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Abstract. G| aci er s, distinct from the Greenland and Antarctic ice sheets, play a c
affecting global sea levels, regional freshwater availability, nutrient and energy budgets, and local geohazards. Past

assessments of regiortalglobal glacier mass changes were limited in spatial coverage, temporal resolution, and/or temporal

coverage. Here, we present a new observdiased dataset of glacier mass changes with global coverage and annual

resolution froml976 1020232024 Weusedisegeostatistical modelling for the temporal downscaling of decadal ghadier

elevation change estimates derived from satellite and airborne geodeticwitataglaciological annualfieldin-situ

observations. In more detail, we spatiallyerpolatethterpolatethe annual massalance anomalies from sparsesitu

observations andalibratedalibratethem to glaciewide longterm trends fromgeedetielevation chang@bservations,

available for individual glaciers for varying time periods and with global glacier coverage from 2000 to 2019. We then

extrapelatedxtrapolatethe results to yearly time series starting between 1915 and 1976 depending on the regional data

availability and extending t60232024 The time series are calculated separately for each of the
aggregated to regional and global estimates of annual glacier mass cl&ingesl976, global glaciers halast 8795+

7389179 + 621Gt (183187 + 20 Gt per year) of water, contributing 2425.3 + 1.7 mm (0.5 + 0.2 mm per year) to global [Formaned: English (United Kingdom) ]
mean sedevel rise 46About41% (~10 mm)of this loss occurred in the last decagéh 76% (~1.75 mm) occurring in 2023

alone, the recorireaking year of glacier los#é/e review the strengths and limitations of our new datasetiate andliscuss
related uncertainty estimates in a le@ve/blockout cross validation exercise, and compare our results to earlier assessments.
The dataset is available from the World Glacier Monitoring Serfd¢@&MS): The final data set will be made available with
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DOI from WGMS upon publication of the artielet: https://doi.org/10.5904/wgmsice- 202502, During the review process, [ Formatted: English (United Kingdom)

the dataset is temporarily available from URIips://user.geo.uzh.ch/idussa/Dussaillant_etal ESSD, data/ [Formaned: Font: +Body (Times New Roman)

1 Introduction

Glacier monitoring hasvolved fassince its beginning in thiate 19th century with in situand remotely senseadchniques

allowing to observe detailed changes in area, elevation, volume andinfassonly forsingle glaciersind recentlyentire

regions and thevorld (Zemp et al., 2015a; Thomson et al., 2021; Berthier et al., 2023je-one-hand; in-situ, glaciological
observationsprovide extremely valuableinformation on the annualo-seasonal temporal variability of glacier changes
reflecting the impact of atmospheric conditiowbich can be correlated over several hundred kilometé@&strem and
Brugman, 1991; Oerlemans, 2001; Kaser et al., 2003; Cogley et al., 2011; Braithwaite and Hughes, 2020; Fernandez and
SomosValenzuela, 2022)At presentandthanks to the coordination of the World Glacier Monitoring Service (WGMS) and

its global network of contributorgylaciological insitu observationgxist innearly allglacierized regions of the Randolph
Glacier Inventory(RGlI, Pfeffer et al., 2014; RGI Consortium, 201R)ost glaciershave beercontinuously monitored for

periods longer than 10 yeamsith some of the earliest observations reaching back until the 2atly century While
irreplaceable, one major limitation of the glaciological method lies in the logistical hurdles of maintaining contindous fiel
campaigns. At present-gitu observations are limited to approximately 500 glaciers worldwide, representing less than 0.2%
of the wor | do@®EGMS| 2024) Secordly, it is challenging to represent the comptessbalancepatternwith

individual in-situ point measurements such that potential sampling biases can accumulate in time when interpolating to glacier
wide estimates. For this reason, glaciological observations often require reanalysis and calibration with glacier elevation
change rates obtained from higksolution geodetic survey3hibert et al., 2008; Thibert and Vincent, 2009; Zemp et al.,
2013)

The geodetic or digital elevation model (DEM) differencing method is powerful at providing glacier elevation change
observations with high accuracy over large glacierized areas and long periods @htittr@nnual to decadaCogley et al.,

2011) DEM differencing was initially applied to individual glaciers with DEMs derived from n{dpsrg and Zemp, 2014)
andaerial photograph@-insterwalder, 1954; Thibert et al., 2008; Papasodoro et al., 2015; Belart et al, bl201@)s now
evolved to include data from airborne LidégEchelmeyer et al., 1996; Abermann et al., 208@jceborne altimetrfdakob

and Gourmelen, 2023; Menounos et al., 2G4 satellite derived DEMsom multiple sensoréToutin, 2001; Berthier et al.,
2023) Recent advances postprocessing techniqug®olstad et al., 2009; Nuth and K&ab, 2011; McNabb et al., 2019;
Hugonnet et al., 20223upercomputing capabilities and automated processing pip&iihean et al., 2016; Girod et al., 2017;
Rupnik et al., 2017have further enhanced this methodology enabling its application over entire mountainBange al.,

2017; Braun et al., 2019; Dussaillant et al., 2019; Shean et al., 20@@¢cently, globallfHugonnet et al., 2021The major

limitations of the geodetic method lie firstly on the relatively short period since corresponding spaceborne sensafis operate
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general after 2000), sensor related issues (e.g., radar signal penetration into snow and ice) and, importantly, aty the inabil
capture the annual variability of glacier mass changes due to a low-ggna@ike ratio of the elevation changes and the high
uncertainties of the volura®-mass conversion for periods shorter than five ygduss, 2013)

Glacier change observations using glaciological measurements and the geodetic method therefore complement each other by

providing different types of informatiorZemp et al(2019)was the firststudyto combine the annual variability from the
glaciological observations with the loitgrm trends of the geodetic methadorderto estimate annual mass changes for all

19 RGI glacier regions from 1978)16. Their global estimate was hampered by the limited geodetic observational sample

available at the time of the study ( onlrtinti@s%hedHiigobetetaln 6s gl aci ers by

(2021)global assessment now fills this observational gap by leveraging the repeated acquisitions and global coverage of the
Advanced Spaceborne and Thermal Emission and Reflection (ASTER) satellite optical stere¢Raages al., 2000Y heir
assessment provides individual glacier elevation change rates for nearly all glaciers worldwide (97.4% of RGI inventoried
glacier area) from 2000 to 2019.

In this study, we provide a global observatimmsed assessmesitannuallyreselvem estimateannualglacier mass changes
at a glaciesspecific levelby geostatistical modellingfeasible thanks to the now almost complete coverage with glacier

elevation change observations in the latest version of the Fluctuations of Glaciers (FoG) qat&ddSe 2024) To achieve
this we use glaciological observations from approximately 500 gla€i®% ©f the world's glaciedsstarting between 1915
and 1976and glacietwide geodetic observations from approximately.200glaciers(96% of the world's glaciersovering
a 96% of world'glaciated surfagestarting in the 19406Table 1 and Fig.)1 The DEM differencingobservations used here
include the multiple local and regionsétellite and airborngeodetic glacier change assessmémt$80.000(14%) glaciers
plus the20-year estimatefrom Hugonnet et al. (202Hvailable for205.000(95%) glaciersin the FoG databas8uilding
upon the methodological foundations laid out in Zemp ef24119, 2020) we further develop the approach gpatially

interpolatethe glaciological annualie!din-situ observationgndcalibrate them téhe long-term trendslerivedfrom satellite

and airbornggeodeticdataelevation changebservationsThe t i me series are calcul ated
glaciersusinggeostatistical modellingnd then aggregated to regional and global estimates of annual glacier mass changes.
Ourresults includelacier mass changes with annual temporal resolftioeach individual glacier in the RGI (with starting

date between the hydrological yed@151976(see methodsjepending on the RGI regigrgnd a global observatidrased
assessment of annual glacier mass chasiges the hydrological year 1976, made available as a global gridded product.
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2. Data and Methods
2.1 Input Datasets
2.1.1. Glacier inventories

We use the digital glacier outlines from the Randolph Glacier Invento(R&DConsortium, 2017p spatially locate glaciers,

attribute their area and assign the in sitass balanc@bservations to individual glaciers. RGI version 6.0 represents glacier

areas near the beginning of thet!Zkntury. Version 6.0 has been preferred to the more recent version 7.0 for two reasons:

first, because glacier elevation change observations are available only for version 6.0 and second, for comparisoausith previ

observation based global assessments, also using this veR€kbroutlines are available through the RGI portal (DOI:
10.7265/N5RGI-60) and the Global Land Ice Measurements from Space initiaivénitiative from the early 2000s to
improve glacier inventories using satellite dé&.IMS, DOI: 10.7265/N5V98602). Due to the high number of incorrectly
mapped glaciers in the RGI 6.0 Caucasus and Middle East region (region H)gtmnet et al2021)geodetic observations
were calculated using the latest GLIMS outlines availébielidze and Wheate, 2018)he latter inventory is also used in

this study for consistency. For the Greenland Periphery (region 5), we excluded glaciers strongly connected to the ice sheet

(RGI 6.0 connectivity level 2) similarly to Hugonnetetal. (202l spati ally constrain glac
regions, we use the 19 firstder glacier regions as defined by the RGI and illustrated in Fig. 1. Glacier regions are
implemented directly in the RGI dataset and are accessible via the same&heddcation of the glacier and region outlines

is represented in Fig. 1. The full regional hypsometric coverage is illustrated in grey bars in Fig. 1.

2.1.2 Glacier elevation and mass change observations

iers withi

We use thglacierwide annual mass change observations from the glaciological method and multiannual trends of elevation

changes deriveffom the geodetic method as available from the latest update of the Fluctuations of Glaciers database (FoG).

