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et-akGlacier monitoring ha®volved fastsince its beginning in th&ate 19th century with in situ and remotely sensed

techniques allowing to observe detailed changes in area, elevation, volume aadfirsismly forsingle glacierand recently

entire regions and thavorld (Zemp et al., 2015a; Thomson et al., 2021; Berthier et al., 2@¥8Yhe one hand, isitu

glaciological observationprovide extremelyvaluableinformation on the annualo-seasonal temporal variability of glacier

changesreflecting the impact of atmospheric conditiovisich canbecorrelated over several hundred kilome{&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 oftontributors.glaciological insitu observationgxist in nearly allglacierized regions of the Randolph

Glacier Inventory(RGI, Pfeffer et al., 2014; RGI Consortium, 201KJost glaciershave beercontinuously monitored for

periods longer than 10 yeamsith some of the earliest observations reaching back until the 28tly 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 t he wor(WEMSs 2024) Secomndly,ritss 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 higgsolution 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 @htitti@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 LidéEchelmeyer et al., 1996; Abermann et al., 208@jceborne altimetridakob

and Gourmelen, 2023; Menounos et al., 2G2%) satellite derived DEMsom multiple sensoréToutin, 2001; Berthier et al.,
2023) Recent advances postprocessing techniqug®Rolstad et al., 2009; Nuth and Kéab, 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 mountaiiBangesal.,

3



2017; Braun et al., 2019; Dussaillant et al., 2019; Shean et al., 20@@¢cently, globallfHugonnet et al., 2021The major
100 limitations of the geodetic method lie firstly on the relatively short period since corresponding spaceborne sensdfis operate

general after 2000), sensor related issues (e.g., radar signal penetration into snow andricgdradily, on the inabilityto

capture the annual variability of glacier mass changes due to a low-gign@ike ratio of the elevation changes and the high

uncertainties of the volum®-mass conversion for periods shorter than five yfduss, 2013)

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

-(2019)was the firsstudyto combine the
annual variability from the glaciological observations with the g trends of the geodetic method, to estimate annual

mass changes for all 19 RGI glacier regions from 18F86. Their global estimate was hampered by the limited dgeodet

110 observational sample available at the time of the etudy (only 9% of Earthoés gl

aeall 19 glac

ing glacier
observations—back—in—time,—the timted observational sample at the time of th
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assessments,

vith- diverse,

global assessment now fills this observational gap by leveraging the repeated acquisitions and global coverage of tthe Advance
Spaceborne and Thermal Emission and Reflection (ASTER) satellite optical stereo {{Ragpset al., 2000)Their

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, weprovide a global observatidmsed assessment of annually resolved glacier mass changes at & péstiier

level, feasible thanks to the now almost complete coverage with glacier elevation change observations in the lateét version o

the Fluctuations ofGlaciers (FoG) databas®VGMS, 2024) To achieve this we use glaciological observations from

approximately 500 glacierd) % of the world's glaciedsstarting between 1915 and 192@d glacieiwide geodetic

observations from approximately 2000glaciers(96% of the world's glaciersovering a 96% of world's glaciated sur

starting in the 19408 able 1 and Fig.)1 The DEM differencingbservations used here include the multiple local and regional

satellite and airborngeodetic glacier change assessmfat80.000(14%) glaciersplus the20-year estimateom Hugonnet

et al. (2021 pvailable for205.000(95%)glaciersin the FoG databasBuilding upon the methodological foundations laid out

in Zemp et al(2019, 2020)we further develop the approachsatially interpolatéheglaciological annual field observations

andcalibrate them tthelong-term trendslerivedfrom satellite and airborngeodetiadataelevation change observatioiifie

time series are calcul ated s esnggeasthtisticay moflellimandetrer dygregdted tohe wor | ddés gl aci er s

regional and global estimates of annual glacier mass chaBgesesults includelacier mass changes with annual temporal

resolutionfor each individual glacier in the RGI (with starting date between the hydrological 4&H54 976 (see methods)
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depending on the RGI regignand a global observatidrased assessment of annual glacier mass chaiges the

hydrological year 1976, made available as a global gridded product.

2. Data and Methods
2.1 Input Datasets

2.1.1. Glacier inventories

We use the digital glacier outlines from the Randolph Glacier InventoR&DConsortium, 2017p spatially locate glaciers, [ Formatted: SpaceBefore: 0 pt, After: 0 pt

measurattribute their area andlistributeassignthe FoGn_situ mass balanceobservationssato individual glaciersFhis

globally-complete-inventory-of glacier-outhnBS | version 6.0epresentsheir-area-as-it-wagacier areasear the beginning

of the 2F century RGlversioiVersion6.0 has been preferred to thesmorerecent version 7.0 for two reasons: first, because

FoG glacier elevation change observations are available only for version 6.0 and second, for comparison with previous
observation based global assessmetitsusing this versionRGI outlines are available through the R@lineportal (DOI:
10.7265/N5RGI-60) and the Global Land Ice Measurements from Space initiativenitiative from the early 2000s to
improve glacier inventories using satellite dg&LIMS, 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)gtrmet et a2021)geodetic observations
were calculated using the latest GLIMS outlines avail@bildidze and Wheate, 2018Jhefermeiatterinventory is also used

in this study for consistency. Fgre Greenland Periphery (region 5), wd-netincludexcludedglaciers strongly connected [ Formatted: Font color: Auto, Not Highlight

to the ice sheet (RG.0 connectivity level 2) similarly to Hugonnet et al. (2021Jo spatially constrain glaciers within the [ Formatted:  Font color: Auto, Not Highlight

worl dés cl jwmnase ihel9 firarder glatier regions as defined by thebal Terrestrial- Network for Glaciers [ Formatted: _Font color: Auto, Not Highight
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via the same DOI. The location of the glacier and region outlined-in-this-studjs represented in Fig. 1. The full regional [F tod: English (United States)
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hypsometric coverage is illustrated in grey bars in Fig. 1. [Formaned- English (United States)
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2.1.2 Glacier elevation and mass change observations “ Formatted: Normal, SpaceBefore: 14 pt, After: 5.75 pt,
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We use theylacierwide annual mass change observations from the glaciological method and multiannual trends of elevati border), Right: (No border), Between : (No border)
changes derivefiom 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://wgms.ch/data_databaseversions/

https://doi.org/10.5904/wari®g-202401. The almost complete observational coverage of the latest FOG database version[ Formatted: Font: +Headings (Times New Roman)
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elevation rangeMore specificallyin this studywe usdocal and regionaatellite and airbornglacierwide DEM differencing

observationswvailablefor 29.529laciers (14%of the world's glaciedsplusthe20-year estimatefom Hugonnet et al. (2021) [ Formatted: Font: +Headings (Times New Roman)

e L )

available for 208.20(95%)glaciersin the FoG databagenly glacierwide estimates from Hugonnet et @021)calculated

200 from elevation bange grids coverg more than 50% of the glaciareawhere ingested into the Fo@}he key characteristics

of glacier mass and elevation change observations 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
observationplease refer t\WGMS;2024)WGMS (2024) More details on the glaciological method can be found in @strem
and Brugmar(1991) Kaser et al(2003)and Zemp et ak2643,-2015)013, 2015)For the geodetic method and its error

205 sources see WM@@023)and about measuring glacier mass changes from space, see Berthi@0233l.

