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Abstract. This study presents a reanalysis of the glaciokdlyi obtained 2001-11 annual glacier mass balaressd at
15 Hintereisferner, Otztal Alps, Austria. The reandayis accomplished through a comparison with geoaiéy derived mass
changes, using annual high-resolution airborner lasanning (ALS). The grid based adjustments fer rfethod-inherent
differences are discussed along with associatecertainties and discrepancies of the two forms ofssnhalance
measurements. A statistical comparison of the ta@skts shows no significant difference for sewvarual as well as the
cumulative mass changes over the ten years re¥etdthe statistical view hides significant diffaces in the mass balance
20 years 2002/03 (glaciological minus geodetic recerd€).92 m w.e.), 2005/06 (+0.60 m w.e.) and 2006/D.45 m w.e.).
The validity of the results is critically assesse®l concludes that exceptional atmospheric circamests can render the
usual glaciological observational network inadequ&urthermore, we consider that ALS data reliabproduce the annual
mass balance and can be seen as calibration tootsunder certain circumstances, even as a s$utesfor the glaciological

method.

25 1 Introduction

The mass balance of a glacier defines its hydroldgieservoir function (e.g. Kaser et al., 2010) &a high-confidence
indicator of climate change (e.g, Vaughan et 81,3 Bojinski et al., 2014). There are two primargthods for determining
the mass balance of a glacier. The glaciologicahot is the most widely used for assessing anml-amore rarely —
seasonal mass changes of individual glaciers fegnymous, 1969; Hoinkes, 1970; Kaser et al., 2@gjley et al., 2011).
30 It spatially extrapolates in situ point measurersesftablation and accumulation to the glacier-wsdeface mass balance,
encompassing changes at the glacier surface (Cegkdy, 2011). Earliest glacier mass balance measents started around
1950, but only about 30 reference glaciers havetarmupted annual time series going back to 19%6 @&emp et al. 2009).
This small number of annually measured glacier rbasance series provides the basis for reconstigigtist contributions
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to sea level rise (e.g. Kaser et al., 2006; Marz@ibal., 2012; Gardner et al., 2013; Vaughan .et28l13), extrapolating
glaciers’ contribution to regional water supplyg(e<aser et al., 2010, Weber et al., 2010, Hus$12Bliss et al. 2014), and
glacier change detection, attribution (Marzeiorakt 2014; Slangen et al., 2016) and projectiomietl (e.g. Radi and
Hock, 2006; Marzeion et al., 2012; Raét al., 2013; Huss and Hock, 2015; Mengel eR4l16).

The surface mass balance is defined as the masgeta the glacier surface and within the snow cewgich evolves
during the balance year (cf. Cogley et al. 201@)cdntrast to the surface mass balance obtaindd thvt glaciological
method, the geodetic method subtracts two consecdtgital terrain models (DTMs) of a glacier an@yides its volume
change. This method integrates over all proce$seddad to surface height changes at any singteg pba glacier, i.e. the
surface, internal, and basal mass changes as sviiibae from ice flux divergence, and densificafionffey and Paterson,
2010). Consequently, the mass balance values artairc point of the glacier may differ significantbetween the
glaciological and the geodetic mass balance metHodiever, according to the principals of mass cora®n, the ice flux
divergence becomes zero if integrated over anesgtacier Moreover, by assuming internal and baseds changes on mid
latitude mountain glaciers to be of minor imporerfe.g Cuffey and Paterson, 2010), and by applgititer measured or
estimated snow or ice density to convert volume imass changes, the two methods should obtairy fimilar numbers
for the total mass balance. In this way, geoddjicitained results have been used as controlarfoual glaciological mass
balances at decadal scales and are commonly apmigdentify random and to correct systematic utaieties in
glaciological mass balance time series (Hoinke301®aeberli, 1998; Fountain et al., 1999; Krimni99; @strem and
Haakensen, 1999, Hagg et al. 2004; Cox and Maf@bv,2Huss et al., 2009; Thibert and Vincent, 2008hlet et al., 2010;
Zemp et al., 2010; Prinz et al., 2011; Zemp et24113; Galos et al., 2017). Geodetic measuremexus also been merged
with glaciological mass balance series to increaserage and representativeness of large regimasgbbal glacier mass
balance information (e.g. Cogley 2009; Gardnet.e813). Indeed, the interconnection of differerdthods is increasingly
suggested in order to ensure progress in glacies mlange estimates for large regions or evenengltibal scale (Gardner
et al., 2013; Marzeion et al., 2017).