These glaciechange observations are collected by the WGMS in annualfoediata through a worldwide network of

national correspondents and principal investigators. After integration of the new, homogenized and corrected observations, a

new FoG database version is releasedividual glaciers with available observations are identified in the FoG database with

a WGMSId. Updated versions of the FoG database can be accessed via the WGMS online portal

(https://wgms.ch/data_databaseversipndResults presented here use version WGNKED24) accessible through:
https:Hdei.ergi10.5904 mgrfeg-2024-01 https://doi.org/10.5904/wgrA®g-202502. The almost complete observational
coverage of the latest FOG database version W@&34)is depicted irFig. 1, with the geodetic sample covering 206.554

glaciers or 96% of the worl d's gl a dVviore spscificallyin tbis studyge useh e

local and regionadatellite and airbornglacierwide DEM differencing observatiorevailablefor 29.529%laciers (14%of the

world's glacier} plus the 20-year estimatefrom Hugonnet et al. (2021gvailable for 208.20 (95%) glaciersin the FoG

databaséonly glacierwide estimates from Hugonnet et @021)calculated from elevation change grids cavgmore than

50% of the glaierareawhere ingested into the Fo@he key characteristics of glacier mass and elevation change observations
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are summarized in Table 1. For more details on the specific input data, auxiliary data, retrieval algorithms and uncertainty
estimation of the independent FoG glacier elevation and mass change observations plea¥¢@fS (2024) More details

on the glaciological method can be found in @strem and Brugr@81) Kaser et al(2003)and Zemp et al2013, 2015)

For the geodetic method and its error sources see {@028)and about measuring glacier mass changes from space, see

130

Berthier et al(2023)

Table 1: Key characteristics of glacier elevation and mass change observations used in this study as available from the

Fluctuations of Glaciers database (WGMS 2024)

Glacier elevation change

Glacier mass change

‘aQ .
Symbol = o}

Q0
Method Geodetic methad.e.DEM differencing Glaciological method
Platform In-situ, airborne, spaceborne In-situ

Glacierwide average from DEMs of metel
to decameter pixel size

Worldwide (~207,000 glaciers96%9
covering a 96% of world's glaciatedea

Spatial resolution

Spatial coverage

Glacierwide average from
interpolated poinmeasurements

Worldwide 500 glaciers0.2%

Temporal resolution Multi-annual to decadal

From1940s(start datesary by region)

Temporal coverage !
p g until present

Seasonal to annual

From19151976 6tart datesary by region)
until present

Unit meter (ma'l)

meter water equivalent (m w.a?)

Required uncertainty* 2 mdecadé

*(GCOS, 2022)

0.2mw.e.a?t
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Figure 1: Spatial and hypsometric coverage of glaciological and geodetic observations for each of the 19-firster regions. Glacier
hypsometry from RGI 6.0 (greyg overlaid(and almost hiddenyith glacier hypsometry of the geodetic elevation changes (Geo, blue) and
the glaciological (Glac, red) sampkegailable from the FoG database WGMS (2024)ues for the glacier area and number (N) of glaciers
are given for each region together with the respective percentage area covered, the number of observed and unobsefMedrnysasier
Grey circles overlayed in the map represent the regional glaciated laeesaumber ofisedglacier anomaliess noted per region.

* Tielidze and Wheaté2018)inventory available from GLIMS

** Glaciers strongly connected to the ice skeeetuded

2.2 Methods

To prepare the data for the main processing, glatiée records with available mass and elevation change observations
identified by a WGMSd are selected from the FoG database and related to their corresponding RGI outline identifier (RGIId)
using a linkup table. We exclude geodetic records with survey periods shorter than five years in view of their large uncertainty
for the volumeto-mass changeonversion (Huss, 2013For simplicity, throughout this work hydrological years are
represented as the last year of the hydrological cycle (e.g. 1976) starting srQti@ler to 3t September in the Northern
Hemisphere, rad from F' April of the previous year (e.g. 1975) tos8March of the year (e.g. 1976) in the Southern
Hemisphere. For the Low Latitudes region, we assume the hydrological year to be equal to the calendar yéaarfitgany1

to 31! December.

Our processing algorithm is summarizedhreekey stepsFig-2)., described in the following sections andFiy. 2. First,

focusing on a specific glacier in the R&I0 inventorywe estimate the detrended temporal variability of annual mass change
for the glacier, referred here as the glacier maamualmassbalanceanomaly usingthe interannual variability of nearby
glaciological time seriesSection 2.2.1 anfig. 23). Secondly, we calibrate theean annual magslance anomaljo the
long-term trends from the geodetic sample available for the respective glaeigf 2.2.2 anBig. 2v). Third, we integrate

all these calibrated time series into a single,-are@hted average, producing a dédaed annual mass change time series
unique for every individual glacieF{g-—2).Section 2.2.3 anBig. ). All given uncertainties in the tables, figuresain text

and reported in the datadié¢s are at theo n elevel (68% confidence intervallunless stated otherwise.
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Figure 2: Methodological steps illustrated at Hintereisferner(Central Europe, upper row), Gulkana (Alaska, middle row) and
Mittivakat (Greenland Periphery, lower row). (a) Mean annual madsmlance anomalyblack line) and uncertaintigrey). Grey lines
correspond to the spatialfelected individual glaci@mnualmassbalance anomalies. The mean annual rhatance anomaly is calculated
with Kriging spatial correlation function. (b) Calibration of the mean annual-belasce anomaly over geodatiass balancebservations
available for each glacier (red and blue lines for negative and positive change rates, respectively). Grey lines cortiespodiditiual
calibrated time series for each geodetic mass change observatidMea(t)calibratecannualmasschangetime series (black line) and
uncertainty(grey). We note that the full time series for Hintereisferner starts in 1915, ai@gufkana in 1946for visualization purpose
plots start 1950Notations for the plots equations are defined in the text.

2.2.1 Computing themean annual masshalance anomalyfrom the neighbouring glaciological observatiors

Direct annual glaciological observatiodsare reported to the FoG database with their relative uncertajntiés meters

water equivalent (m w.e.) as:
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In cases where a glaciological series is missing an uncertainty estimate for a given year, we assume it to be equai to the me
of the annual uncertainty estimates within the series. In cases where a glaciologicabsenizEno uncertainty estimate for
the entire period, we assume it to be equal to the mean annual uncertainty for all glaciological series from glaciexg belongi
to the same region.

Fromthe individual glacieannualglaciological time seriesve estimate amdividual glacier annuaimassbalanceanomaly

as the glaciological mass change value at year Y minus the mean mass change during the reference period from 2011 and
2020. Choosing this recent reference period allows exploiting a larger glaciological sample, thus obtaining a better
representativeness of glacier temporal variabilities across all regiEnallow a threshold of at least 8 years of glaciological
observations within the 1gear reference period to calculate a glaai@mual masdalance anomalyrhis means that a glacier

needs to have at least 8 years of glaciologicaitinobservations within the 3fearreference period to calculate their annual
massbalance anomalyAt this step ve remove low confidencegylacier anomaliefrom the processing for not being

representative of their regionalass balanceariability (Table 2).\We use a total of 158 individual glacier anomalies for the

assessment.

T 6r 05 @)

Starting from a given glacier g belonging to the RGI 6.0 glacier inventory (e.g. Hintereistdufieana, Mittivakatn Fig. 2),
we use the sample oighbouringglacierannualmassbalanceanomalies to capture ttenualtemporal variability of its
changes. The mean annuadssbalanceanomaly of glacier g1  is then calculatedy kriging all glacier annuahass

balance anomalidecated near the glacier (Figa)2

LT VI B R o B )

h

Where” ; ‘Q is the spatial correlation of the annuadssbalanceanomalyandi-the-function-applying-erdinary kriging to

further belowandu the function applying ordinary kriging to

I (i.e., kriging with constant meaRykrige python packagéttps://doi.org/10.5281/zenodo.373860A/heninterpolating

with kriging, the weight between each pair of glaciers is based solely on the distance between them, using a spatal correlat

function which can be constrained from an empirical variogram. Additionally, the predicted kriging uncerta}'&ngrows
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with distance, from the measurement error of the inpigg at close distances from a measured glacier, to the signal

variability (spread of ) at distances far away from any measured glacier, where the prediction is more poorly constrained

Kriging is a core method of spatial statist{€&essie, 2015)ften coinechsthed be st | i near unbi ased interpolatord

nonparametric nature and empirical variance minimization. It emerged in mining appliqMiatieeron, 1965)and has since

become ubiquitous for spatial interpolation across many f{#lEbster and Oliver, 2007n glaciology, kriging has been for

instance used to spatially interpolate sparse ablation measurgifenksand Jensen, 1996j ice thickness measurements

(Fischer, 2009)Recently, the rise of machine learning methods has extended kriging concept to any kind of dimension through

Gaussian Process@Rasmussen and Williams, 2006}hich have also found applications in glaciology, from remote sensing

time series interpolatiofHugonnet et al., 2021 model error emulatio(Edwardset al., 2021)

We-estimatelh order to estimate the spatial correlation of the annual-tv@lasce anomaly ; ‘Q to constrain the kriging,

due

we samplecempirical variogramgor both localscale modelled annual mass balance anomgfiass and Hock, 201%nd [Formaned: English (United Kingdom)

for purelyobservational &ear anomaliefHugonnet et al., 2021), the latter validating the spatial correlation patterns observe{ Formatted: ~English (United Kingdom)

in the modeled estimates (FR). The 5year anomalies are used only to validate annual anomalies. As climatic patterns drivin Formatted: _English (United Kingdom)

correlations in regional anomalies should have a size that is largely consistent in time, we egagcarfomalies to be | Formatted: _ English (United Kingdor)