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
Symbol gQ o
Qo
Method Geodetic methad.e. DEM differencing Glaciological method
Platform In-situ, airborne, spaceborne In-situ
: ’ Glacierwide average from DEMs of metel Glacierwide average from
Spatial resolution to decametatecameterpixel size interpolated point measurements
. Worldwide (208~207,000 glaciers 96%) . N . o
Spatial coverage covering a 96% of world's qlaciatedea Worldwide {(~500 glaciers 0.2%9
Temporal resolution Multi-annual to decadal Seasonal to annual
StarfFrom 1940s(startdatessinceearly-2¢°
; Start dates betwe
Temporal coverage century{vary by region) datesvary b rs%?] )1 ﬁ?"lg:eges%t
until present dalesvary by reg p
Unit meter (mat) meter water equivalent (m wjea)
Required uncertainty* 2 mdecadé 0.2mw.e.at
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Figure 1:1: Spatial and hypsometric coverage of glaciological and geodetic observations for each of the 19-firster regions.Glacier [ Formatted: Font: Not Bold
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2.2 Methods %

Formatted: Font: Not Bold
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To prepare the data for the main processing, glatige records with available mass and elevation change observations[ Formatted: Font: Not Bold

identified by a WGMSd are selected from the FOG database and related to their corresponding RGI outline identifier (RGIId)
using aWGMsS-ld-te-RGHdlink-up table. We exclude geodetic records with survey periods shorter than five years in view of
their large uncertainty for theensityvolumeto-mass changeonversion (Huss, 2013for simplicity, throughout this work

hydrological years are represented as the last year of the hydrological cycle (e.g. 1976) starting'@cthbet to 30
September in the Northern Hemisphere, and fréril of the previous year (e.g. 1975) to*3larch 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 year

from 15t January to 3 December.

Our processing algorithm is summarizeddnithreekey stepsepresented-ifFig. 2:). First, focusing on a specific glacier in

the RGI6.0 inventory(Fig—2a), we estimate the detrended temporal variability of annual mass change for the glacier, referred
here as the glacier meamnualmassbalanceanomaly by-extracting—it-frernsing the interannual variability of nearby
glaciological time series (Figb2a). Secondly, we calibrate theean annuainassbalanceanomalyto the longterm trends

from the geodetic sample available for the respective glacier #E#ty). Third, we integrate all these calibrated time series
into a single, areaveighted average, producing a déitaed annual mass change time series unique for every individual glacier
(Fig. 2€2¢).
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2.2.1 Computing themean annualmassbalanceanomaly from the reighberingneighbouring glaciologicalebservation
sampleobservations

Direct annual glaciological observationsare reported to the FoG database with their relative uncertaintiés meters

water equivalent (m w.e.) as:

In-the cases where a glaciological series is missing an uncertainty estimate for a given year, we assume it to be equal t{ Formatted:

English (United States)

meanof atvalidtheannual uncertainty estimates within the serieshditases whergglaciological series he no uncertainty

[ Formatted:

English (United States)

estimate for the entire period, we assume it to be equal to the mean annual uncertainty for all glaciological seriegfiom gla | Formatted:

English (United States)

belonging to the same regign.
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Fromthe individual glacieannualglaciological time seriesve estimate aimdividual glacier annuaiassbalanceanomaly
as the glaciological mass change value at year Y minus the mean mass change during the reference period from 2011 and
2020.Choosingathis recent reference period allowsseleegxploiting a larger glaciological sample, thgsttingobtaininga
betterrepresentativitiepresentativene®f glacier temporal variabilities across all regiove allow a threshold of at least 8

years of glaciological observations within the-yigar reference period to calculate a glaeienualanemalymassbalance

anomaly This means that a glacier needs to have at least 8 years of glaciologgital dbservations within the Jear

reference period to calculate their annual m#@ance anomalyAt this step ve remove low confidenceglacier anomalies
from the processing for not being representative of their reginast balanceariability (Table 2).

i 8 5 o} R 8 5 0 R 2
N - [ Formatted: Font: Times New Roman, 10 pt
Starting from a given glacier g belonging to the RGI 6.0 glacier inventory (e.g. Hintereisferiena, Mittivakain Fig. 2), [ Formatted: Justified
we use the sample ofeighberinmeighbouringglacier annual massbalanceanomalies to capture thennualtemporal
annualmassbalanceanomaly of glacier gf 5, isthen calculateéhve [Formatted: Font: 10 pt
sample-of N-ndividuaby kriging allglacier annuainassbalanceanomaliedocatednearbyiearthe glacier (Fig2b2a). [F"’mat‘edi Font: 10 pt

T l’ﬁ — B;T - "(j\), - 0 T P Fi’ P 0 (3) [ Formatted: Font: 12 pt
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eference period.

Where”  'Q is the spatial correlation of the annuahssbalanceanomalyandV the function applying ordinary kriging to

T AT 1 OOA R BVheninterpolating with kriging, the weight between each pair of glaciers is based solely on the

distance between them, using a spatial correlation function which can be constrained from an empirical variogram.

Additionally, the predicted kriging uncertainfy , -grows with distance, from the measurement error of the inny&?@t

close distances from a measured glacier, to the signal variability (spread af distances far away from any measured

glacier, where the prediction is more poorly constrained.

We estimated empirical variograrfts both localscalemodelledannual mass balance anomalidsiss and Hock, 201%nd
for purely observational-$ear anomalies (Hugonnet et al., 2021), the latter validating the spatial correlation patterns observed
15




315
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in the modeled estimates (Fig. 3). The empirical variograms were computed independently for each contiguous region (High

Mountain Asia, North America and South America considered larger regions) and for equrisdbof 20002020 (annual

or 5 year) usingip to 10,000 glaciers. In total, all variograms sample more than 10 billion pairwise differences between glacie

annualmassbalanceanomaliess to obtain this average spatial correlation functMfe thenmodelledthe spatial correlation

in annualmassbalanceanomaly” ; as a sum ofwio exponential models:
"EQ & i w— i 4)

whereQis the distance between two glacierss 0.23{ T Ti 1@ are the partial sills and  p 1 Raandi

v T TiQUare the correlation range#lith this correlation function, we estimate that two directly neighboring glaciers have an

annualmassbalanceanomalycorrelated at 94%, 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.

1.0

= = = Yearly anomalies (Huss and Hock, 2015)
koa, = = = 5-year anomalies (Hugonnet et al., 2021)
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Figure 3: Spatial correlation of anomalies in specific mass changes usedfor kriging. Correlation is estimated from an average of
empirical variograms sampled from all glaciers worldwide, fge&rmassbalanceanomalies witlobservational estimates based on surface
elevation changes (Hugonnet et al., 2021) and for annuahmimalies for modelled estimates from Huss and Hock (2015), the former used
as validation and the latter being used for kriginthis study For exampletwo directly neighboring glaciers have an annual Avadance
anomaly correlated at 94%, while correlated at 72% if separated by 60 km, at 51% by 250 km, at 32% by 1000 km and 80000 by 3
and less than 3% after 5000 KBiue dotted line)
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345

2.2.2. Calibrating the mean annualmb anomaly on the glacier geodetic sample

Geodetimbservations are reported to the FoG database with their relative uncertaigtieseasvidemeanrates 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&ifitffidio obtain the geodetic
350 mass change rateje convertelevation changeseed-to-be-transformdd glacier specific mass change rates in m w.e. by

applying a density conversion factex AP AHUsS 2013 L TT @ Q'@ _(Huss, 2013)At this step ve
excludefrom the processing unpublished, and therefore low confid@te® differencingestimatesvailable from the FoG.
6 aQ  0Q (5)

FheTo calculate the uncertainty in tigeodeticmasschangbalancerateuncertainty-is-then-caleulated-as-the-combination of

355 twe-independentsources-of-erinm w.e., ve propagatthe uncertaintyelated-tn the elevation change rat&) _and the
uncertaintyrelated-tin the density conversion facter—@-72°Q , consideringhat 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, ® TKlAﬁ - (Huss, 2013 These two-errors-are-combined-according-to-the law [Formatted: Font: Italic
360 eofrandom-error-propagation-as-followier the uncertaintyn the density conversion factor

0 7 E— - (6

In a datafusion step, we calibrate timean annuaimassbalanceanomaly ¢btained from the glaciological sample) of glacier

g to agiven geodetic mass change rate.& geodetic sampldjelonging to glacier-§-e—geedeticsample). We ob-t ai n a Ak

c al i banrual masghange time series for every geodetic observation available for gla€iee gcalibratecannuaimass

365 -change time series is then calculated as the sum of the geodetic mass change rate kead #mualmassbalance
anomalyover the period of record of the geodetic mass change (gtexlines in Fig2c2b). Due to the large uncertainties
related to the volum#&-masschange conversion factor over short periods of time (Huss, 2013), only geodetic observations
largetongerthan 5 years are considered for calibration.

