERN: (VAW, GLAMOS), Steinegger U. (steinegger@meteodat.
ch); LISCHANA: (VAW, GLAMOS), Renz G. (AWN); MOIRY: (VAW, GLAMOS), Fellay F. (DWFL);
MORTERATSCH, VADRET DA: (VAW, GLAMOS), Godly G. (AWN); MUTT: Bauder A. (VAW, GLA-
MOS; bauder@vaw.baug.ethz.ch); OBERAAR: Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.

ch); OBERER GRINDELWALD: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch);
PALUE: (VAW, GLAMOS), Berchier G. (AWN); PANEYROSSE: (VAW, GLAMOS), Desarzens J. (FFN);
PARADIES: (VAW, GLAMOS), Fisler C. (AWN); PARADISINO (CAMPO): (VAW, GLAMOS), Berchier
G. (AWN); PIZOL: (VAW, GLAMOS), Brandes T. (KFA); PLATTALVA: (VAW, GLAMOS), Steinegger U.
(steinegger@meteodat.ch); PORCHABELLA: (VAW, GLAMOS), Bieler C. (AWN), Castelberg I. (AWN);
RAETZLI (PLAINE MORTE): (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch);
RHONE: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); RIED: (VAW, GLAM-
0S), Rovina P. (DWFL); SALEINA: (VAW, GLAMOS), Stoebener P. (DWL, DWFL); SANKT ANNA:
(VAW, GLAMOS), Eggimann L. (AFJ); SARDONA: (VAW, GLAMOS), Brandes T. (KFA); SCALETTA:
(VAW, GLAMOS), Teufen B.; SCHWARZBERG: Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.
ch); SEEWJINEN: Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); SESVENNA: (VAW, GLA-
MOS), Renz G. (AWN); SEX ROUGE: (VAW, GLAMOS), Binggeli J.; SILVRETTA: (GLAMOS), Bauder
A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); STEIN: (VAW, GLAMOS), Rohrer D. (KAWA); TIATS-
CHA: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.ch); TIEFEN: (VAW, GLAMOS),
Eggimann L. (AFJ); TORTIN GLACIER DE (MONT FORT): (VAW, GLAMOS), Bourban F. (DWFL);
TRIENT: (VAW, GLAMOS), Ehinger J.; TRIFT (GADMEN): (GLAMOS), Bauder A. (VAW, GLAM-

OS; bauder@vaw.baug.ethz.ch); TSANFLEURON: (VAW, GLAMOS), Fellay F. (DWFL); TSCHIERVA:
(VAW, GLAMOS), Godly G. (AWN); TSEUDET: (VAW, GLAMOS), Stoebener P. (DWFL); TSIDJIORE
NOUVE: (VAW, GLAMOS), Fellay F. (DWFL); UNTERAAR: Bauder A. (VAW, GLAMOS; bauder@vaw.
baug.ethz.ch);
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UNTERER GRINDELWALD: (GLAMOS), Bauder A. (VAW, GLAMOS; bauder@vaw.baug.ethz.

ch); VALLEGGIA: (VAW, GLAMOS), Soldati M. (SF); VALSOREY: (VAW, GLAMOS), Stoebener P.
(DWFL); VORAB: (VAW, GLAMOS), Deflorin R. (AWN); WALLENBUR: (VAW, GLAMOS), Klager P.
(AFJ); ZINAL: (VAW, GLAMOS), Chevalier G. (DWL)

PARLUNG NO. 94: Li S. (CAS/ITPR; shenghailil984@gmail.com), Yang W. (CAS/ITPR); URUMQI
GLACIER NO. 1: Mu J. (CAREERI-TGS); URUMQI GLACIER NO. 1 E-BRANCH: Mu J. (CA-
REERI-TGS); URUMQI GLACIER NO. 1 W-BRANCH: Mu J. (CAREERI-TGS)

CONEJERAS: Ceballos Liévano J. (IDEAM; jceballos@ideam.gov.co), Nocua Ruge Y. (IDEAM), Ospina
A. (IDEAM)

MALADETA: Cobos Campos G. (UPV; gcobosc@trr.upv.es)

ARGENTIERE: Six D. (IGE; delphine.six@univ-grenoble-alpes.fr), Vincent C. (IGE; christian.vincent@)
univ-grenoble-alpes.fr); BLANC: Bonnefoy M. (IGE), Thibert E. (IGE; emmanuel.thibert@inrae.fr);
BOSSONS: Six D. (IGE; delphine.six@univ-grenoble-alpes.fr), Vincent C. (IGE; christian.vincent(@
univ-grenoble-alpes.fr); GEBROULAZ: Six D. (IGE; delphine.six@univ-grenoble-alpes.fr), Vincent C.
(IGE; christian.vincent@univ-grenoble-alpes.fr); MER DE GLACE: Six D. (IGE; delphine.six@
univ-grenoble-alpes.fr), Vincent C. (IGE; christian.vincent@univ-grenoble-alpes.fr); OSSOUE: René P.
(AM; asso.moraine@wanadoo.fr); SAINT SORLIN: Six D. (IGE; delphine.six@univ-grenoble-alpes.fr),
Vincent C. (IGE; christian.vincent@univ-grenoble-alpes.fr)

BLAGNIPUJOKULL: Gislason P. (IGS-IMO); BREIDAMJOKULL E. A.: Gudmundsson S. (IGS-IMO);
BREIDAMJOKULL E. B.: Gudmundsson S. (IGS-IMO); BREIDAMJOKULL W. A.: Gudmundsson S.
(IGS-IMO); BROKARJOKULL: Palsson B. (IGS-IMO); DEILDARDALSJOKULL: Brynjélfsson S. (IGS-
IMO); FALLJOKULL: borlaksdéttir S. (IGS-IMO); FJALLSJOKULL BY BREIDAMERKURFJALL.:
Gudmundsson S. (IGS-IMO); FJALLSJOKULL BY GAMLASEL: Gudmundsson S. (IGS-IMO); FLAA-
JOKULL: Palsson B. (IGS-IMO); FLAAJOKULL E 148: Palsson B. (IGS-IMO); GEITLANDSJOKULL:
Kristinsson B. (IGS-IMO); GLJUFURARJOKULL: Hjartarson A. (IGS-IMO); HAGAFELLSJOKULL E:
Sigurdsson E. (IGS-IMO); HAGAFELLSJOKULL W: Sigurdsson E. (IGS-IMO); HEINABERGSJOKULL
H: Skirnisdéttir H. (IGS-IMO); HRUTARJOKULL: Gudmundsson S. (IGS-IMO); HYRNINGSJOKULL:
Haraldsson H. (IGS-IMO); JOKULKROKUR: Eypoérsdéttir K. 