(D D W

spatially correlated at similar distagxthan annual anomalies but with a lesser amplitude due to the cancelling of positive and

negative anomalies over time. We indeed identify that both anomalies have significant spatial correlation up to 5000 km, with

asmalleramplitude for Syear anomalies (Fi@®). The empirical variograms were computed independently for each contiguous[ Formatted: English (United Kingdom)

region (High Mountain Asia, North America and South America considered larger regions) and for epehailibf 2000
2020 (annual oriByear) using up to 10,000 glaciers. In totédllvariograms sample more than 10 billion pairwise differences

between glacieannualmassbalanceanomaliessto obtain this average spatial correlation functidfe thenmodelledthe

spatial correlation in annualasshalanceanomaly’ j as a sum ofwo exponential models: Formatted: English (United Kingdom)

" 0 1 o~ 0T 00 mod p Q (4) Formatted: Font: 10 pt

A A L] La s

Formatted: Font: 10 pt

whereQis the distance between two glaciersm0-23+—i T Xi T®-+——7-0 @re the partial sills and [,:ormaned; Font: 10 pt

o U

p-rgu Raandi v Tt QU are the correlation range®ith this correlation function, we estimate that two directly
neighboring glaciers have an anno@ssbalanceanomalycorrelated aB496%, while correlated at 72% if separated by 60
km, at 51% by 250 km, at 32% by 1000 km and at 10% by 3000 km and less than 3% after 5000 km.
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anomalies witlobservational estimates based on surface elevation changes (Hugonnet et al., 2021) and for- annmﬂlreb for modelled
estimates from Huss and Hock (2@1#5€. Theformeris used as validation and the lattesing-usedor kriging in this studyfFor example,

two directly neighboring glaciers have an annual Aa$ance anomaly correlated3si®6%, while correlated at 72% if separated by 60 km,
at 51% by 250 km, at 32% by 1000 km and at 10% by 3000 km and less than 3% after Bl ldotted line)

We note that, because kriging is a fmarametric interpolation method, its prediction primarily depends on the observations,

themselves, so uncertainties in the correlation function stemming from the modelled estimates of Huss &2l Biyekve

[ Formatted: Font: Not Bold, English (United Kingdom)
[ Formatted: English (United Kingdom)
[ Formatted: English (United Kingdom)
[ Formatted: English (United Kingdom)
{ Formatted: English (United Kingdom)
‘ [ Formatted: Font: Not Bold, English (United Kingdom)
[ Formatted: English (United Kingdom)
[ Formatted: English (United Kingdom)

[ Formatted:

Font: Not Bold

o U U

little influence on our results. Furthermore, because our correlations span multiple orders of magnitudes (from 10 km to 5000

km), the choice of functional form of the correlation has been shown to have minimal impact on the pridlict@mmet et

al., 2022) To exemplify this, we compared kriging with inverdistanceweighting, a different interpolation method

altogether, and found almost equal regional estimates as those are primarily driven by the input data. Differences between

kriging and inversalistance weighting only showed at the glacieale, where kriging allows to further refine anomalies and

deriveempirical uncertainties.
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In undersampled region§Arctic Canada South, Russian Arctitsia South East, Asia South West and New Zegland
250 added complementaglacier anomalies fromeighbouringegions tocalculae the mean glacier anomalies (Tablersy. 4).
As a rule, allglaciersmean annuamassbalanceanomalies should cover at least the period between the hydrological years
from 1976 t0206232024 For glaciers witimean annual magsalance anomaliasot arriving back to 1976, the best correlated
glaciological series fromeighbouringregions (i.e. climatically similar) are used to fill in thastyears only(Table 2,grey
sections in Fig4, see metadata file, decision supported@bynp et al.2019, 2020; Braithwaite and Hughes, 2020; Fernandez
255 and Somod/alenzuela, 2022)To reduce the effect of possible climatic differences withinrteighbouringregions, the
amplitude of the complementary glacier anomalies is normalized to the amplitude of the mean glacier dmonggtlye

reference period.

Table 2: Regional overview of (i)excluded glacierannual massbalanceanomalies, (ii) complementary glacieannual massbalance
260 anomalies added in under sampled regions to calculate the meannual massbalanceanomalies, and (iii) complementaryannual
massbalanceglacier anomalies normalized and usedo fill up past years only to extend the series back in timentil at least 1976

(i) Excluded glacier (if) Complementary (iii) Complementary glacier
RGI Region annual massbalance glacier annual mass annual massbalance
anomalies balanceanomalies anomalies(Normalized)
02-Western Canada US Taku (ALA)
04-Arctic Canada South ACN anomalies
05- Greenland Periphery Meighen a?:CDS‘;VO" Ice Caps
Storbreen, Aalfotbreen and
O6lceland Rembesdalskaaka (SCA)
07-Svalbard Storglacieren (SCA)
09-Russian Arctic SJM anomalies Storglacieren (SCA)

10-North Asia Hamagury yuki (ASN)
12-Caucasus Middle East

Hintereisferner, Kesselwand

(CEU)
. Urumgi East and west

13-Central Asia branches (ASC)
14-South Asia West Ts. Tuyuksuyskiy (ASC)

. Ts. Tuyuksuyskiy, Urumaqi
15-South Asia East (ASC)
16-Low Latitudes Yanamarey Echaurren NorteJAN-02)
17-Southern AndesPatagonia  All except Martial Este Echaurren NorteSAN-02)
17-Southern Andes Central Al excilp;r'tze‘:ha“”e” Echaurren NorteAN-02)
18-New Zealand Martial Este (SANO1) Echaurren Norte3AN-02)
19-Antarctic & subantarctic Dry valley glaciers Echaurren NorteSAN-02)

14
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2.2.2. Calibrating the mean annuamb anomaly on the glacier geodetic sample

Geodetimbservations are reported to the Faédabase with their relative uncertaintieglasier wide mearates of elevation
change{) in meters during a specific period of record (PoR). Glaciers may contain multiple individual geodetic observations
for different time periods depending on the dates of the DEMs used (red and blue bar&bh Figobtain the geodetic mass
change rate, we convert elevation changes to glacier specific mass change rates in m w.e. by applying a density conversion
factorQ Yu @@ (Huss, 2013)At this step ve excludefrom the processing unpublished, and therefore
low confidence DEM differencingestimatesavailable from the FoG.

6 i aQ  3Q (5)
To calculate the uncertainty in the geodetiassbalance ratéh m w.e., ve propagate the uncertainty in the elevation change
ratedQ and the uncertainty in the density conversion fagtorconsideringhat they are uncorrelated. We justify this by
the fact that elevation change errors stem from instrument noise or spatiotemporal prediction, while density convession error
stem from modelling errors and lack of knowledge on surface conditions, whicldependent. We use reported uncertainties
for elevation change rates, ane use, @ Q@ (Huss, 2013) for the uncertainity the density conversion factor.

v R 0 & — - (6)

In a datafusion step, we calibrate tmeean annual madsmlanceanomaly ¢btained from theglaciological sample) of glacier
g to a given geodetic mass change rgieek geodetic sampléjelonging to glacierg We o b-¢ @ li in baarud dab
change time series for every geodetic observation available for gladieedkcalibratedannualmasschange time series is
then calculated as the sum of the geodetic mass change rate k emehthannual madsalance anomalgver the period of
record of the geodetic mass change ragréy lines in Fig2b). Due to the large uncertainties related to the voltwr@ass
change conversion factor over short periods of time (Huss, 2013), only geodetic obseloagierisan 5 years are considered
for calibration.

6 ri 6 mwevy Th 1T ™
The uncertainty in the-kalibratedannualmasschangetime series is then propagated from the uncertainty in the individual
geodetic mass change rates and the uncertainty in the mean-anoomely We consider these two uncertainties uncorrelated
as they originate from independent measuremeatadtely sensednd in situ) that do not share any similar error sources
(including density conversign

2.2.3. Combining the resulting time series into a mean calibrated annual maskange time series

The mean calibrated annual ma$snge of glacier g (FigcRis finally calculated as the weighted mean of the K available k

calibratedannualmasschangeime series (K is equal to the number of geodetic observations longer than 5 years available for

15
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the glacier). Two different weights are applied: First, a wénightelative to the uncertainty in the geodetic mass change

(w o ), where the lcalibratedannualmasschangetime series are weighted to the inverse of that squared uncertainty.