6 rn 6 mwevy Th TH ™

370 Theuncertainty in thék-calibratedannualmass-changetime seriesuncertaintyis thencaleulated-as-the-combination-ef-two
independenterronsropagated frorthe uncertaintyrherent-tin the individual geodetic mass change rates and the uncertainty
inherited-byn thegt+—a-emeanrannsahnomaly-Fhese twe-errors-are-combined-acecording-to-the law-of ratlernonsider
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these two uncertainties uncorrelated as they originate from independent measursmaitedy sensednd in situ) that do

not share any similaarrorpropagatiorsources (including density conversjon

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

The mean calibrated annual masisange of glacieg(Fig. 262¢) is finally calculated as the weighted mean of the K available
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we conservatively assume that their errors are fully correlBased on previous equations, we sepataters—fronerror

propagation foelevation change, density conversion and anomalgictioncalculation,
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2.2.4. Integrating glacier mass changes into larger regions

Every glacier with available geodetic observations has a +oalitrated annual mass change (approxima?él§207.000
glaciers covering-97-4996% of theworld's glaciatedu+fac@red. The remaining unobserved glaciei@ () are assumed

to behave as the regional mean of the observed sampl&diielualindividual glacier mearcalibrated annual mass change
time series can be integrated into any larger region R containing multiple gldtiersgionalregionspecific calibrated
massbalance(i.e. grid cell or glacier regiorgpecificcalibrated-mass-balanie at year®and in regioniY is calculated as
the area weighted mean of the individeadancalibrated masshangebalancetime series of the sample of observed glaciers
belonging to region R (or the specific grid point R for the gridded producgeBig.

\ B h
0 hn 5

B
(@]

(13

To derive the uncertainty in thegienalregionspecific calibratednass-balancewe need to account for spatial correlations
between the uncertainties of pglaciermeancalibratedannualmassbalance\We-identifiedchange Indeed,our three error
sourcesthat-are-significantly—cerrelated-spatiallelevation change, density conversion andanannual massbalance
anomalyprediction.

calculation are significantly correlated spatialkjor elevation change, we use the spatial correlation in elevation change error

" 'Q estimated ilHugonnet 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.
2O F ;v —B B " Qy O § ;9 & ;D 00 (14
whereQ  is the distance between glaciebs, is the area of glaciéf andod B 0 isthe regional glacier area.
For density conversion, we use the spatial correlation in density conversiori effbrestimated byHuss et al. (in
preparation)These spatially correlated density errorstargelydue to large local and regional variations in precipitation and
firn densification, resulting in spatially correlated errors from the average value.
2O0F ;v —B B " Qf O 5 x5 55 D 00 (15)
For meanannualmassbalanceanomalieswe assume that errors to the real values are completely correlated at regional scales,

and thus propagated as:

205 —B ,65 2006 (16)
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FinallyFinally, following the assumption that correlation between sources has a negligible impact compared to the spatial

correlation of errors within the same soywe combine all sources of error propagated at the regsmad as independent: [ Formatted: Font: +Headings (Times New Roman)

) 0 o) o) P 17 [ Formatted: Font: Calibri, 11 pt

+rge—+hr—Gt—of water s then—obtained by multiplying the

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

point) glacierized aredY, corrected to the year 20@Ging thearea changeates updated from Zemp et §2019) We

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 4teuitporal outlines to constrain area change. They are largely

uncorrelated with error sources described alfovelevation change, glaciological measurements and anomalies. However,

elevation change estimates usually already consider errors in area at the scale of each glacier, so we might conservatively b

double counting these.

Yor O0pi 0% wYj (18
Ve R Yy o5
2y o Y0 R ﬁ“ — 5 ; (19

Where— v P(Paul et al., 2015nd yy— updated-fromZemptal{2019)s updated from Zemp et al. (2019).

The global annual (Y) and cumulatigg@eR}mass change (in Gt) and sea level equivalenany given period of recoris

finally calculated as the sum of thegional mass change, assuming that the regional mass loss uncertainties are independent

and uncorrelated between every regidn simplify the combination of annual values into long term trends or cumulative [Formaned: Font: +Headings (Times New Roman), 9 pt

)

annual values, we assume the yearly uncertainty to be independent of other years. This is true for glaciological measurement,

having an independent uncertainty estimation for each individual year of the time series, but not for the elevation change

measurments, where uncertainties are correlated over the years of the survey period.

Yo 5 B Y0 j and Yo i B Y0 j (20)
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Where"Y o Q& p QA& and, ™ p MQAG (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 assessments Bgmp €t al. (2019) and Hugonnet et al(2021) Further, prefiting—fromtaking

advantage othe perglacier annual time series, we generatgodal gridded produadf annual glacier mass changes for the

Copernicus Climate ChaggService (C38 https://climate.copernicus.guClimate Data Store (CDS)For consistency with
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otherclimate observatiodatasetge.g. C3S)we provide glacier changes at a global regular grid of 0.5° latitude longitude.
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For temporal consistency within all regions, we extérglglobal time series only as far as the hydrological year 1976, in
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contrast t&Zempgtal. (2019)who reached back tbe-19603962. This adjustment is due to the absence of annual observations
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in the Southern Hemisphere regions prior to 1976 (evidencg&drim et al., 201%ig. 710). Regional time series start from
the date of the first year of mass change records available for the regicrafde€5). Importantly, our fully operational
approach allows producing yearly updates as soon as new glacier observations are ingested into the FoG database of the

WGMS., [ Formatted:

Font color: Auto

2.2.5. Methodological progressn data fusion of glaciological and geodetic data

The specific methodologicameliorationsnprovementson data fusion of glaciological and geodetic data of the present

assessment with respect to Zeetpl. (2019)are detailed in Tabla. [ Formatted:

Font: 10 pt

Table 3: Specific methodologicalimprovementsin data fusion of glaciological and geodetic dataith respect to Zemp et al.
(2019)
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Zemp €t al. (2019) This study
Extraction of the temporal variability from the glaciological sample [ .
Formatted:
. Automatically selected with respect to th

Selection strategy of By spatial clusters defined fronitand 2¢distance to the glacieManual removal of [ Formatted:

glaciological time series . ) F - -
order regions low confidence glaciological series from [ Formatted:
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Combination strategy of
glaciological anomalies

Variance decomposition model

Weighted-by-distance-usint{aging spatial

correlation function

Selection of
complementary glacier
anomaliesfrom neighboring
regions for under sampled
cases

Normalized amplitude of
the complementary glacier
anomalies

selecte@electedby arbitrary expert choice

Ne,used-as-Mone

Best correlated withegional time series
(Table 2)