At Hintereisferner in the Austrian Otztal Alps, gialogical and photogrammetry based geodetic maksibes are available
since the early 1950s (e.g. Kuhn et al., 1999)lyEamnalyses showed good agreement between the &t sries on a
decadal time scale for the periods 1952/53 to B6@8/ang and Patzelt, 1971) and 1952/53 to 199(@hn et al., 1999).
Yet, a more detailed examination by Zemp et all@0evealed discrepancies at HintereisfernerHerperiods 1963/64 to
1968/69 and 1978/79 to 1990/91.

Geodetic mass balances for Hintereisferner weraimdd at annual time steps between 2001 and 20d1dn high resolution
air borne laser scanning (ALS) became availables&results from the first data pairs indicatedsaterable differences to
the glaciological mass balances (Geist and Sti@07). These differences and the meanwhile availab annual high-
quality ALS-data sets motivate and enable a soufaque validation and, finally, a reanalysis of aainsurface mass

balances of a glacier.
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This study presents the first use of annual geodetiords for a detailed reanalysis of an annuatiglogical mass balance

record. This is achieved by a stepwise assessnienethod-inherent uncertainties in each dataspséction 3) and the

accounting for method-inherent difference} lfetween the surface (glaciological) and the t¢d@lodetic) mass balance
70 (section 4). In section 5 we thoroughly perform atiscuss the final reanalysis of the glaciologieatord, ending with

concluding remarks in section 6.

2 Hintereisferner

Hintereisferner (46.79°N, 10.74°E) is a valley gadn the Austrian part of the Otztal Alps (Figure The glacier consists
of three main tributary basins. Langtaufererjoahéer (1.11 km?) and Stationsferner (0.28 km?) diseated from

75 Hintereisferner in 1969 and 2000, respectively,dratstill treated as part of the glacier in maaarce assessments in order
to maintain consistency over the whole time sepfesbservations. Hence, “Hintereisferner” in thappr refers to all three
glacier bodies.

The area of Hintereisferner in 2011 was 6.78 krbgua 15% smaller than in 2001, when the first AlsBnpaign was
conducted. The glacier front retreated by 390 ninduthe same period. The glacier elevation rangaes 2456 to 3720 m
80 a.s.l. and the median altitude is 3039 m a.s.|. &®mumulation area covers aspects from northeasoutheast while the
long and narrow tongue faces northeast. Meltwdtsrd the Hintereisbach, which joins the runoff fr&msselwandferner,
Hochjochferner and a few smaller glaciers and syimsetly drains into Rofenache and finally into éztaler Ache, one of

the major tributaries of the Inn River.

Hintereisferner is located in the ‘inner dry Alpimene’ (Frei and Schéar, 1998), which is amongstdtiest regions of the
85 entire European Alps. Precipitation in Vent (~190G.s.l.), about 8 km west of the glacier termirmesches 677 mm‘a
with air temperatures of 1.5°C in average (1906420Precipitation amounts double at the totaliziagn gauge near the
Hintereis research station (3026 m a.s.l.; Figyreeflecting the altitudinal difference of apprmately 1100 m but also the
enhanced precipitation activity further up the ewllOver the study period 2001 to 2011, the vafaesnnual temperature
and precipitation in Vent are 2.3°C and 676 mmpeetively. The mean annual 0°C-isotherm is located 2450 m a.s.l.

90 Like many glaciers in the Eastern European Alpsitéteisferner has experienced strong shrinkagepared to its Little
Ice Age maximum extent, which was reached sometieteeen 1847 and 1855 (Richter, 1888). Since i, tthe glacier
area in the Otztal-Alps has shrunk by more than §BRcher et al. 2015). After a period of rathatishary glacier lengths
in the late 1970s and early 1980s (e.g. PatzeB5l@jlacier mass loss and area shrinkage domimigtteparticularly high
rates during and after the extraordinarily hot siemof 2003 (e.g. Abermann et al., 2009).
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3 Mass balance methods and data

In this section we introduce the glaciological dnel geodetic measurement methods used to obtaantheal mass balances
of Hintereisferner. We first determine a commoneb® the two datasets, by the homogenization afigt outlines and

DTMs, followed by quantifying method-inherent urteémties.