And second, a weight relative to the time lag of trmakbrated masshange time serigsy ) in number of years to the initial
(yo) and final (y) years of theperiod of recorabf thek-geodetic rate. Here, the point is to give more weight to a time series
calibrated to a geodetic observation that is temporally close to the given geedietitof record

B FR O o]

. fi fi
O fn ®

Where,w
fih

and,® - o phd & wo @ «hd o ® &hd «,n pto givetemporally distantyears a

moderateveight

For later error propagation, we separate the three sources of errors for elevation change, density conversion and anomaly
calculation given that those are largely independent between themselves, as previously justified, but have different scales of
spatial correlationslo propagate uncertainties to the mean calibratetlal masshangetime serie® j, we consider

that each source is entirely correlated with itself during the averaging of the different calibratedréesiesjustified because

there is a single density conversion and anomaly estimation referring to a same period and glacier, whichethastlytive
sameerrors. For elevation changes, there are sometimes multiple estimations referring to a same glacier, but that often share
errors from similar instruments (e.g., ASTER) or estimation methods, and so we conservatively assume that their errors are
fully correlated. Based on previous equations, we separate error propagation for elevation change, density conversion and
anomalycalculation

” h Rh -B ” R :)"Q (9)

»n h Rh -B ” O,QQH (10)

»h rr B . (1D

And the total uncertainty in theean calibrated annual madsangeime series for a certain glacier is:

.0 ” A Rh » R Rp (12)

=
B
EQ

R ”

2.2.4. Integrating glacier mass changes into larger regions

Every glacier with available geodetic observations has a+oaléirated annual mass change (approximately 207.000 glaciers
covering 96% of the world's glaciated aré)e remaining unobserved glaci€i@ () are assumed to behave as the regional

mean of the observed sample. Thdividual glacier meawalibrated annual mass change time series can be integrated into

16



320 any larger region R containing multiple glacieéfhe regionspecificcalibrated masbalance(i.e. grid cell or glacier region)
6 atyear®and in regionYis calculated as the area weighted mean of the individual calibrateebalassetime series of
the sample of observed glaciers belonging to region R (or the specific grid point R for the gridded pro@iiyt, Fig

6 fp h::) (13
To derive the uncertainty in the regispecific calibratednassbalancewe need to account for spatial correlations between
325 the uncertainties of paglaciermeancalibratedannualmasschangelndeed our three error sources, elevation change, density
conversion angnean annual madslance anomalgalculation are significantly correlated spatialllyor elevation change,
we use the spatial correlation in elevation change &rrofQ estimated irHugonnet et al(2021) as it is the main data
source in the FOG database. These spatially correlated elevation errors are largely due to instrument noise and temporal

interpolation to match an exact period of estimation.

330 »0 R AR —B B " Q R a3 A RoR a3 A hoR D 06 (14
whereQ j is the distance between glaciels, is the area of glaciéf ando B 0 isthe regional glacier area.
For density conversion, we use the spatial correlation in density conversioh ei@estimatedy-Huss-et-ak-{in « [ Formatted: ~Left

preparationpased oHugonnet et al(2022)and Hus=t al.(in prep). These spatially correlated density errors are due to
large local and regional variations in precipitation and firn densification, resulting in spatially correlated errorg from th
335 average value.

ué h wR —B B 7 Q h a3 h "R a3 h § R D 20 (15)
Formean annual madsalance anomaliesve assume that errors to the real values are completely correlated at regional scales,
and thus propagated as:

»OR AR —B .0 AR 200 (16)
340 Finally, following the assumption that correlation between sources has a negligible impact compared to the spatial correlation

of errors within the same sourage combine all sources of error propagated at the regimade as independent:
"0 o RR 17

The regional mass change in Gt of water is then obtained by multiplying the

” o ﬁ ﬁ ” 0 F] F‘ F‘ ” 0 F] F‘ ﬁ
point) glacierized aredY, corrected to the year 20Q&ing thearea changeates updated from Zemp et §2019) We

345 propagate the uncertainty in the specific regional mass change, the uncertainty in the regional area (Paul et al.ft#915) and
uncertainty in the area changssuminghem uncorrelated. Errors in the area stem mostly from remote sensing delineation
errors, while errors in area change stem from a lack of 4tautporal outlines to constrain area change. They are largely

uncorrelated with error sources described alfovelevation change, glaciological measurements and anomalies. However,
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elevation change estimates usually already consider errors in area at the scale of each glacier, so we might congervatively b
double counting these.

YW g 650 WY (18
e i Y &
o Y0k n — 5

Where— v b(Paul et al., 20153nd yy— is updated from Zemp et al. (2019).

The global annual (Y) and cumulative mass change (in Gt) and sea level equivasmt given period of recornd finally

calculated as the sum of thegional mass change, assuming that the regional mass loss uncertainties are independent and
uncorrelated between every regidio simplify the combination of annual values into long term trends or cumulative annual
values, we assume the yearly uncertainty to be independent of other years. This is true for glaciological measurement, having
an independent uncertainty estimation fch individual year of the time series, but not for the elevation change
measurements, where uncertainties are correlated over the years of the survey period.

Yo 5 B Y0 i and Yo i B Y0 j (20)
»Y R B .y 5 ad .,y B .y ; (1)
oo~ Y A s y i
YOO ——Dpm , and YOy ——p 1, (22
» WY R m and WY R » (23
Where"Y o @& p TQA and, ™ p TQA (Cogley, 2012)

One strength of producing pglacier mass change time series is the possibility to integrate them as-are@fe®d mean at
any given spatial resolution (i.e. regular grid, subregions, regions, basins, etc). In this study we integrate glatiangesss c
in three spatial resolutions: Regionally by the 19 R&brHer regions and globally to allow direct comparisdth previous
global observatiofased assessmentsdgmpetal. (2019)andHugonnet et a2021) Further takingadvantage otheper
glacier annual time series, we generatgabal gridded produabf annual glacier mass changes for the Copernicus Climate
Chang Service (C3Shttps://climate.copernicus.qullimate Data Store (CDS)For consistency with otheclimate

observatiordatasetge.g. C3S)we provide glacier changes at a global regular grid of 0.5° latitude longitude. For temporal

18



consistency within all regions, we exteting global time series only as far as the hydrological year 1976, in contizstrip

et al. (2019) who reached back to 196 This adjustment is due to the absence of annual observations in the Southern
Hemisphere regions prior to 1976 (evidencedeémp et al., 201%Fig. 10). Regional time series start from the date of the first
year of mass change records available for the regionTabk 5). Importantly, our fully operational approach allows

380 producing yearly updates as soon as new glacier observations are ingested into the FoG database of the WGMS.

2.2.5. Methodological progressn data fusion of glaciological and geodetic data

The specific methodological improvements on data fusion of glaciological and geodetic data of the present assessment with
respect to Zemp et gR019)are detailed in Tabla.

385 Table 3: Specific methodologicalimprovementsin data fusion of glaciological and geodetic datwith respect to Zemp et al.
(2019)

Zemp €t al. (2019) This study
Extraction of the temporal variability from the glaciological sample

Automatically selected with respect to th
By spatial clusters defined fronitand 2¢  distance to the glaciekManual removal of
order regions low confidence glaciological series from

FoG WGMS,2024 (Table 2)

Selection strategy of
glaciological time series

Combination strategy of

glaciological anomalies Variance decomposition model Kriging spatialcorrelation function
Selection of
complementary glacier B : : " :

; . : est correlated withegional time series
anomaliesfrom neighboring Selected by arbitrary expert choice (Table gz)
regions for under sampled
cases

Normalized amplitude of
the complementary glacier None
anomalies

Normalized to the amplitude of the region
series during the refence period (Table 2)

Calibration of the mean annual masshalance anomalyon the glacier geodetic sample

Removal of lowconfidenceDEM
differencingestimates from FoG
WGMS, 2024

Selection strategy oDEM All DEM differencingestimates from FoG
differencing observations WGMS, 2018 used
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Glacier anomaly calibrated over every
individual geodetic rate and then combint
by weighting mean considering geodetic
uncertainty and distance to geodetic surv

Regionalanomaly calibrated to geodetic

rates of available observations, averaged

glacier and combined with estimates for
sample without observations

Calibration strategy

period

Uncertainty estimation and validation
Time-dependent uncertainty
accounting for areachange Mean regional annual change rates Mean regional annual change rates
rates

- - - wical
Spatial correlation of Assumingno correlation for samples large ) Spatialcorrelation follovvinqs
uncertainties than 50 glaciers :

an empirical functiobased orHugonnet et
al, (2022) and Huset al.(in prep)
Leaveoneoutandleaveblock-out aoss
Validation of results Comparison with estimates in IPCC ARt validationover independent referenaad
benchmarlglacier time series

Special cases

Subdivided into two RGI® order regions,

due to the scarcity of glaciological time
series in the Southern Andes region and

Considered as a whole better account for the distinct climatic
conditions of the Central and Patagonia

Andes(Garreaud, 2009; Garreaud et al.

2013)
Past period (1978000) normalized with
None respect to present period amplitude due
suspicious values.

Special treatment in the
Southern Andes region 17

Correction of Echaurren
Norte glaciological time series

2.2.6. Description of thedatasets

Thedatasetsre described iffable4. The main dataset, Dataset 1, correspondsdividual glacier annual mass change

390 time seriegrovidedin .csv filesby RGI first order regions. Glaciers are identified by their RGIId, centroid latitude and
centroid longitude corresponding to the RGI60 glacier ougg@metry For Dataset 1the start of the timseries is region
dependentorresponds to théate of the first year of mass change records available for the r&geoalso providdor
every region and on a glaciby-glacier basis a .csv file with additional metadata informadizsha READMEThe second
Datase® stands as by-product from Dataset 1t corresponds to an integration of the individual glacier timeseries

395 global grid of 0.5° latitude longitud®e chose this resolution and a netCDF file format to make the glacier change product
consistent and easily usable by other climate observation datasets (e.g. C3S). To ensure global completeness of annual
glacier mass changes, this dataset spans the gind 976 t020232024
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400 Table 4. Details of the annual glacier mass change output datasets

Dataset 1

Dataset 2

Dataset name

Individual glacier annual mass change time
series

Global gridded annual glacier mass changes

Dataset access

During review process:
https://user.geo.uzh.ch/idussa/Dussaillant_etal
SSD_datahndividual_glacier_annual_mass_cha
ge_time_series/

Upon publication:
https://doi.org/10.5908ussaillant et alYYYY -
MM-DD

During review process:

https://user.geo.uzh.ch/idussa/Dussaillant_etal

SD_datadlobal_gridded annual_glacier_mass_c

anges/

Upon publication:
https://doi.org/10.5908ussaillant et alYYYY -
MM-DD

File format

Comma delimited file (.csv)
One file per RGI order Region

NetCDF (.nc)
One file per hydrological year
And one file with allhydrological yeas

Data format

Columns:

RGIId: Glacieridentifier from RGI60 (value of
GLIMS_ID for Caucasus region 12)nob_gla
for unobserved glaciers.