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

Calibration of the mean annualmassbalanceanomaly on the glacier geodetic sample

Selection strategy ofesdetic
time-serieDEM differencing
observations

All geedeti®EM differencingestimates
availablefrom FOGWGMS, 2018 used

Removal of low-confidencegeodeti®EM
differencingestimates from FoG
WGMS, 2024

Calibration strategy

Regionalanomaly calibrated to geodetic

rates of available observations, averaged

glacier and combined with estimates for
sample without observations

Uncertainty estimation and validation

Glacier anomaly calibrated over every

individual geodetic rate and then combint

by weighting mean considering geodetic

uncertainty and distance to geodetic surv
period

Time-dependent uncertainty
accounting for areachange
rates

Mean regional annual change rates

Mean regional annual change rates

Spatial correlation of
uncertainties

Assuminguncerrelatiomo correlationfor

samples larger than 50 glaciers

SpatialCerrelatiorrorrelationfollowing an
empirical function Hugonnet et §2022)

and Hussrd-Hugoennet al.(in prep)

Validation of results

Comparison with estimates in IPCC ARt

LeaveoneoutCrossindleaveblock-out
crossvalidationover independent referenc
and benchmarglacier time series

Special cases

Special treatment in the
Southern Andes region 17

Correction of Echaurren
Norte glaciological time series

Considered as a whole

Used-as-iNone

Subdivided into two RGI® order regions,
Buedueto the scarcity of glaciological time
series in the Southern Andes region and

better account for the distinct climatic
conditions of the Central and Patagonia
Andes(Garreaud, 2009; Garreaud et al.

2013)

Past period (1978000) normalized with

respect to present period amplitude due
suspicious values.
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2.2.6. Description of thedatasets

The datasetgroduced-in-this-worlare described imblerable4. The main dataset, Dataset 1, correspondsdividual <« {Formaned;

glacier annual mass change time sepiewvidedin .csv filesby RGI first order regions. Glaciers are identified by their

Indent: Left: 0.04", Right: 0.14", Space Before:

0.15 pt, No widow/orphan control

|

RGlld, centroid latitude and centroid longitude corresponding to the RGI60 glacier @ebneetry For Dataset 1the

start of thetimeserieme seriesis regiondependentnd-startsaicorresponds tthe date of the first year of mass change

records available for the regione also providéor every region and on a glaciby-glacier basis a .csv file with additional

metadata informatioand a README The secondatase® stands as by-product from Dataset 1, corresponds to an

[ Formatted:

Font: +Headings (Times New Roman)

integration of the individual glacier timeseriesa globalregulargrid of 0.5° latitude longitudeWe 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 spafrothd pééiod

t0 2023,
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Table 4. Details of the annual glacier mass change output datasets

Dataset 1

Dataset 2

Individual glacier annual mass change time

Dataset name :
series

Global gridded annual glacier mass changes

ReviewDuring review process:
https://user.geo.uzh.ch/idussa/Dussaillant_etal
SSD_datandividual_glacier_annual_mass_cha
ge_time_series/

Upon publication:
https://doi.org/10.590&ussaillant et alYYYY -
MM-DD

Dataset access

ReviewDuring review process:
https://user.geo.uzh.ch/idussa/Dussaillant_etal
SD_datadlobal_gridded annual_glacier_mass_c
anges/

Upon publication:
https://doi.org/10.590&ussaillant et alYYYY -
MM-DD

ComaCommadelimited file (.csv)
One file per RGI T order Region

File format

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

Columns:

RGlld: glaeieGlacieridentifier from RGI60
(value of GLIMS_ID for Caucasus regionjyl2
Unob_gla for unobserved glaciers.

CenlLat: glacieGlaciercentroid Latitude
extracted from the RGI60 glacier outline
geometry (GLIMS outlines for Caucasus region
12)

CenLon: glacieGlaciercentroid Longitude
extracted from the RGI60 glacier outline

Data format

Variables :

GaeieGlacierchange (Gt)

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

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

Dimensions:
Time
Latitude
Longitude

24


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/

geometry (GLIMS outlines for Caucasus region Grid point haming convention latitude_atitude

12)

YYYY: Hydrological year named é&ast year of

the hydrological cycle

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

Mean calibrated annual mass-change time
series:
RRR_gla_meaitalmasschangeseries.csv

Elevation change error:
RRR_ gla_meatatmass
change_uncertainty_dh.csv

AnnuatMean annual massbalanceanomaly
error:

RRR_gla_meatalmass
change_uncertainty_anom.csv

longitude at the middle dhe grid point

Mean calibrated annual mass-change time
series and total error:
globatgriddedannualglaciermasschange

FilesData file  Density conversion error: YYYY.nc
names RRR_ gla_meamalmass
change_uncertainty_rho.csv One file per hydrological year YYYYhamed as
Mean calibratedannual masschangetotal last year of the hydrological cycle
error:
RRR__gla_meaitalmass
change_uncertaintyot.csv
Metadata:
RRR_RGI-regionlong-name metadata.csv
README_metadataxt
One file per RGI Torder region, where RRR
corresponds to the R@égion code
Spatial Global Global
Coverage
Spatial Individual glaciers o M . .
resolution 0.5° (latitude- longitude) regular grid
Temporal Time seriesstarstaring hydrological year is
P region dependent (séebleXXTable5) until Hydrological years from 1976 to 2023
coverage -
hydrological year 2023
Temporal . .
resolution Annual, hydrological year Annual, hydrological year
Conventions  n/a NetCDF convention GH.8
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Geographic Coordinate SysteWGS 841 Geographic Coordinate SysteWlVGS 841

Projection EPSG:4326 EPSG:4326
Projection Centroid of glacier geometiRGI60, GLIMS Centroid of grid point
identifier outlines for Caucasysegion 12)

4. Results

4.1 Globalglacier mass changes

Our results provide reviseahnualglobalglacier mass changes extending back to the hydrologicaltg&ar76 976 (annual
regional glacier mass changes further back in tleygending on the regipat various spatial levels: pgfacier (Fig.5-and
761), regional and on a global scale (Fig4, 5 and56, Table45). Globally, glaciers have lo§226-+848795 + 738 Gt of
water (ori72+2783+ 20 Gt year'), contributing to2224.3+ 1.7 =2.3mm of sea level rise since 1978most-hal#0% of
the total losg44%), equivalent to 10 mm of sea level rises-lost occurredduring the last decade from 262823 only
(Table45).

We find a record global mass loss farendayyear 2023with-glacierslosinga-total-0f602 = 6@t 579+ 6§ Gt of water,the
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520 Figure 3:4: Specific annual mass change time series for the TBFN-G-regions{, with Southern Andes separated by ? Order< Formatted: ~Caption,Beschriftung Char Char
RGlorder regions), with respective uncertainties,The areasizgof the circle ipthe pie charts represents the mass lost (in Gt) by region | Char,Beschriftung Char Char Char Char Char,Beschriftung
and the globe since the hydrological year 18%8credColouregsections represent the mass lost during the last decadg0142023). Char Char Char Char Char Char Char,Beschriftung Char Char
Heat maps represent regional and global glacier mass changes in m w.e. for every hydrological year over the comman pgi6ddro Char Char Char Char Char Char Char Char Char Char Char
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2023. Global results from 1976 to 2023 are represented both as specific mass change (bars and heatsncap)udative mass changes
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4.2 Regional glacier mass changes
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JFigure 4:5, Cumulative regional glacier mass changes from hydrological year 1976 to present for the &IN-G-regions. Specifict (

mass changes in m w.e. indicate the mean height of the water layer lost over a given glacier surface, large negatiggestluegians
where glaciers have suffered the most. By multiplying by the regional glacier are& imekobtain the masshange in Gt of water.
Cumulative glacier mass changes in Gt correspond to the volume of water lodt(km1 Gt) and are related to the regional contributions

to global mean sel@vel rise in mm,
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Buring-thelast-decad8ice year 20Q0all glacier regions have lost ic€ig. 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 decade ¢2023-) compared to the full period since 19Bxtremely negative regional