3.1 The glaciological method

Glaciological measurements of annual mass balahttngereisferner have been started in 1952 (Hank®70) and are
carried out regularly since then, resulting in @fi¢he longest continuous glacier mass balance senes worldwide. The
distribution of 40 to 50 (maximum 100) ablationk&ts over the main tongue of Hintereisferner is mmmmise between
representative coverage and logistic feasibilityl{K et al, 1998; Fischer, 2009). During the stuelsiqul no ablation stakes
are placed in the upper part of the glacier, whieeeaccumulation is usually determined by mearsnofv pits and probings
at the end of the mass balance year. The locafiordividual snow pits has been more or less canstaer the whole study
period. Their number changed according to the nagrgixtent of the accumulation area from none in 2092/03 up to 14
pits in 2003/04 (see Figure 1). The series follthes fixed date system as defined by the hydroldgiear, spanning from
October 1st to September 30th of the following yeédth additional measurements in spring and dugbgut fortnightly
visits between June and October.

The annual mass balance at each measurement pailetived by converting the individual change offate height as
obtained from stakes and pits. Ice ablation obthfnem repeat stake readings is converted intotmpacific mass balance
by applying an assumed constant density of 900 K8 mccumulation is determined by measuring thewsmiepth in
conjunction with depth-averaged snow density ivmspds. The point values and additional observationformation such
as the position of the snowline from an automasimera and from terrestrial and air photographsydogphic conditions,
and the expert knowledge about typical spatialepast are the basis for drawing contour lines oéqass balance values.
The resulting areas of equal mean mass balandhementersected with 50 m altitude bands in okdederive the vertical
mass balance profile. By integrating over the wdit bands, both the total mass balangg Bnd the mean specific mass
balance of the entire glacieyd are obtained (e.g. Kaser et al., 2003; Cogleyl.e2811). Results are submitted to the
World Glacier Monitoring Service (WGMS) annuallyr brder to provide a common base for both the glagical and
geodetic analyses we re-generate the annual glautkémes from the ALS data rigorously followingetiguidelines presented
in Abermann et al. (2010). This led to minor changg.) in annual glaciological balances in the order—6f015 to
+0.039 m w.e. 4 accumulating to +0.12 m w.e. over the 2001 tol20driod.

Before approaching the reanalysis of the annudasermass balances of Hintereisferner for the fierdod 2001 to 2011
further uncertainties in the glaciological massabaks series must be addressed. The glaciologietdooh suffers from
uncertainties related to (i) point measurements(@ntheir spatial extrapolation over the entilaaer. For both uncertainty
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sources and due to the lack of respective datainteteisferner we synthesize appropriate infornmafrom the literature as
follows.
Zemp et al. (2013) analysed, among others, the badaace series of Hintereisferner for six peribetwveen 1953 and 2006
130 and attributed an uncertainty of +0.10 m w.&tafield measurements for the years after 1964dmubled the value for the
years before. For the spatial interpolation of paiata they assigned values between +0.14 and 0.4 & with an
average of £0.33 m w.e or the entire period. Further explanations areprovided by Zemp et al. (2013).
Fountain and Vecchia (1999) found combined unasties for (i) and (i) of up to +0.33 m w.e’ &y analysing the
modelled variability of the mass balance of Soutis€ade glacier. Thibert et al. (2008) and Thibad ®incent (2009)
135 analysed 51 years of mass balance for Glacier denBes and reported a combined annual uncertafrnt9.80 m w.e. &
for (i) and (ii). For Gries- and Silvrettagletschéetuss et al. (2009) assumed overall uncertaiméiged to (i) and (ii) of
+0.16 to +0.28 m w.e.”a By investigating the glaciological and geodeti@ss balances of Storglaciaren, Zemp et al. (2010)
determined the random uncertainty for (i) andwiith +0.10 m w.e. & each, which resembles the results of Jansson 1999
For Findelengletscher, Sold et al. (2016) rougisiyneated a random uncertainty of +0.04 m w:kfa (i), referring to Huss
140 et al. (2009), and of +0.17 m w.€ afor (i) by evaluating contour lines drawn by 1Bdependent analysers. On
Nigardsbreen, Andreassen et al. (2016) obtainextad point measurement uncertainty of +0.25 m w’as the root sum
square (RSS) of a false determination of the previgear's summer surface (+0.15 m w:8, aupwelling of stakes
(+0.20 m w.e. 3), and wrong density assumptions of snow and fith(5 m w.e. 3). Uncertainty of spatial integration was
taken as +0.21 m w.e*amade up by point measurements insufficiently cimgeboth the vertical range and the total area of
145 the glacier.
Based on the findings of Zemp et al. (2013) comtbiwéh expert knowledge about the study site, waess the uncertainty
related to point measurements at Hintereisferreingoin the order ofuin; = £0.10 m w.e. 73, resulting in a decadal value of
about +0.32 m w.e. For extrapolating point data irkasonable patterns of mass balance, the coliteumethod uses
expert knowledge. Based on Sold et al. (2016), stenate a respective uncertainty of +0.15 m wefoa Hintereisferner.
150 In addition and according to Andreassen et al. §20ve assume that the extrapolation over areacongred by point
measurements inherits uncertainties of +0.10 mateHence, uncertainty due to spatial integrationtre respective
measurements over the entire glacier is definedeosspaia= £0.18 m w.e. A and result in decadal uncertainty of
+0.57 mw.e.
Overall uncertainties for the glaciological masthbeaes are calculated, according to the law ofrggropagation, leading to