CenLat: Glaciercentroid Latitude extracted fron
the RGI60 glacier outline geometifGLIMS
outlines for Caucasus region 12)

CenLon: Glaciercentroid Longitude extracted
from the RGI60 glacier outline geometry.
(GLIMS outlines for Caucasus region 12)
YYYY: Hydrological year named dast year of
the hydrological cycle

Variable: glacier change time series and
uncertainty in m w.e.

Variables :

Glacier change (Gt)

Glacier change uncertainty (Gt)
Glacier change (m w.e.)

Glacier change uncertainty (m w.e.)
Glacier area per grid point (Kn

Dimensions:
Time
Latitude
Longitude

Grid point naming convention Latitude,
longitude at the middle dhe grid point

Data file
names

Mean calibrated annual masschange time
series:
RRR_gla MEAN-CAL-masschangeseries.csv

Elevation changeerror: (0 n elevel):
RRR_ gla_mearalmasschange DH-
ERRORcsv

Mean annual massbalance anomalyerror =

(0 n eleval):
RRR_gla_meaitatmasschange ANOM-
ERRORcsv

Density conversion errok (0 n elevel).
RRR_ gla_mearatmasschangeRHO-

 ERRORcsv
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Mean calibrated annual masschange time
series and total error:
globatgriddedannualglaciermasschange
YYYY.nc

One file per hydrological year YYYYhamed as
last year of the hydrological cycle

[ Formatted Table



https://user.geo.uzh.ch/idussa/Dussaillant_etal_ESSD_data/
https://user.geo.uzh.ch/idussa/Dussaillant_etal_ESSD_data/
https://user.geo.uzh.ch/idussa/Dussaillant_etal_ESSD_data/
https://user.geo.uzh.ch/idussa/Dussaillant_etal_ESSD_data/
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Mean calibratedannual masschangetotal
error: (o n elevel)

RRR_ gla_meatatmasschange TOTAL-
ERRORcsv

Metadata:
RRR_RGI-regionlong-name metadata.csv
README_metadataxt

One file per RGI order region, where RRR
corresponds to the R&égion coderRGI-region

long-nameto the RGI first order region long
name

ExceptionRGI-regionlong-namefor Southern

Andes related to the RGI secoendierregion:

SAN-01 as SouthernAndesPatagonia, and SAM

02 SouthernAndesCentral

Spatial

Global Global
Coverage
Spatlal_ Individual glaciers 0.5° (latitude- longitude) regular grid
resolution
Temporal Time series startg hydrological year is region
cove?a o dependent (seBable5) until hydrological year  Hydrological years fron1976 t020232024
9 2022024
Temporal . .
resolution Annual, hydrological year Annual, hydrological year
Conventions  n/a NetCDF convention CH..8
Geographic Coordinate SysteWGS 841 Geographic Coordinate SysteWGS 841
Projection  EpsGi4326 EPSG:4326
Projection Centroid of glacier geometiRGI60, GLIMS Centroid ofgrid point
identifier outlines for Caucasysegion 12)
4. Results

4.1 Global glacier mass changes

Our results provide reviseglobal annualglobal glacier mass changes extending back to the hydrological year(a9aéal

regional glacier mass changes further back in tieeending on the regipmt various spatial levels: pgtacier (Fig.6i),
regional and on a global scale (Fg5 and6, Table5). Globally, glaciers have l08#95+7389179+ 621 Gt of water (or
183187 + 20 Gt year'), contributing t02425.3 + 1.7mm of sea level rise since 197Z&About41% of the total loss, equivalent
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to 10 mm of sea level riseccurredduring the last decade froB®14-202301520240nly (Table5). The strong acceleration
of global glacier mass losséwidentoverthe last years of observationgherefive (2019, 2020, 2022, 2023 and 2024t of

410 the last six years present thieongest global glacier mass l@sger recordedexceethg 430 Gt/yr(or 1.2 mm/yrof sea level

rise contribution), and theecordyear2023at 540 + 69 Gt of water During 2023alone, glacier mass loss walsout80 Gt

larger than any other year on recordrrespondindo 6% of the total loss since 1975/76. In ofilys one year, glacier melt

rosesealevels by 15+ 0.2 mm [ Formatted: ~English (United States)
415
Regionally,mean-ice-thicknesglacier masgosses ire023 rangdrom -0.53 m w.e. in the less impacted regions to up3te« Formatted: SpaceBefore: O pt, After: 0 pt, Border: Top:
. . . . No border), Bottom: (No border), Left: (No border), Right:
2.6+ 0.6 mw.e.in Western North Americadigher-than-averagstrongglacier mass losgasrates(lower than-1.0 m w.e) ENO border; Between(: (No bordlr) ( ) Rig

werealsoreported inAlaska;Central EuropgAlaska New Zealandthe Southern Andestigh-Meuntain-Asialceland and [Formatted: English (United Kingdom)

Scandinavialn 2024, it was Scandinavia (2.3 + 0.4 m w.e.) and NewZealandSvalbard(1.6 + 0.3 m w.e.) glacierghat
420 suffered the most, followed Hire Russian ArcticWestern North America\New Zealand, Southern Andé&nuthAsia East,
Low Latitudes Central Europe and Asia NoriVith strongmass lossates lower thanrl.0 m w.e Noteworthyfour-out-of- the
lastfiveyearsrecordedthe-highest-global glaciermass-inrecorded-history,-20@2and 2023asand 2024arethe first-and

consecutiveyears where all 19 glacier regions experieneedverage madess.

A [ Formatted: Font: Not Bold, Font color: Auto
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430

Figure 4: Specific annual mass change time series for the 19 regiongth Southern Andes separated by @ order regions, with
respective uncertaintiesThesize of the circle ithe pie charts represents the mass lost (in Gt) by region and the globe since the hydrological
year 1976Colouredsections represent the mass lost during the last decadE2614202220152024). Heat maps represent regional and
global glacier mass changes in m w.e. for every hydrological year over the common period from2:2Z8184 Global results from

1976 t020232024 are representegoth-as-specific-mass-change{(bars-and-heat-may umulative mass changes in}(Gthe global

heat map stretches from +500. Regional time series start from the date of the first year of mass change records aGggtsdections

show the periods wheennualmassbalance anomalies from neighbouring regions are used to capture the temporal variability.
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435 4.2 Regional glacier mass changes

1000 - - Alaska
10- -2 —— Western Canada and USA
Arctic Canada North

(mw.e.)

= 500~ —— Arctic Canada South
g’ 2 ‘é ------- Greenland Periphery
£ S 0 0 é - Iceland
5 5 = -+ Svalbard and Jan Mayen
n 5 -500- Qe Scandinavia
% n -2 '>“ === Russian Arctic
E E ~1000- g_ Asia North
% ° 2 —-== Central Europe
> _ o Caucasus
§ g 1800 ¢ 3 - Asia Central
] E g Asia South West
E 3 —2000- 6 w --=+ Asia South East
= Low Latitudes
E —2500- — — Southern Andes
Is] (2023)* — — New Zealand
; i i i i ~3000 — -8795¢t | 24.3 mm__ -3 Antarctic and Subantarctic
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020 m— Global mean
Year Year
1000-
10-
-=2
500 - —— Alask
—— West
Arctiv
0 0 —— Arctis

+ Gree
Icela
Svalt
Scan
Russ

-500 -

Cumulative mass change (Gt)
Sea-level equivalent (mm)
1
1

Cumulative specific mass change (m w.e.)

—1000- Asia
—=- Cent
~ -4 Cauc
—1500 o cia
=== Asia
_ B —- Asia
2000 -6 Low |
— — Soutl
—2500- — — New
(2024)* Anta
-9179 at -8 = Glob:
T v r T v —3000 T T v T T
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Year Year

27



440

445

450

455

Figure 5: Cumulative regional glacier mass changes from hydrological year 1976 to present for therggions.Specific mass changes

in m w.e. indicate the mean height of the water layer lost over a given glacier surface, large negative values suggesieregipaciers

have suffered the most. By multiplying by the regional glacier area fwknobtain the masshange in Gt of water. Cumulative glacier

mass changes in Gt correspond to the volume of water lost¥(ivlem= 1 Gt) and are related to the regional contributions to global mean
sealevel rise in mm.

Since year 200@ll glacier regions have lost i€Eig. 5). Alaska, Western Canada US, Svalbard, Russian Arctic, North Asia,
Caucasus, Central Asia, Asia East, Southern Andes, New Zealand and Antarctica have experienced increased mass loss during
the last decade2p14-20232015-2024 compared to the full period since 197xtremely negative regional decadal rates
reachingdewrower thanto -1.2 m w.e. yr* are observed in Alaska, Western North America and Central Europe during the
last decade. Recotsteaking annual rates (more negative #aB m w.e.) occurred in Western North America (2023), Iceland
(2010), the Central Andes (1999, 2018) &&htral Europe, the latter experiencing in 2022 the most negative regional mass
balancesver recorde@t-3.1 m w.eMass lossekarger than 100 Gaf waterin a single year are presentdnly in Antarctica

(2023) and Alaska (twelve years in total, five of them during the last decade) with two regional yearly record mass 6ss of 17
+52 Gt and B3 + 48 Gt in 2004 and 2019 respectively.