decadal rates reaching down-102m w.e. yr* are observed in Alaska, Western North America and Central Europe during the

last decade. Recottiteaking annual rates (more negative tH#6 m w.e.) occurred in Western North Ameri¢8%8,2023),
Iceland (2010), the Central Andes (1999, 2018) @adtral Europevith, thelargest-and-unprecedentatier experiencing in
2022 the most negativegionalannualrates-reachintass balance 8.1 m w.ein-2022nterestingly;-thelargest-yearly-total
losses-are-netrestricted-to-regions-with-the-largestvoliiasslossedarger than 100 Gif waterin a single year are present

in only in Antarctica 012,-and-2022), Greenland(2Q023) and Alaska (twelve years in total, five of them during the last
decade) with two regional yearly record mass losk7df+45-Gtand-173-+42 Gt-in2004-and-2019-respectively—The-ice lost

ng-in-Central-Europe—Cauca
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This versatility enables identification of individual years marked by significant glacier changes and the detectionndfrzones

varying impacts. For instance, it allowsto pinpointglaciers-within-a—regiargions and subregiortkat were affected by

specific annual climate variations (e.g. droughts, floods, heat waves, etc.), as well as those with a larger or sreadler influ
565 on the yearly contribution to hydrology and annual sea level rise.
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JFigure 5:6: lllustration of the multi spatial dimensions of the global annual mass change series, example for the Iceland region during
selected yearg(i) Individual glacier annual mass change series, (ii) Gridded annual mass change series, (iii) Regional specific annual
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yearfRkepresented/earsin Fig. 6 are chosen arbitrarily: the initial and last hydrological years considered in the global
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Eyjafjallajokull volcano A e L )

m-w.-e—and-seme-smaller-glacier-betwebb-and-2-m-w-e:(Moller et al., 2019; Adalgeirsdéttir et al., 2020; Belart et al.,
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FoG database, witthe estimateteaveoneout calibrated madsalancdime series (Leaveneout Ba). The latter is obtained

as described in the original methodology by calibratingriban 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
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glacier, the Mean Error (ME) and the Standard deviation of the residual (S) between the reference -amd eav@a are

estimated as metrics to quantify potential systematic errors and the magnitude of random errors, respectively.

0.5 b 15, € Region
- o ® e
- ";-! H - % sMm
@ c E W ASE
Z E o0 a &+ nzL
~ B 510 - & GAL
= v o . 4 ANT
@ =] o -
5 o > CEU
3 o —0.5 3 * ’i i ASW
g § @ e ISL
*
? @ 305 * ACN
o c d 4 WNA
g 310 “é . T * ALA
g g . @ L B & sca
H ME: 0.06 & ME: -0.08
g $:0.26 8 S: 0.16 : ASC
3 / ASN
=15 0.0
-4 -2 0 2 -15 -1.0 =05 0.0 0.5 0.0 0.5 1.0 15 * AU
Ba (m w.e.) Ba trend (m w.e.} Ba variability STD (m w.e.)
d . e All reference and benchmarck glaciers N: 74
10 * MELVILLE SOUTH ICE CAP (ACN)  MALADETA ICEU) LANGHORDJOEKELEN [SCA)
_ o8 ) : WHITE ACH) GieTRo (ceu AaLrOToRCEN (s
3 . - ¥ WOLVERINE (LA ALLALIN (CEU) ENGABREEN {SCA)
: r a GULKANA (ALA) BASODING ICEV) 'STORGLACIAEREN (SCA)
= z LEMON CREEK (ALA) CARESER (CEUY NIGARDSBREEN (SCA)
£ 0.8 TAKU IALA) SAINT SORLIN (CEL) REMBESDALSKARKA SCA)
= E HURD (anT) ARGENTIERE 1CE) MARMAGLACIAFRGN (SCAI
c c . JOHNSONS [ANT) SIVRETTA (CEU) GRAASUBREEN (SCAI
2 o . URUMO| GLACIER NO. 1 (ASC) GRIES (CEW) RABOTS GLACIAER {5CA)
" =06 - ABRAMOV (ASC JAMTAL F. (CEU} STORBREEN 1SCA)
=l o TS.TUYUKSUTSKIY [ASC) GOLDBERG K. (CEU) HELLSTUGUBREEN (SCA)
= 2 ¥ GOLUBIM (ASC) KESSELWAND F.(CEU) WERENSKIOLOBREEN [5)8)
2 o ." KARABATKAK [ASC HINTEREIS F. (CEU) WALDEMARBREEN {SJH)
" > 0.4 R PARLLIG 10 34 458) VERRAGT £ (CEv) IRENEBRERM (5)
g o ”, YALA (ASE) FREYA (GRL} MIDTRE LOVENBREEN (S|M)
e 8 (i MERA 45} MITTVAKKAT (GRL) ZoMGO (TRP)
e by o RIKHA SAMBA (ASE) HOFSIOERULL 5W (151 VANAMAREY (TRP)
w *. » 02 N LEVIY AKTRU (A5H) LANGIOKULL (CE CAP (ISL)  ARTESONRAIL (TRP)
= , CHHOTA SHIGA| (ASW) EABAKKAJOKULL 115L) HELM (WHA)
-0.8 " DIARKLAT (CAU) TUNGHAMRIORUL (5L PEYTO Al
i GARABASHI (CAU} HOFS)OERULL N (150} PLACE (WA}
- 0.0 SARENNE (CEU) HOFSIGEKULL E (15L) COLUMBIA (2057) (WNAY
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0 ossoue e BRUARJOKULL (1SL} RAINBOW [VNAL |
o ] . : CIARDONEY (CEU} BREWSTER (MZL) EASTON (WhHA| 1l
o mean calibrated estimate (m w.e.) o mean calibrated estimate (m w.e.) e ROLLESTON (MZL)

Formatted:

Font color: Auto

| Formatted:

Font color: Auto

A

Formatted:

Caption,Beschriftung Char Char

|| Char,Beschriftung Char Char Char Char Char,Beschriftung
|| Char Char Char Char Char Char Char,Beschriftung Char Char

Char Char Char Char Char Char Char Char Char Char Char
Char Char, Space Before: 0 pt, Pattern: Clear

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

| Formatted:

Font: Not Bold

||| Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

JFigure 6:7;, Leaveoneout crossvalidation results and statlsncsRMSELReet over 73 glaciological time series from reference alw i

differenceresiduals (Spetween thealculatedeaveoneout cross vaI|dat|on time series and fHgeferenceand benchmark glacigime |/

series.(a) LeaveYearly resultsfrom the Eaveoneout calculated annual masbange—(—Bthangg against the referengend benchmar k‘f
glaciers annual mas$iang d o vati hangs (b)l:eaveeneeu&ealeeuatedrmass‘,

termtrendsfor-the

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

(penod 19762023(e)4:eaveeneeu&) from theralculatemqas&ehangmaveoneoutt|me seriesagainstiong termtrendsagainstfor the/
measured as the time seaiéability STD (not to //

be confused with thstandard deviatioof the re5|dugls noted Hor the period 1972023{d}Reference-glaciefrom the calculatgteave /
oneouteress#alidatien—MAEtime serie a0a inslthereferenceand benchmarglaciers time serie¢d) ME and (e)S of residuals for each

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

relativerelategto theAreaaregof the;efe;eneeglamer

Validation results are shown for &l selectegeferenceand benchmariglaciers in Fig.6-—Censidering-all-annual-mass

Formatted:

Font: Not Bold

Formatted:

Font: Not Bold

Formatted:

States)

Font: Not Bold, Font color: Auto, English (United

Formatted:

English (United States)

Formatted:

English (United States)

| Formatted:

(
[
(
(
(
(
(
(
(
(
(
(
(
(
(
e
[ Formatted:
(
(
(
(
(
(
(
(
(
(
(
(
E
(
(
(

0 0 0 0 U U U U 0 0 0 U U U U U

English (United States)




650

655

660

665

670

675

We7. As verified by the low ME of 0.05 m w.e. for annual values and 0.06 m w.Brfgtermtrends (Fig.7a and7b), we

Formatted:

Font color: Black, English (United States)

find no systematic errofor-Ba{Fig-6a;—)verified-byon the equivalent RMSE-and-STBiff-of-thecalculategfleaveoneout

Formatted:

Font color: Black, English (United States)

eross-validationresidualsfor-all-reference-glaciemialmass balangeThis meanshere-are-enly-random-errors-generated by

Formatted:

Font color: Black, English (United States)

oeurmethedrandom errors are the largest error souat®.51 m w.e. for the annual values and 0.26 m w.elofog-term

Formatted:

Font color: Black, English (United States)

trends Differences imnnual values argtie longterm trend$MAE-0-18-m-w-e-Fig-65nay come from the different geodetlc

Formatted:

Font color: Black, English (United States)

datasets used fm@%m%mwmﬁng%wmmdamﬁlmmhRefereme

Formatted:

Font color: Black, English (United States)

Formatted:

Font color: Black, English (United States)

and benchmark glaciers, iieanalyzed usehlgh qualit

Font color: Black, English (United States)

Formatted:

Font color: Black, English (United States)

observations for calibration, whereas here, our calculated-tm@veut Ba is calibrated over Hugonnet et al. (2021) elevation

change only.

Formatted:

English (United States)

Formatted:

English (United States)

balancgvariability;-whieh amplitudeis-expressedas showby theStdDev-(Fig-6¢)-Notably-in-Afeltbreen-mestof dlightly,

Formatted:

English (United States)

Formatted:

English (United States)

negatlve(mest_pes&we)—yea#&ME of -0.08 m w.e. between the leasaeout angthe referenc®atim gserlemesﬂmated

0 Wards

(
(
(
(
(
N
al
[ Formatted:
B
(
(
(
N
ds |

Formatted:

English (United States)

{ Formatted:

English (United States)

Formatted:

English (United States)

come from aslight;smoothing of themean annualmasshalanceanomaly extreme values when averaging the nearby

Formatted:

English (United States)

gIaC|olog|caI times serieur—crossvalidation—resulis-show-this-bias-to-be-well-accounlesl effect is cleafor in-the

Formatted:

English (United States)

English (United States)

(Fig. 8.19) where the extreme years in the referemessbalanceseries are less extreme in the leaneout series,

Formatted:

English (United States)

Formatted:

\{

(

\{
iseagpetacier Afoltbreen { Formatted:

(

(

English (United States)

X [ Formatted:

English (United States)

regions with a rich glaciological sample, like Central Europe, Scandinavia, Svalbard, Iceland and Arctic Canada North perf({ Formatted:

English (United States)

o JC 0 A ) U U ) L L

well. Specifically, Hintereisferner located in the weimpled Central Europpresent residual S as low as Ori3v.e.and a

ME of -0.09 m w.eThe largest random errors are observedacigrs Brewsterin New ZealandS: 0.91, ME: 0.2 m w.e.)
Gulkana(S: 0.2, ME: -0.01 m w.e.)and Wolverine imrAlaska(S:1.03 ME: 0.16 m w.e.)and Zongo in the Low Latitudgs:

0.83, ME: 0.I7 m w.e.).The Bhrgest systematic errors are observed in gla€ielsmbia in North Americ4S: 037, ME: 066
m w.e.) Tungnaarjokull in IcelandS: 0.35, ME: 0.8 m w.e.) Mittivakkat in GreenlandS: 0.5, ME: -0.61 m w.e.)and

38



680

685

690

695

Sarennen Central EuropgS: 0.54, ME:-0.95 m w.e.)(Fig. 7, Fig. 8.1 for reference glaciers and Fif.2 for benchmark
glaciers)

Fig. largerthanthe crosmlidation- MAE{Fig-—64d)7d and7eshowthe ME and S of residuals for each reference and benchmark
glacier against the uncertaigs of the mean calibrated annual massangetime series,

calculated by oukriging

hA

predictingmethodfor the samesample ofglaciess. In most caseshe predictederror islargerthan both the leaveoneout

crossvalidation ME and Sresidualsfor all glaciers This meansthat the kriging method is cautiougredicting larger

uncertainties than what is observed in the residiilgsconfirmingthatour uncertainty-estimationimcertaintieso bewithin

an-aceeptableconservativeange andearable tocapture sources of systematic errersndrandom errors introduced by the
prediction methodWe i i ibrati

Font color: Black

notintroduce-hew
This leaveoneout crossvalidation shows that our method introduces only srsystematic errors and has a -géacier [Formaned;
random error thas wellrepresented-based-on-the-sample-of reference glabmleaveoneout-cross-validation-results prove [Formatted:

Keep with next

aciological

conservatie.

However, most reference and benchmark glacierfoaated in regionsthere-there-are-often-other-sewiith a high density [Formaned;

Font color: Black

of mass balancebservationsbleto compensate for their exclusion. Due ts thheour leaveoneout analysigexercisgdoes [Formaned;

Font color: Black

not necessarilyrepresent a typical glacier in a data scarce redieprovements-in-this-aspect-will-only-be-reached-with a_ [Formatted:

Font color: Black

betteiTo explore the validity of our methodology in under sampled regions, where the mean glacier anomaly may come fr£ Formatted:

Font color: Black

distant glaciological time series, Wweesent below a leaMdock-out experiment over the fi8ample ofeng-term-glaciermass [ Formatted:

Font color: Black

) U U

39



a HINTEREIS F., CEU i
| T H
2
— Lmeomen 3
E
1
E
0
£
E-1
2

C HELLSTUGUBREEN, SCA [
2 i £

700

1560 1980 2000 2020
Year

d WHITE, ACN

—reference

and benchmark

glaciers.

MIDTRE LOVENBREEN, SJM
2 — elarsrce
— Laaveone ot

betorce
2 — Leaveareout

e

/

ME: 0.16
5:0.08

ME: 0.14
5:0.20

1860 1980 2000 2020 1960 1980 2000 2020 2

Yo Year
e HOFSJOEKULL N, ISL - f COLUMBIA (2057), WNA i2 /
N VSR e : y
— uovoreat § — Lesveonsout =
H .

B

1960 1380 2000 2020

~ ieo 1deo a0 2020
Yea yoar
g AALFOTBREEN, SCA ] h TAKU, ALA
e
H 2 = laren
i |
i Y i
£
-1
1%s0 1980 2000 2020 1960 1580 2000 2020
Year Year
i TS.TUYUKSUYSKIY, ASC ;i l DJANKUAT
wterence H
2 —— Lesve.cee-out " B
H
1 1
3
30 o I T
£
21 -1
. -2 I
B Ty e -3
190 1080 2000 2020 1960 1980 2000 2020
vear
k ZONGO, TRP - I GULKANA, ALA
N — seterence
— Leave.creout