155 ogac=+0.21 m w.e. for annual and +0.65 m w.e. for¢heulated values.

3.2 The geodetic method

Between 2001 and 2011, eleven ALS flight campaigats een carried out near the end of each massdeajear (see
Table 1). During each ALS data acquisition campaiba glacier was covered with a number of oveiilaglight strips in
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order to increase the point density and to ensigte duality and complete coverage of the glaciee(#f and Lindenberger
1999; Geist and Stétter, 2007).

As there is essentially no high vegetation in thely area, ALS points are classified into grounéhimand flying objects
(outliers) only. The ground points of all datasate imported into a laser database system (Rieg.eR014) which
facilitates storage and further processing. 1 rolug®n DTMs are calculated for all datasets, whgrthe mean value of all
ALS points located in each cell represents theatiem of the cell. The elevation values for the f@ster cells that do not
contain a single point are interpolated from thig/lmeouring cells using a least squares method.

In order to provide high-quality DTMs used for mdssance calculations, horizontal misalignment e DTMs being
differenced has to be excluded. Therefore a dtatisto-registration correction procedure as suggkby Nuth and Kaab
(2011) was performed for this study. Following dpet al. (2012) we applied the first two stepshaf procedure to the ice-
free areas for identifying potential horizontal fhiand vertical offsets between two ALS-DTMs. Thmtistical co-
registration reveals horizontal shifts smaller thiaen DTM pixel resolution with no elevation-depentlbias, and the DTMs
can be subtracted from each other without perfogriliiM corrections.

The total volume changkV between two dates is then derived from the respeelevation differencéhy of the two grids
at pixel k with cell size r of the DTMs, summed ptee number of pixels k covering the glacier & thaximum extent and

is expressed as (cf. Zemp et al., 2013):
AV =r2¥K_ Ahy @

For a comparison with the glaciological balant¥, is then converted into a specific mass baland&énunit metre water

equivalent (m w.e.):

AV p
Byeod = — x —2—
geod St1 Pwater’

@

where-2

Pwater

date.

is the ratio between the average bulk densitp\éfand the density of water, teferring to the first acquisition

Despite a thorough co-registration, surface elewatiifferencing of two DTMs is still subject to vaws uncertainties. The
vertical accuracy of the raw ALS point data wastfiassessed by comparing the point clouds wifferéintial global

navigation satellite system (dGNSS) measured poimts homogeneous horizontal surface outside thy strea (e.g. in our
case a football field in Zwieselstein 20 km dowrlesa of Hintereisferner). Table 1 shows the stadddeviations (SD) of

vertical accuracies of the individual datasets.
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190 As the reference surface does not reflect the seiréanditions in terms of slope, aspect and rousgrend therefore is not
representative for vertical accuracies, Bollmanralet(2011) compared dGNSS ground control pointth waser returns
(deviation to laser points 0.07 m, standard deminf.08 m) and calculated an absolute slope-depéneetical accuracy
for Hintereisferner ALS point data (<0.10 m on ®ep<40°). Sailer et al. (2014) analysed the uncceiga resulting from
rasterizing laser point clouds, revealing that lhsiee of 1x1 m as used for our study causes aelyligible errors of less

195 than 0.10 m.