Table 5: Annual rates of regional glacier mass changes in Gt and m w.e. from 19762623024 and the last decade fron20142015
to 20232024. Mean area is calculated from the annual changes in area estimated with change rates updated from Zemp et al. (2019).

Mass change rate
Mean Mass change rate (Gt yr) (m w.e. yr)
(i:ﬁ% Start year Last decade Last decade
RGI Region 1976 1976 2014 1976 2014
Numberlong name (code) 2022024 2023024 2023015 20232024 2022015
2024 2024
-57.8= -104.7 £
01-Alaska (ALA) 90,507 | 1946 528582+ | 4821085+ | 08867+ | 12726+
05761 0.5861
55.5 50.5
-16517.1+ -0.5456 + -12126 +
02-Western Canada USWNA) 15,045 1946 -78.0+8.5 787 056 056
03-Arctic Canada North -1942 + -3233.7 + -0.18 £ -0.3233+
(ACNCAN) 105,119 1960 2087 2064 02120 020
] 2257+ 042+
04-Arctic Canada South(ACS) | 40,892 1960 -172+10.1 1040 02825 -0.56+ 0.5
. 176+ 301329+ 022 04044 +
05-Greenland Periphery (GRL) | 89,978 1960 22180+ 21.8 1653 02724 021
-059+ -0.6260 =
06-Iceland (ISL) 11,080 1949 -64+38 -642+24 03433 023
-91+9510.0 196+ 02730+ 05975+
07-Svalbard (SJM) 34,205 1946 103 010004 02930 02528
L -0.2631 + -04457 +
08-Scandinavia(SCA) 2,969 1946 -089+101 -126+1.0 03736 03435
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09-Russian Arctic (RUA) 51,065 | 1946 | °° i_llsé.i% 5?353 + '%%36313%1 '%ﬁ%ii
10-North Asia (ASN) 2,529 1957 11409 19408 '%f‘;égii -0.012%2 *
11-Central Europe (CEU) 2,159 1915 1107 | -223:05 '%fr’::éi '%i%jgi
(1(2:—ACUa)ucasus Middle East 1317 1953 03404 098+ 04 %24%2?;1 %lszz%gi
13-Central Asia (ASC) 49,742 | 1957 '11%%1%* 1_3‘1?%5 * '0'5%1 * '%ii%gi
14-South Asia WestASW) 33849 | 1057 | Bsex116 | OO oo '%%i '%ﬁ%ii
15-South Asia Eas(ASE) 14,877 | 1957 | -7.4+4.85.0 | -879.5+ 345 | -0.50+ 033 '%224%?
16-Low Latitudes (TRP) 2,335 1976 0.6+15 | -089+089 '0'3_862—5 * '%fé%éi
17-Southern Andes Patagonia 25 863 -1735+ -24.27.3+ 7+ -0.6768 + -1.09+ 099
(SA2) : 1976 1375 8.1.9 05352 +03231
(l;;\sjguthern Andes Central 3,978 201+18 425+1.8 03%15_5) + —1.8%11_581
18-New Zealand(NZL) 989 1976 03+07 | -078+04 '%%* 'O'ﬁ% *
(l:\f%tarctic Subantarctic 129,100 1976 Giéii?é&%ﬂ —26;@;}8??.21 004014 45 0%222?? +
GLOBAL 708498 1076 | OSIELS® | 48RRIk | 02Tk | 0812
5. Discussion

5.1 Multi-spatial dimensions of annual mass change series

The revised dataset claims several strengths, primarily related to the enhanced temporal resolution, providing glasier change
at annual resolution, and the multiple spatial dimensions for data integration from individual glacier td/géotehind here

that, by construction, nearby glaciers share a large fraction of the variance in mass balance variability and are thus not
independentln a visualization example for selected years in Icel&igl,6 depicts the multiple spatial dimensions from the
dataset: Individual glacier annual time series (Biy.and annual time series aggregated into any larger scale region

encompassing multiple glaciers, such as regular grid cells aféyjgee latitude longitude (e.g. Fi&ii or any userspecified

resolution)and regional to global specific mass changes (Gigand Fig. 4) and mass changes (Figjv, Fig. 10). This

versatility enables identification of individual years marked by significant glacier changes and the detection of zones with

varying impacts. For instance, it allowsto pinpoint regions and subregions that were affected by specific annual climate
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variations (e.g. droughts, floods, heat waves, etc.), as well as those with a larger or smaller influence on the yibatigrcontr

to hydrology and annual sea level rise.
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Figure 6: lllustration of the multi spatial dimensions of the global annual mass change series, example for the Iceland region during
selected years(i) Individual glacier annual mass change series, (ii) Gridded annual mass change series, (iii) Regional specific annual mass
change in m w.e. and (vi) Regional mass change in Gt (note that all the previous dimensions i, ii and iii may alsorttediepBtse

10143 km?

Representegearsin Fig. 6 are chosen arbitrarily: the initiatnd-tasthydrological yearyear considered in the global
assessment, the wddhown extremely negative mass charfgalrological year 2010, attributed to the eruption of the
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Eyjafjallajokull volcano(Méller et al., 2019; Adalgeirsdottir et al., 2020; Belart et al., 282@)the most positive year of the
time series in 201%nd the global extreme mass loss year 20his example allowss to illustrate the rather spatially

homogeneous glacier mass loss of year 2010 with larger Icelandic glaciers all losing more than 2 m w.e. and some smaller
glacier losing between 1.5 and 2 m w.e., whereas other years show larger variabilities between glaciers and grid points. This
example demonstrates the richness of the dataset for interpretation of glacier mass changes at different spatial scales and a
deer analysis of the spatial and temporal impact of known glaciological trends and anomalies like, for example, the Andes
Megadrough{(Gillett et al., 2006; Garreaud et al., 2017, 2020; Dussaillant et al., 20118 Karakoram anomal§Farinotti

et al., 2020; Gao et al., 2020; Ougahi et al., 2@G22n unprecedented yearly temporal resolution. We note thahthel
massbalance anomalieare extracted from a handful of glaciers in each region and thus, in each region, individual glaciers

share a large fraction of these variabiliti€sis limitation is, however, well evidenced by large uncertainties on under sampled

regions and periods.

5.2 Leaveone-out cross validation

Due to the lack of independent measurements available to compare and validate our glacier change assessment, we applied a
leaveoneout cross validation exercise over selected reference and benchmark glaciers. Reference and benchmark glaciers are
selectedconsidering their fluctuations to be mainly driven by climatic factors. They provide a reliable ardbaathented

sample of globally distributed loAgrm observation series, with more than 10 (benchmark) and 30 (reference) years of

continuous and ongoinglaciologicalmass balancemeasurements. Noteworthily, glaciological time series can be subject to

biases inherent to the glaciological method (e.g. Thibert et al., 2008) and are encouraged to be periodically
reanalyserbanalyzedand calibrated with long term trends derived from high resolution elevation change surveys (Zemp et

al., 2013). To reduce the risk of validating overmepotentially
series in this experimentVe select a sample @874 reference and benchmark glaciers for the leave one out cross validation

and then repeat the analysis over a selection of 32 glaciers knoweagliylyzed

For each selected gl aci er, wbalanceimapesigseferéenbeBa) as availghlerfrant the6r ef er enc e 6
FoG database, witthe estimateteaveoneout calibrated madsalanceime series (Leaveneout Ba). The latter is obtained

as described in the original methodology by calibratingrtkan annual madsalance anomalgf the glacier over its geodetic

sample, only that this time we exclude the selected glacier anomaly from the processing. Reference and benchmark glaciers

are usually highly monitored and contain multiple sources of geodetic observations for differquertods. However, more

than 80% of the world's glaciers present only one source of geodetic observations, i.eyeuec2€vation change rates from

the Hugonnet et al. (202IJo make our validation exercise relevant for these usdepled glaciers, we only consider for

calibration the elevation change rates from Hugonnet €@21), excludingtherothersources of geodetic observations. For
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each glacier, the Mean Error (ME) and the Standard deviation of the residual (S) between the reference ameideaBa
510 are estimated as metrics to quantify potential systematic errors and the magnitude of random errors, respectively.
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| Figure 7: Leave-one-out crossvalidation results and statisticsover 7374 glaciological time series from reference ahbenchmark
glaciers Meanerror (ME) and standard deviation of the residualsii&jveen thealculatedeaveoneout cross validation time series and
515 the74 referenceand benchmark glaci¢ime series. (aYearly resultsfrom the Baveoneout calculated annual mass changgainst the
| referenceand benchmarfglaciers annual mass chasgg) Long term trends (perioti97620232024) from the calculatedebiveoneout
time seriesagainstong term trends for theeference and benchmark glaci€cy.Amplitude of the annual variability measured as the time
| seriesvariability STD (not to be confused with the standard deviation of the residuals nofed t8p period19762023024 from the
calculatedéaveoneouttime seriesgainsthereferenceind benchmarglaciers time seriegd) ME and (e)S of residuals for each reference
|520 and benchmark glacier against the estimated uncertainty ofethe calibrated annual massangeestimate for the same glaciercate (1.
In a, b, ¢ and d, each value corresponds to one of the 74 reference and benchmark glaciers usedhffatimsssymbols correspond to
theglacierregiors to which they belong. The size of the symbol is related to the area of the glacier.