R —
2 — Loaveone mut
1
io
E
2-1
-2

[Formatted: Font color: Auto




9 lom) b Midtre Lovenbreen, §JM

@ Hintereisterner, CEU ; §
z —— Reference 5 z i
—— Leave-one-aut a &
1 H 1 b
s i 3 H
i £ io 2
0- H o H B
E \ i
g . A LAY M
= -1 J i ¢ RMSE: 0.26 -1 8 / RMSE: 0,17
2! | $-2 MAE: 0.20 2 5_2 Vs MAE: 0.14
LF i STD-diff: 0.24 HE STD-diff: 0.11
s 3,V
1960 1980 2000 2020 -2 [ 2 1960 1980 2000 2020
Year Ba (m w.e.) Year
€ Hellstugubreen, 5CA ; d White, ACN ;
2 £ 2 E
2 =
H ]
1- 1 3
3 i 3 HE ;
o g z o0 i A
E L4 E P
- = 5-1
5 ]
-1 g RMSE: 0.27 8-1 2 S RMSE: 0.25
2 §-2 MAE: 0.22 . E,Z / MAE: 0.19
i STD-ditt: 0.27 STD-diff: 0.21
i, L V4
1960 1980 2000 2020 2 1960 1980 2000 2020 -2 o 2
- Yoar Ba (m we.)
C Z £ argentiere, cru i
E 2 E
] ]
L T 1 k]
i io i i
E i £ H
) g-1 n -1
i1 b RMSE: 0.40 8-1 ? RMSE: 0.40
_21 E,z MAE: 0.31 2 §_ 2. / Rl MAE: 0.33
H / STD-ditt: 0.34 i y STD-diff: 0.40
i L
1960 1980 2000 2020 ? 1960 1980 2000 2020 -
Year Ye
g  Aalfotbreen, scA s h e a [
2 \ £ H
"| a1 a1
| H 3
1t }.4 2 ]
g g0 g 0
0 H 3
E ..
i g 51 3
-t 3 RMSE: 0.75 £ 27 RMsE: 0.63
2] I i Sy MAE: 0.62 E 2 . MAE: 0.52
H V4 STD-diff: 0.75 3 ' STD-diff: 0.58
1960 1980 2000 2020 - T 1980 2000 2020 - -2 [ 2
Year Year B2 (m we.)
- - . o |GARaakSH (16 km y
I 7. Tuyuksu, asc $ 28 ] piankuat, cau iz /
2 E | 2 £ /
a1 21 /-
1 3 1 3 /
1 io 1 io ‘I
o H ia g
£ : 1 £ g 1"
> - . = - .
-1 3 /1t TRMse 0.8 a-1 H RMSE: 0.59
3] -2 MAE: 0.38 2 5., MAE: 0.47
S/ STD-diff: 0.47 ; / STD-diff: 0.51
-3 - -3
1960 1980 2000 2020 -2 ] 2 1960 1980 2000 2020 -2 [} H
Year Ba (mw.e.) Year Ba (m w.e.)
k Mittivakkat, GRL $ 2 | cukana, aa Y
—— Reterence
z E 2 £
- H J e
1 H 1 3
3 " § o 3 Lkl | %o
-4 A i H
H 3o 3
£ Ml H -\T,.‘qf‘.- i .
) ) §-1 i \ | 31 .
-1 f \ hJ i RMSE: 0,81 8-l /L l H Nt e RMSE 0.8
. ! IL’ ¥ i MAE: 0.70 s | V §2 )/ . MAE: 0,66
v H STD-ditf: 0.55 H /e« sTD-diff 0,81
- 3 . 3
1960 1980 2000 2020 S @ 3 7 1ge0 1980 2000 2020 S 2
Year Ba (mw.a.) Year Ba (m we.)

Formatted: Caption,Beschriftung Char Char

| Char,Beschriftung Char Char Char Char Char,Beschriftung

Char Char Char Char Char Char Char,Beschriftung Char Char
Char Char Char Char Char Char Char Char Char Char Char
Char Char, Border: Top: (No border), Bottom: (No border),
Left: (No border), Right: (No border), Between : (No border)




JFigure 78.1; Selectedexamples of the leav®ne-out cross validation resultsbyon individual referenceglaciers-{Right (more than 30

years of observations)(Leff, plots) Referenceefi
estimated annual mass change time sesies d

arjglacier annual mass change time series (grey) and thedeeweit
uncer t gblue) (eftRighf{zplot) Ahriual mass change values from:

[ Formatted:

Font color: Auto

[ Formatted:

Font color: Auto

705 referencéenchmarlglaciers against the | out estimated annual mass change values. Every dot corresponds to a yearly observatio[ Formatted: Font: Not Bold
Nearby-glacie eiected-tocatcuatetn ahnoema are-listed-togetherwi heir-distance-to-the \ Formatted: Font: Not Bold
[ Formatted: Font: Not Bold
a - b p [ Formatted: Font: Not Bold
MERA, ASE [ ) /
) e H . | / [Formatted: Font: Not Bold
e et a2 / /
_ ¥ =Y [Formatted: Font color: Auto, English (United States)
0 4 -1 P /. e
B, ME: .0.08 ME: 0.62
- : /,/ 5:0.36 2 5:0.54
Fso a0 w0 aem S R T “Beo 200 2010 209 R T S
et mws. o 1m
€ woowmenw T2 S d —_— i
e i y R — :
2 — Leeveone-out i Y —— Leave-onesul e
3 ' ot 4 K ' X o
; o ;r-v‘ Hid FATA TS
81 -t I i1 v -
-2 =21 '// ME: 0,06 -
p s:033
“fes0 2000 2010 2020 - [ 3 “fa30 2000 2010 2020
veur oo tmwed Yoar
e 0SSOUE, CEU E 2 yd f BREWSTER, NZL
2 e £ / 2 S P e
- 1 _ 1
i Po
H H
a-1 a1
- 2
“Pagn “fogo 2000 “zmo 2020 - )
ar o it
g JOHNSONS, ANT E N / h ARTESONRAU, TRP 5 2 //
2 e 2 e £
; ' S
. 31 B
£ B
. - -1 o .
- 2 e
D —— v =3l M =3 /
foT) 2000 2010 2020 i 2 Tooo 0002610 2020 I , z
Year -t o -
i e AL E N ‘// i YALA, ASE % ) /
2 e & / 2 e B /
) | = | / 1 z /
- | . - £
i W P é :
=Y \'}‘ I §-
.l me: 0.07 =l e 023
si0ss ! 501
s 0 0 20m0 ik Tles o000 2030 E CR
- e . " oa (rm we.

710 Figure 8.2: Same asFigure 8.1 but for selectedexamples of the leav@neout cross validation results on individualbenchmark
glaciers(more than 10 years of observations)
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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 increfistimgces: first, we consider all anomalies
further than 1 km (i.e. as in leave one out crosssestalidati on, only the glacie

anomalies at different distance thresholds of 60, 120, 250, 500, 800 and 1000 km. At every step a new mean glacier mb
anomalyis calculated for the reference/benchmark glacier from the evabeinple. The ME and S of the residuals
betweerthe calculated leavblock-out mass balancé i me s eri es and the o6éreferenced Ba is estimated at e v

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 &en increas

t0 0.20 m w.e. above 500 km. Random errors (S) appear to increase gradually as the distance gets larger (Table 6).

Table 6: Leave block out cross validationME and S residualsof the leaveblock-out annual mass balancecalculated for different

distance thresholds to select the glacier annual mabsalance anomaly samplesagainst the reference annualmass balanceat

different distance thresholds

Distance threshold for selected samples i) >1 >60 >120 >250 >500 >800 >1000
ME residual (m w.e.) 0.06 0.06 0.07 0.08 0.19 0.19 0.20
0.2 0.61 0.65 0.71 0.92 0.96 1.01

Sresidual (m w.e.) 0.52
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Figure 9: Leaveblock-out crossvalidation results and statistics over # glaciological time series from reference and benchmark
730 glaciers.(a) Mean error of the leavsock-out residuals (ME) and (b) Standard deviation of the ldxwek-out residuad (S) as a function

of the distance to the closest glacier anomaly used to calculate the mean mb i&lyof residuals and (d) S of residuals at different

distance thresholds against the estimated uncertainty ofele calibrated annual madsangestimate for the same glacierGtSymbols

correspond to the region where the benchmark or reference glacier belongs.