For the raw geodetic balancgdl r.), the results of DTM differencing over stable &énrare taken to define uncertainties
associated with the DTM comparison. Therefore, @lecied five stable control areas (~3 % @) surrounding the glacier
(Figure 1), in order to quantify grid-based uncetias of spatially averaged elevation differend®sthe standard deviation
of the elevation differences (2R, Table 2) provides information on the spatialiaaility of the selected stable areas, we
200 used the related RSS for an approximation to ouviRificertainty:

Oprm = ’le SD??, 3)

where SD is the standard deviation within the mafee surfaces i. The result was converted into msisg the density of
205 ice. Comparison of the differential DTMs (dDTMs)osh uncertainties of +0.06 spry < £0.17 m w.e., resulting in
+0.36 m w.e. cumulated over the observation pef@idllcum; Table 3). In contrast, the 2001 to 264é step application
of the geodetic method (01/11; Table 3) yields laevafopry = £0.14 m w.e.
Table 3 summarizes the results of sections 3.13ahé@nd shows the differences between the adjggéeiblogical and the
raw geodetic mass balancegdbon Bgeod.ran-
210

4 Accounting for method inherent differences

Figure 2 shows the glaciological and the geodetissmnbalance series as revised in sections 3.1 2ndl'Be expected
differences vary from year to year, being partidylehigh in some years (Table 3). The potential semu of these
discrepancies in the mass balance series aredeétasnow cover at the time of ALS acquisition §4different glacier-wide
215 density assumptions in mass balance calculatio?),(4urvey date differences between the glacioalgamd geodetic
observations (4.3), the way the methods considerettistence of crevasses (4.4), and the differebetseen the surface

(glaciological) and the total (geodetic) mass bedaf#.5).
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4.1 Differences induced by snow cover present in DIs

Whereas the vertical accuracy tends to be very, higises as a result of snowfall events precediegALS surveys
220 influence the calculated volume change signifigaritfom the analysis of elevation differences ia tlon-glaciated terrain,

the mean difference between two DTMg Gtable areas; Table 2) with

XAz
eorm = =7 (4)

225 where n is the number of DTM grid cells coveringhvglacierized terrain, can be used for inevitaldéume corrections,
caused by preceding snow fall events.
For the periods 2001/02, 2005/06, 2006/07 and 2@ftle investigation of stable areas within the ¥M3Trevealed snow
induced vertical offsets between |0.18| and |Or6@z; bold numbers in Table 3). In all other dDTMs, theatical bias was
below 0.10 m. In 2004 and 2010 a snow fall evecuoed some days before the ALS measurements. Howghis is not

230 reflected in the stable areas of the respectiveM[Decause the snow in non glacierized areas hétareom off-glacier
surface by the time of the ALS survey. This leanlsatvery low offset in the non-glacierized terrainthe related mass
balance periods. Yet, as snow cover increasedltBeelevations measured on reference surfaces toave cross-checked
with the closest field survey data for snow depttineation and subsequently corrected. Based oaltiede distribution of
stable areas and in-situ measurements a lineagsggn in 50 m elevation bands yielded mean sngihdeof 0.52 m in

235 2001, 0.23 m in 2004, 0.46 m in 2005, 0.13 m in&0M12 m in 2007 and 0.26 m in 2010. This leadadjusted DTMs
and, finally, to a respective mass balance coorctaluespry (Table 5). Furthermore this approach was integratethe

estimation of differences related to unequal sudetgs (see section 4.3)..

4.2 Density conversion

240 One of the method-inherent differences betweenatzgical and geodetic method can be found in thesity conversion.
Glaciological mass balances are derived from mdssge measurements based on well constrained undsibsity
measurements, whereas the geodetic ones are baseibme change measurements, which require caovers mass by
an estimated density for the material lost or ghifeeg. Thomson et al., 2016). Several studiesnasghat density in the
accumulation area is constant over time and, harseeglacier ice density for the conversion (e.gdkassen, 199%aug

245 et al., 2009). As long as snow or firn is preséme, density of ice=900 kg m>) causes an overestimation of the mass
change. Hence, only below the equilibrium linetadte (ELA), where altitudinal changes are eithee ¢l ice ablation or
emergence, the density of ice is appropriate. Hewef/firn line changes are known, the volume tassiconversion can be
approximated by an average density of firn (e.gi&@w et al., 1998; Prinz et al., 2011). To makiesa calculation of mass

change (Figure 2), we follow the recommended agpration for density conversion of 850 +60 kg rsuggested by Huss
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250 (2013). However, this approach revealed differericesome periods of the data series, as the asgmgitHuss (2013) is
suitable for geodetic analyses over periods whigainsover five years or more and which show relétistable mass
balance gradients, non-negligible changes in volantka relatively stable extent of the firn region.