Validation results are shown for all 74 selected reference and benchmark glaciergi\Eigerified by the low ME of 0.05
m w.e. for annual values and 0.06 m w.e.lémg-termtrends (Fig.7a and7b), we find no systematic error on the calculated
525 leaveoneout annuamass balancérhis means random errors are the largest error sat@®1 m w.e. for the annual values
and 0.26 m w.e. folong-term trends. Differences in annual values and the {@mm trends may come from the different
geodetic datasets used for reanalysis. Reference and benchmark glaeiens|jzeduse high quality local elevation change
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observations for calibration, whereas here, our calculated-te@veut Ba is calibrated over Hugonnet et al. (2021) elevation
change only.

There is a slight underestimation of the glaomrss balanceariability amplitude, as shown by the slightly negative ME of
0.08 m w.e. between the leasae-out and the reference time series amplitude. This bias may come from a smoothing of the
mean annual madsalance anomalgxtreme values when averaging the nearby glaciological times series. This effect is clear
for e.g. glacier Afoltbreen (Fig3-2g80) where the extreme years in the referemesssbalanceseries are less extreme in the

leaveoneout series.

In general, regions with a rich glaciological sample, like Central Europe, Scandinavia, Svalbard, Iceland and Arctic Canada
North perform well. Specifically, Hintereisferner located in the salinpled Central Europpresent residual S as low as 0.19

m w.e. and a ME 0f0.09 m w.eThe largest random errors are observedagigis Brewsterin New ZealandS: 0.8}, ME:

0.2 m w.e.) GulkanaS: 0.2, ME: -0.01 m w.e.)and Wolverine irAlaska(S: 1.03 ME: 0.16 m w.e.)and Zongo in the Low
Latitudes(S: 0.8, ME: 0.17 m w.e.).The lrgest systematic errors are observed in glaG@efembia in North Americ4S:

0.37, ME: 066 m w.e.) Tungnaarjokull in Icelan€S: 0.35, ME: 0.8 m w.e.) Mittivakkat in GreenlandS: 0.3, ME: -0.61

m w.e.)and Sarenné Central EuropgS: 0.54, ME:-0.9%5 m w.e.)(Fig. 7-Fig-8.1 forreference-glaciers-and-Fgj2 for
benchmark-glaciersY andFig. 8 for selectedeferenceandbenchmark glaciers¥till large differences may occur between

reference and predicted values for individual years (outliers in Fig. 7a), also evident on the few annual values where the

reference annual mass balance is not included within the uncertainties of therdeawsannual estimates (e.g. Mittivakkat,
Fig. 8] and Djankuat, Fig. 8n).

Fig. 7d and7e showthe ME and S of residuals for each reference and benchmark glacier against the ueseittietmean

calibrated annual mashangeime series, . calculated by oukriging predictingmethodfor the samsample ofjlacies.

In most caseshe predictederror islargerthanboth the leaveoneout crossvalidation MEand Sresidualsfor all glaciers
This meansthat the kriging method is cautioysiedicting larger uncertainties than what is observed in the residimls

confirming ouruncertaintiego bewithin a conservativeange with no significant systematic erroand able tavell capture

sources-of systematic-erraaadrandom errors introduced by the prediction method.

FhisThe leaveoneout crossvalidation shows that our method introduces only small systematic errors and haglacieer

random error that is conservai\However, most reference and benchmark glaciers are locategiams with a high density

of mass balancebservationsable to compensate for their exclusion. Due to this, our lemeout exercise does not
necessarily represent a typical glacier in a data scarce region. To explore the validity of our methodology in under sampled
regions, where the mean glacier anomaly may come from distant glaciological time seppessevet below a leavalock-

out experiment over the full sample of reference and benchmark glaciers.
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Figure 8:1:; Selectedexamples of the leav®ne-out cross validation resultson individual referenceglaciers(a-l, more than 30 years
of observatlons) and benchmark glaciers fn-v, more than 10 years of observanoﬁs(Left plots) referencﬂaenchmarlglamer annual

interval lightblue). (Rightplot) Annual mass change values fregference/benchmariaciers against the leaomeout estimated annual
565 mass change values. Every dot corresponds to a yearly observation.
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5.3 Leave-block-out cross validation

The experiment is similar to the leawaeout cross validation, only this time we remove from the processing not one but all
the glacier anomalies surrounding the reference/benchmark glacier for increlstiagces: first, we consider all anomalies

further

than

1 km (i

e .

as in |
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anomalies at different distance thresholds of 60, 120, 250, 500, 800 and 1000 km. At every step a new mean glacier mb
anomaly is calculated for the reference/benchmark glacier from the evebsimgle. The ME and S of the residuals

betweerthe calculated leavklock-out mass balancé i me series and the o6éreferenced Ba is estimated at ev
threshold.

Considering all reference annualass balancealuesagainst the leavblock-out annualmass balancealuesfor the six

different distances, systematic errors (ME) appear to stay stable between 0.06 and 0.08 m w.e. until 500 km, and ¢éen increas

to 0.20 m w.e. above 500 km. Random errors (S) appear to increase gradually as the distance gets larger (Table 6).

R ( Formatied: ~ English (United Kingdom) )

Table 6: Leave block out cross validation ME and S residual®r the yearly values {.e. Fig. 7a) and for theamplitude of the annual
variability during the 19761 2024 period(i.e. Fig. 7c) of the leave-block-out annual mass balancecalculated fer-different-distance
} om samples-against-thereference-annualmass-balancat different

distance thresholds
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590 Figure 9: Leave-block-out crossvalidation results and statistics over # glaciological time series from reference and benchmark
glaciers.(a) Mean error of the leaMdock-out residuals (ME) and (b) Standard deviation of the ld¥wek-out residuad (S) as a function
of the distance to the closest glacier anomaly used to calculate the mean mb aepMa)yof residuals and (d) S of residuals at different
distance thresholds against the estimated uncertainty wigthe calibrated annual masgsangestimatehangesstimatedor the same glacier
atd. Symbols correspond to the regiwhere the benchmark or reference glacier belongs.

595 Fig.9illustrates the leavblock-out glacierwide results as a function of the distance to the closest glacier anomaly considered.
There is no apparent influence of the distance on systematic errors in the calculatedvifacieaveblock-out mb justified
by absence of trends Fig. 9a. In these cases, the slight systematic errors will mostly depend on whether the reference series
are reanalysed or not, and the quality of the elevation change used for calibration. As expected, random errors (residual S)
inereasemicreasaas the mean glacier anomaly is calculated from a more distant s&figpl@b), from 0.5 m w.e. for nearby

600 time series up to 1 m w.e. for series located farther than 2000kortantly,in most caseseth-systematicerrors are not

significant given our sample sizand random errors arezll captured by the mean calibra@anualmasschangeuncertainty

atoned independent of the distance of the sample @gnd9d). This means that oyredicted uncertainties reflect the true

variability in the residuals, antthat ourmodel is providing realistic confidence intervals foe mearannualmassbalance

anomalypredictions On averag&isstarts to becomlarger thanl enly-insome-few-casawith distances to the closest glacier
605 =larger tharb0OOkm but the large spread suggests thisomingfrom the randomness of the predictions.
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We can conclude that the spagairapolation of distant glaciers does not introduce clear systematic errors but increases the
random errors. However, these increased random errors are well predicted by our uncertainty assessment, showing larger
uncertainties over glaciers in uneiampled regionBoth the leaveone-out and the leavklock-out cross validations show

that our algorithm can capture the annual variability of individual glacier mass changes on glaciers not presentingglaciolog

time series (99% of the global glaciers) with realiaticl conservative uncertainties
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Broadly, our new approach effectively corrects the negative bias in thédomdrends observed Bempetal. (2019)thanks
to the integration of the glacier elevation charfyesh Hugonnet et al(2021) whichtranslates into a significant reduction in
both regional and global uncertaigi largely noticeable for the more recent years (gTable §. Globally, glacier mass
change rates between 1976 and 2018em® negativé-148 + 20 Gt yr?) than previously estimated @empetal. (2019)(-
204 + 45 Gt yrt, Table7). The resultingg069+ 783Gt of cumulative mean mass loss for the perio8bk smallerthan the

9290+ 7698Gt predictedlossby Zempet al. (2019)for the same periodThe differences mainly come frothe Southern
Andes,Alaska, Russian ArctjcAntarctic andSubantarctic Islands, Greenland Periph@igble8) i all regions with limited
geodetic coveragi the previous assessmeBibth regionally and globally, the years after 2000 are well aligned to the

Hugonnet et al(2021)trendsas consequence tife calibration to their geodetic trends with global coverage.

Alaska, Arctic Canada North, Western North America, the Russian Arctic, Caucasus, Low Latitudegga¥evd and the
Southern Andes exhibit lesgegative trendsompared to Zemp et al. (201®) contrast, Asia North anfirctic Canada South
trends aremore negative in the pagDverall, the regional trends agree well witlugonnet et al(2021)trends during the
overlapping period 2062019 (TableB). Deviations of more than 5 Gt yare found in Alaska, Greenland Periphery, and
Antarctic and Subantarctic Islands.
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| Figure 10: Annual glacier mass change (Gt) from this study compared with resultfom Zemp gt al. (2019)and Hugonnet et al. [ Formatted: Font: 10 pt

(2021)

Differencesin GreenlandPeriphery Alaska and the Russian Arctian be explained by thremoval of unpublished geodetic
640 observations from our processing chain, which may Heéased the trendis Zempetal. (2019) The new calibrated mass
change time serién theseregions rely onlyon the 2002019Hugonnet et al(2021)estimatess calibration referendand
the19852000 Huber et a[2020)for the Greenland Periphery past periclheAntarctic and Subantarctic Islanidgsaregion
prone to large uncertainties @il studies Because alestimatesagree within (large) uncertaintie® difference can be
interpreted The Antarctic and Subantarctic Island=sgion presents no glaciological or geodetic measurements before the year
645 2000. The signal fothe annual variability before 2000 is driven purely by the veistantEchaurren NortéCentral Andes)
normalized timeseries and past trends are only calibrated over the ZIIM®Hugonnet et al(2021)series, which are very
likely biasingthe period before 2000 towards more positive values. There is insufficient evidence to supgladi¢henass
gain observed before 2000 in both our assessment andehm et al. (2019) We assume results in thntarctic and
Subantarctic Island®gion to be very likely biased by the lack of observations, and therefore highly uncertain, as reflected in
650 our large error bars. However, we still include them to provide global glacier mass changes back to 1976.