Fig.9illustrates the leavblock-out glacierwide results as a function of the distance to the closest glacier anomaly considered.

735 There is no apparent influence of the distance on systematic errors in the calculatedvidadieaveblock-out mb justified

by absence of trends ffig. 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)

increases as the mean glacieomaly is calculated from a more distant samplig).(9b), from 0.5 m w.e. for nearby time

series up to 1 m w.e. for series located farther than 200tikportantly.in most caseboth systematic and random errors are

740 captured by the mean calibratednualmasschangeuncer t ai nty at G independe®tandof the distance of the samj

9d). This means that owredicted uncertainties reflect the true variability in the residualsthatcdurmodel is providing

realistic confidence intervals ftine mearannualmassbalance anomalgredictionsS is larger tha only in some few cases

with distances to the closest glacier > 500kmt the large spread suggests tkicomingfrom the randomness of the

predictions.
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We can conclude that the spagaitrapolation 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 unesampled regionBoth the leaveoneout and the leavblock-out cross validations show

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

time series (99% of the global glaciers) with realiaticl conservative uncertainties

5.4Improvements with respect to earlier assessments

A general overview of the improvements with respedtctinprevious assessmeritsmby Zempgtal. (2019)andHugonnet [ Formatted: Font: 10 pt

et al.(2021)is deseribegrovidedin Table57. Regional and global glacier mass chanemults for the three observatibased
estimates are compared in Rig.0 (in Gt).

Table 7: General methodological ameliorations with respect tZemp et al. (2019)and Hugonnet et al.(2021) [ Formatted: Font: 9 pt

Hugonnet et al.

Zemp etal. (2019) This study

(2021)
o -
Spatial coverage 9% 9r.4 /;:)efslauer 96% of glacier area
Spatial CTN-C . Individual glaciers Individual glaciers RGB
resolution RCI Region RGI-6 Regular global grid
19601 2016 "
Ei’;"gg’aé (with global annual resolutior  2000- 2020 o iom}Ig?fl'gizzfeG'Oba'“}ablef))
9 19767 2016) glorally Seetable4Tabled
Temporal Multi-Pluri-annual
resolution annual (5,10 and 20 years) annual
Uncertainty & dh 4 dh
sources for N/A . o .
individual glaciers (only regional time series) d e mean t u doe mean(kugs 2013
time series (Huss 2013 U glac. anomaly
o o Empirical spatial correlation function
l;ssu:ri:d unco?rg[ggﬁaftg? & dh ti G dh propagation (Hugonnet et al, 2022
Uncertainty ¢! _ uoh propagation G glac anomaly propagation
: samples larger than 50 glacie  (Hugonnetetal, - . .
sources regional 4 d n(H 2013 2022 U d e prepagation (Huss and Hugonn
time series G d e mean( uﬁsm ) (in prep))
ure eilo;a‘laainuz; n::g: 9 0 ar ea c fremregienalramntiab
9 mean
Yearly updatd
Annual updates No update Not updated yet since 202 (C3S CDS)
Glacier inventory RG-6 GLIMS GLIMS

Caucasus region 12
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Broadly, our new approach effectively corrects the negative bias in thédomgrends observed Bempetal. (2019)thanks
to the integration of the glacier elevation changgsom Hugonnet et al(2021) whichtranslates into a significant reduction
in both regional and global uncertaesj largely noticeable for the more recent years (Eigrable8). Globally, glacier mass

change rates between 1976 and 2018em®negativé-131.6-+ 2848+ 20 Gt yrY) than previously estimated @Bempgetal. [ Formatted: Font: 10 pt

(2019)(-203.204 + 454 Gt yr?, Table67). The resultings3946069+ 783Gt of cumulative mean mass loss for the period is

58%-from-thaB5% than thed290+ 7698Gt predictedossby Zempgt al. (2019){9290-Gt)—Fhe differences-mainly-comefrom [ Formatted: Font: 10 pt

etal(2019)for the same periodrhe differences mainly come frothe

Southern AndesAlaska, Russian ArctidAntarctic andSubantarctic Islands, Greenland Periph@igble8) i all regions with

limited geodetic coveraga the previous assessmeBoth regionally and globally, the years after 2000 are well aligned to

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

AddskalyArctic Canada
North, Western North America, the Russian Arctic, Caucasus, Low Latitudes, New Zealand and the Southern Andes exhibit

less-negativegeneratrends compared to Zemp et al. (2018) contrastthe trendsin-thAsia Northregien-are-mere-negative,
andArctic Canada Soutlrends aramore negative in the pasdverall, the regional trends agree well wiflagonnet et al.

(2021)trends during the overlapping period 268M19 (Tablesg). Deviations of more than 5 Gtyare found in Alaska,
Greenland Periphery, and Antarctic and Subantarctic Islands.
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04 Arctic Canada 40996 | 165162 9.6+32.0 40,594 22241091 | -265+43
South 101
05 Greenland -5.6+49.75.0+ -29.2+38.37.8
= - + == - +
Periphery 92,409 2.0 24.9 + 46.0 83,464 188 35.5+5.8
06 Iceland 11,219 -5.96.3 + 490 -3.9+6.0 10,681 -94+2+326 9.4+1.4
07 Svalbard 34,372 -6.8+ 7.2100 -13.2+12.0 33,767 -107+9+858 | -105+1.7
08 Scandinavia 2,997 -0.7+101 -0.9+1.0 2,889 -1.7+1.09 -1.7+0.4
09 Russian Arctic 52,219 '5'1‘36*9% -20.0 +24.0 51,300 -10.6 +6.8160 -10.4+1.9
10 North Asia 2,565 1.0 £ 079 -05+1.0 2,426 -1.3+078 -1.3+0.4
11 Central Europe 2,227 -08+07 -1.0+1.0 1,966 -1.6 + 06 -1.7+0.4
gsﬁaucasus Middle| ) 345 0.3+ 064 05+1.0 1,248 -0.6 + 054 0.7+02
13 Central Asia 50,237 80 134 48'334 -5.9+15.0 48327 83 -12*8(3‘& -96+2.1
. 752+ 113+ 40+105=
14 South Asia West 34,173 105 -1.9 +£10.0 32924 126 -46+1.7
15 South Asia East 15,034 -619+510 -3.2+5.0 14,428 697 +431 6.9+1.4
16 Low Latitudes 2,430 -0.6 +21.6 -1.5+3.0 2,069 -08+109 -0.9+0.2
171 +19.516.7 213+ 64+
17 Southern Andes 30,009 +103 -22.8£40.0 29,420 155 -20.7+4.1
18 New Zealand 1,017 -04+12+08 -0.4+20 909 -0.5+ 065 -0.7 £+0.2
19 Antarctic & 130,356 | 2+ =9952% 55+ 152.0 105513 | FOFEZEALL | 569449
subantarctic 56.3 +289
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5.35 Known limitations
5.35.1. 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 wigtantl-or
neighberingeighbouringregions timeseries, which may not necessarily be representative of the local glacier annual
variability. As_a consequence, the annuglacier 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
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situ glacier monitoring programs in these regions. In the short term, efforts must be directed towards ensuring the continuit
850 of glacier in situ monitoring in the Southern Hemisphere and possible correction of patgriorgeries.

5.3-15.2. 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 shae fortarctic and Subantarctic Islandéie best way to correct
possibledeviations inpast time series is to calibrate them against accuratetéomggeodetic glacier elevation changes.

855 Geodetic observations can be temporally enriched in all regionslbgking historicaUnited Statespy satellite archives (e.g.
KH-9 Hexagon andCoronadeclassified satellite imaggrandnationalhistorical airbornémage archives.

5.5.3.2: Grid point artifact in polar regions
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