Therefore we designed a pixel-based surface diesssiin workflow, in order to account for changifig areas. The present
classification is based on ALS-intensity data ascdbed by Hofle and Pfeifer (2007). Following Enitann et al. (2011), a
255 classification of ice and firn zones on the glasierface for each survey year could be achievegli(Ei3).
If no suitable intensity data are available frora &S, the most contemporary ortho-images (e.gtHeryear 2010) and/or
LandsatTM images (e.g. for the years 2001 and 28@tised for surface classification. To incorpotae changing extent
of the perennial firn zones we subtracted the serfgrids of the respective mass balance perioda #ach other and
reclassified the resulting new surface raster. glheier surface is classified in two categoriesic@dr ice with a density of

260 900 #17 kg m® and perennial firn with 700 +50 kg M(Ambach and Eisner, 1966; Huss, 2013), whereaslifference to
maximum/minimum estimates (+17 and +50 kif)nserve as an uncertainty measure within our agpr¢s; Table 5). The
resulting grids are used to convert volumetric ¢esninto a mass for every pixel (see equation @)afbetter interpretation

we introduce a dimensionless conversion factor as

Pice*AVice + P rirn*AV gy
265 k = ice ice firn firn . (5)

Pwater*AViotal

Corresponding volume-to-mass conversion facteydi¢ in the range of 820 and 930. The change isstzlance values

compared to the raw geodetic results (Table 23dsilaed to the density conversion deviatign Table 5).

4.3 Survey date differences

270 Temporal differences between the geodetic and @tagical observations need to be addressed. Ta #iig geodetic dates
with the stratigraphic year used for the glaciodafjimass balance measurements, a multi-methodipabach was applied,
incorporating field measurement minutes, DTM analyssults from section 4.1 and data from in sieasurements.

Apart from 2011 with in situ measurements conducirdhe same day as the ALS flight (Table 4), thanges in snow
depth and ice ablation between the two measuritesdsave to be considered. If the date of the Atusition deviates

275 from the 30th of September (end of the hydrologyesdr), the geodetic mass balance is adjustecetéixtd dates by linear
extrapolations as follows. In case of ablation leetathe survey and the fixed date the extrapolaitased on the ablation
trend over the immediately preceding time for estelie. This is calculated from available stake ireggdduring the summer
justified by extrapolated air temperature data fidemt allowing ablation conditions. In the caseactumulation between
the survey and the fixed date, the precipitatioadgnt between Vent and five rain gauges in thetgs@isferner basin

280 (Figure 1) is used for adjustment to the fixed datee snow-rain threshold of 0°C is obtained frdma Vent temperatures

along a lapse rate of 0.0065°K'm
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The survey date adjustment is performed indivigudbhr each annual geodetic mass balance, depenoienthe
presence/absence of snow during the field survey/rS data acquisition as well as on the differebeaveen the survey

dates and the end of the hydrological mass balgeae Accordingly, we proceeded as follows:

i) If there was no snow cover during both survessgd the ALS campaign took place before the fieldresys an
elevation dependent mean ablation gradient asibescabove is applied. This is the case in 20032908.

i) If there was no snow cover present during tieédfsurvey, but before a later ALS campaign, thessnbalance has
been adjusted to the survey date by subtractingutheunt of snow from the corresponding DTM, as disd in
section 4.1. This is the case for the years 20@62007. The amount of snow determined agrees welthese
years with extrapolated precipitation data usirgahitudinal gradients between 5 rain gaugeseérettea.

iii) If snow was present during the field survewutbhe ALS campaign had been conducted beforertbe/fall event,
the mass of the snow cover measured during thd §iatvey is added to the geodetic mass balance tk&
measured densities and the linear regression of pnobings for the elevation distribution. Thighe case in 2002
and 2008.

iv) If snow was present during the field survey aimel ALS data acquisition, the ALS-DTM was adjustegarding the
snow cover conditions. When the ALS campaign wasduooted after the field survey, the geodetic deitgeth
snow height is subtracted (section 4.1), and thesno& snow determined by field survey is addecheogeodetic
mass balance. This is the case for the years 2004, 2005, 2010.

There were no cases with snowfall between botheyisrwhen the ALS data have been acquired beforéetidedata. It is
noted that two corrections have been applied feryémar 2008 when the ALS data acquisition tookeRt days before the
field survey and ablation as well as accumulatiocuored. No survey date correction was necessar3d09 and 2011.