Most regions display increased interannual variabilities when compared to both previous studiesuItien—regression
used-to-filarge uncertainties associated wittle ASTER DEM time series in Hugonnet et §2021)has-a-smoething-effect

to_preventthe point-where—annudetection ofvariability is-relenger-detecteda short time scales (typically less than 3
yearsfFig.10). Similarly in Zemp et a2019) the variance decomposition mo@Etkert et al., 2011; Krzywinski and Altman,

655 2014)employedto extract the temporal mass change variability for each region has shown to contribute to a slight smoothing
of the annual amplitude sign@emp et al., 2020Dur approachallowsusto better represent the interannual variability at the
individual glacier level, supported by the Leawge-out cross validation exercise and the effect is inherited to the regional and
global level.

Importantly, our assessment redugkebal and regional uncertainties comparedémp etl. (2019)(Table8). This reduction

660 is achieved firstly, because our approach benefits from the almost comipseterational sample froktugonnet et af2021)
which highly reduces uncertainties after year 2@#condly multiple algorithm improvements, such as the spatial search of
glacier anomalies, the normalization p&ighbouringglacier time series with original regional amplitudes. Notably,
considering error propagation using empirical functiohspatial correlatioffior the different sources of error provides more
realistic uncertainties than previous work. All these enhancements are further suppdineslédoye one-out-cross validation

665 over reference glaciers, confirming that our uncertainties remain still on the conservative side. Compéatedonitiet et al.
(2021) resuitdong term trendsagree within uncertainties, but our estimated errors are consistently larger throughout all
regions. Thizomesfrom the propagation of the mearbmasschangeanomaly uncertainties, whidh the largst source of

error in our assessment, and a source that was not consideredHimgthenet et al(2021)annual resultsThese differences
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675

are likely explained by different assumptions taken in the temporal propagation of uncertainties, rather than actusirmgrors a

from the estimations

Like Zemp et al. (2019),r® of the largest strengthsair method is the ability to provide glacier mass changes back in time
up to 1976 at a global level and even further back in regions with longer observational records (e.g. 1915 for Cenjral Europe
Thanks togeostatistical modellinépr temporaldownscalingwe can captur@aow the annual temporal variability of glacier

changed or each of the wor | dtbesintgrevsediegiona and glothal éstimates ofeagngal ghagier t e

mass changes.

Table 8: Annual rates of regional glacier mass change for the period 192816 from this study compared with results from Zemp

et al. (2019)for the same period and annual rates of regional glacier mass change for the period 219 from this study compared

with results from Hugonnet et al.(2021)for the same period.Mean area is calculated from the annual changes in area estimated with
change rates updated from Zemp et al. (2019).

" Mass change Mass change
a?:; (Gt year?) Mean area (Gt year?)
RGI Region (km?)
(km?) This study Zemp €tal. (20002019) This study Hugonnet et
(19762018) | (19762016 (2019) (20002019) al. (2021)
(19762016) (20002019)
01 Alaska 91,980 | -494%536 -65.2 £ 41.0 86,299 723%503 | -66.7+109
(L)JZSWQStem Canada| 45 303 -63+87 -9.6+10.0 14,311 9181 7617
gl%ﬁ;ft'c Canada 105387 | -175:2038 245920 | 104354 | -320:206 | -305:48
g‘c‘] SLC“C Canada 40,996 | -166+10.1 -9.6+32.0 40,594 2224101 | -265%43
05 Greenland 92,409 | -15.0£229 -24.9 £ 46.0 83,464 2784188 | -355:58
Periphery
06 Iceland 11,219 6340 3.9:6.0 10,681 94£26 9414
07 Svalbard 34,372 68+ 100 -132£12.0 33,767 -109%85 | 10517
08 Scandinavia 2,997 0711 -09+1.0 2,889 -1.7+10 -1.7+04
09 Russian Arctic 52,219 -43+16.9 -20.0 +24.0 51,300 -10.6 £160 -10.4+£19
10 North Asia 2,565 1009 05+1.0 2,426 -1.3+08 1304
11 Central Europe 2,227 -08+07 -1.0+1.0 1,966 -1.6 + 06 -1.7+0.4
éscia”casus Middle| - 347 -0.3+04 0510 1,248 -0.6+04 0.7£0.2
13 Central Asia 50237 -89+ 134 59150 48327 7.9+ 12.6 9621
14 South Asia West | 34173 52+ 11.3 19100 32,924 40:105 4617
15 South Asia East | 15,034 -6.9+5.0 3250 14,428 6741 6914
16 Low Latitudes 2,430 -0.6+16 -1.5+3.0 2,069 -08+1.0 -09+0.2
17 Southern Andes | 30,009 | -167+103 -22.8. 40.0 29,420 21364 207 4.1
18 New Zealand 1,017 -02+08 0420 909 -0.5+05 -0.7£0.2
19 Antarctic & 130,356 | 15.2%56.3 5.5+152.0 125513 | -111:289 | -20.9+4.9
subantarctic
GLOBAL 716272 | 1480201 | -203.8t454 | 686889 | 2518% 158 | -267 8.0
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5.5 Known limitations
55.1. Scarcity of the glaciological irsitu observations

The scarcity of glaciological data stands as the primary limitation in assessing the variability of glacier changes with our
methodology. In sparsely observed regions like High Mountain Asia, the Southern Andes, Arctic Canada South, the Russian
Arctic, Greenland and Antarctica, annual variations in glacier changes depend on limited and disééghtmouringegions
timeseries, which may not necessarily be representative of the local glacier annual vakabdityonsequence, the annual
glacier mass change time series exhibit high uncertainties in these regions, realistically estimated by our method.

We note a significant observational gap in the Southern Hemisphere where the glacier mass change variability before 2000 is
driven by the single and very distant Echaurren Norte glacier. This results in a disproportionate importance at thalglobal sc
The best way forward while still maintaining the independence and obserbated nature of the present assessroemtial

for calibration and validation of glacier modeis to bolster irsitu glacier monitoring programs in these regions. In the short

term, efforts must be directed towards ensuring the continuity of glacier in situ monitoring in the Southern Hemisphere and

possible correction of past loftgrm series.

5.5.2. Availability of past geodetic observations

The lack of geodetic observations for the period before 2000 is consistent for most glacier regions, and critical #r accurat
results of our assessment in less sampled regions, as shaiva fartarctic and Subantarctic Islan@®e best way to correct
possibledeviations inpast time series is to calibrate them against accuratetéomggeodetic glacier elevation changes.
Geodetic observations can be temporally enriched in all regionslbgking historicalUnited Statespy satellite archives (e.g.

KH-9 HexagonandCoronadeclassified satellite imaggrandnationalhistorical airbornemage archives.

48



700 5.5.3. Grid point artifact in polar regions

705

710

715

720

Figure 11: Mockup example of the grid point artifact in polar regions.(a) Glacier outlines (white) and their centroids (blue points) in
the region Arctic Canada North under 1° grid cells. (b) lllustration of how the 0.5° gritiesbalance integratiolvoks like.

To assess glacier mass changeis imperativerucial to treat a glacier as wnifiedsingle and indivisible enty. A-sound [Formaned:

Not Highlight

glaciological-approach-for-integratiberefore, in order to properigtegrae glacierwide changes into a regular grid system [ Formatted:

Font color: Custom Color(RGB(13,13,13))

)

is-te, we considera glacier belonging to a grid point if its centroid falls within that grid point's bounddritae grid cell is
sufficiently large, it willencompass multiple glaciers at their full extension within the gricacelthe gridpoint mean mass

change will be determined accordingly. However, in cases where the grid cell is smaller than the glacier's surfaagrigrea, the
point containing the glacier's centroid will represent the mass change of the entire glacier,d¢sgités extension is
contained within the grid point (Fid.1a). This discrepancy is particularly evident in polar regions above 60° latitude when
integrating mass changes at a 0.5° global grid resolution. Polacejisdre relatively smaller in area compared to the large

polar glaciersConsequently, this leads to a biased estimate of mass change at the grid point containing the glaciers centroid
andconsequentheighbouringglacierized grid pointiack a mass change estimafég( 11b).

This issuemight beespecially critical for deconvolving the glacier sigfalgravimetry(GRACE, e.g.Blazquez et al., 2018;
Chen et al., 2022)r otherapplicatiors in polar regions due to coarse resolution of the ancillary datasets (usually not smaller
than0.5°). A potential solution for larger scale applications with coarser spatial resolution would teEaare@ht per tile

glacier areabut this would bring an additional bias related to the divisibility of the glacier signal.

5.5.4. Calendar years \ersushydrological years

Our results present regional glacier mass changes spanning the hydrological yedi$78am20232024 In glaciological
terms, it is widely accepted that the hydrological year starts in winter with the onset of the accumulation season desl conclu

at the end of the summer or ablation seg€wyley et al., 2011)Consequently, the hydrological year varies across regions
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