4.4 Representation of crevasses

While crevasses are neglected in the glaciologiethod, they are partially resolved in the geodeithod. Although some
crevasses might have been covered by snow duritegatauisition, in all DTMs a number of big crevessre visible,
which open during the ablation season. Howeveredeing on snow / melt conditions, crevasses aferdiitly represented
in the respective dDTMs, due to the ice movemetwden two ALS acquisitions and therefore have diffé impacts on
mass balance calculations. We detected crevassassoyning that they are deviations from a regubandgenous surface.
By using the variance as a measure of terrain dmess and applying a closing filter, we derivedudgage without
crevasses (for detail we refer to Kodde et al.,7280d Geist and Stotter, 2010). Hence, we calaligite volume change of

a “crevasse free” glacier, to quantify differende® to open crevasses in the geodetic mass bakangerable 5).
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4.5 Internal and basal mass changes

Internal and basal mass balances are not captyréldebglaciological method, but are implicitly inded in the geodetic

315 mass balances. Thus, when comparing glaciologidtl geodetic balances, internal and basal massgelsaneed to be
assessed separately. Particularly for mountainegstudies on this topic are rare and publistedes represent estimates
rather than verified measurements.

On Storglaciaren, for example, Ostling and Hook#8@) estimated the contribution of basal melt dugedothermal heat as
about 0.001 m w.e hand Holmlund (1987) suggested 0.01 m w.&o#internal melting by released potential enengyrf

320 descending water. Albrecht et al. (2000) considénéernal ablation due to ice motion being smallStorglaciaren and,
thus, negligible. For South Cascade Glacier, May@9®) estimated the combined effect of eitherifsiwl or geothermal
basal melt, melt by the loss of potential energyafer flowing through the glacier and melt by thes of potential energy
of the ice mass as 0.09 m w.&". & hibert et al. (2008) estimated 0.48 m w.e. afdbablation due to geothermal heat and
0.42 m w.e. of internal due to water flow on Glaae Sarennes over a period of 51 years. Huss €G09) estimated the

325 contribution to ablation from geothermal heat, ing deformation, and basal friction as —0.01 m.&Efor glaciers in the
Alps. Andreassen et al. (2016) calculated inteamal basal ablation due to heat of dissipation base@erlemans (2013)
for 10 glaciers in Norway, yielding a range of 0t810.08 m w.e. & Sold et al. (2016) assessed a value of 0.014ema.
for internal and basal processes at Findelengletsiciiowing different previous studies (e.g. Herrand Langway, 1980;
Pfeffer et al., 1991; Medici and Rybach, 1995; H2€4 3).

330 In this study, we assess internal and basal abldiie heat of dissipation following Oerlemans (20430 Andreassen et al.
(2016), because it is the most appropriate metbodhfe available data for Hintereisferner. The rodibal disregard of
internal and basal processes in the glaciologiadsbalancesf,; Table 5) is assumed to yield values of interridhton
around —0.04 m w.e.”§ which corresponds well to published data in Qeaes (2013) for glaciers of the size and climate
setting like Hintereisferner. According to Hussakt(2009) melt from basal friction and geotherimet flux was estimated

335 about —0.01 m w.e."a(hence, -0.05 m w.e.“acumulated). As the uncertainty of internal andabasocesses was not
subject to any detailed analyses due to lack cépeddent data, we assume a value of our estimati®B0% or £0.015 m
w.e. & (o Table 5).

5 Reanalysing the glaciological records

The geodetic balance over the entire study periasgl mainly affected by snow being present in the 2681 resulting in
340 gpmw = +0.29 m w.e. Taking snow heights and densite®TMs of individual years into account leads ta440<epty

< +0.32 mw.e. (section 4.1). The value of —0.4dv:e. occurs in 2004/05 when snow was present dt BaS flight

campaigns (Table 5) making up for 37% of the ihiizass balance value. Applying the workflow for thpatially

distributed density conversion (section 4.2) letas-0.04 <g. < +0.31 m w.e., with maxima in 2002/03 and 2005/06

(Table 5). These maxima are due to the total ldcénow and firn at the end of these mass balanaesy&he uncertainty

11
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related to our density assumption (section 4.Bptsveen +0.01 s, < £0.18 m w.e. with £0.22 m w.e. over the entiezipd
of record. As dates of the ALS campaigns divergenfthe end of the hydrological year a survey dateection is required.
Values for related adjustments are in the order@08 <gg,ney< +0.06 m w.e. (section 4.3 and Table 5). Sigaificmelt
amounts between ALS flight and field survey datesuo on small parts of the glacier tongue only.. B.gnearly 1 m ice
ablation at the lowest stakes of Hintereisfernemsuneed between 80September (field survey) and” &ctober (ALS

campaign) 2006 corresponds to a glacier wide spauiss loss of only 0.03 m w.e. during the same ti

The differences related to the consideration ofa@sses g.,) in the geodetic method are insignificantly snaaild vary
between -0.04 and +0.06 m w.e. with +0.05 m w.etHe 2001 to 2011 period (section 4.4 and Tabl&\Bjile the glacier
wide effect of internal mass changes is small orammual basisef, = +0.05 m w.e. ), it is significant on the decadal
timescale (+0.50 m w.e.) (section 4.5 and Table 5).

Annual totals for method-inherent differenceged) are in the range of -0.40 to +0.57 m w.e. anduamdate to
+0.28 mw.e. for the 2001 to 2011 period while ttespective uncertainties are +0.08g5,4< #0.20 mw.e. and
+0.51 mw.e. for the cumulated values. The 20012@i1l one step application of the geodetic methodwsh
£geod= 10.77 mw.e. andyeoq= £0.20 m w.e. All applied corrections accountiog method inherent differences) @@s well

as numbers for related uncertaintiey re summarized in Table Bigure 4 shows the vertical profiles of the nowreoted

glaciological and geodetic mass balances for eaahfyom 2001/02 to 2010/11.

The geodetic mass balance of Hintereisferner ctmdedor egq for the ten years’ period 2001 to 2011 is —12.99
+0.51 mw.e. and -12.45+0.20 mw.e. for the 20012011 one step analysis (Table 6). In turn, thendgenized
glaciological mass balance series (—12.04 +0.65.en)ws 0.95 m w.e. and 0.31 m w.e. less negatspactively. Figure 5
depicts the annual glaciological versus geodetissnimalances and their uncertainty ranges. All lmgtet annual data pairs
match satisfyingly within the assessed uncertaiatges. The largest positive differencega{b- byeos = Ab) between the
two methods occur in the balance years 2002/03 Atk +0.92 m w.e. and 2005/06 witth = +0.60 m w.e. respectively.
In 2006/07 the difference between glaciological gaddetic method is —0.45 m w.e., which means #oelgtic result is less
negative than the glaciological one. Note thatttinee years displaying the largest differencesaathe same time the years
with the most negative annual balances.

Following Zemp et al. (2013) we perform a statwstisignificance test with

5 = A—b , )

+ 02

2
Uglac geod

where the term/agzlac + 07,4 TEPresents the common varianegof..) defined as the RSS of the method-inherent

uncertainties (Table 6). The more consistent thertvethods, the closéris to zero and the null-hypothesisyflén the 95%
confidence level to be accepted.
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375 As $ falls within the 95% confidence intervad|(k 1.96) for seven annual and the cumulative rhatance values, the two
applied methods can be considered as statisticalerent. Hence, for these years, the glaciologivethod accurately
captures the annual mass changes at Hintereisféfren the common variance it is also possibleaioutate the smallest
bias that could theoretically be detected in ttaeiglogical record. The bias calculated at the &6 lmit lies between 0.79
and 1.03 m w.e.hand far above the uncertainty of 0.21 m w.&imthe glaciological balance measurements. Inresht

380 the detectable bias decreases with the lengthecaialysed period, which can be explained by guropagation. However,
it is not possible to statistically identify anyabes that might explain the observed discrepartittee mass balance years
2002/03, 2005/06 and 2006/07 (see Figure 5).

In search for possible causes of these discrepamaeexplore the parameter space in which inditidaeponents 0fgeoq
vary. The influence of temporary snow covesr(;) on the geodetic mass balances is high and aubbreonsideration

385 ensures that the results are within the 95% confidénterval. In contrast, the survey date diffeemnshow little effect.

Concerning the conversion of glacier volume to n@snges, we used a new classification approactaatithensionless
conversion factorx). Calculated values far correspond to densities in the range of 820—-936vRgThis is in line with a
generally recommended glacier-wide value of 850k@@1> (Huss, 2013). Nevertheless, in 20d@eaches 930, a value
which at a first glance appears unrealistic. I8 tréar opposite signs of elevation changes in ¢haraulation and ablation
390 area compensate for each other, which resultonsaersion factor which is higher than the densftice. Such is possible
in cases of (i) short observation periods (1-3 gjedii) small volume changes, (iii) strong yearytar changes in the
vertical mass balance gradients, or combinationthe$e factors. Our approach accounts for yearess ghanges in the
spatial extent and distribution of the snow/firmes. Highest uncertainties arise in years 2002f@B 2005/06 when all
snow from the previous winter melted entirely. A tuncertainty associated with density is of paltic importance
395 (Moholdt et al., 2010; Huss, 2013) we conducteersgivity test for the periods of good agreementhblding all other

parameters fixed. Densities calculated withinowange (Table 5) still lead to results within tHg2® confidence interval.

As crevasses may influence geodetically calculatddme changes we assessed their impact on theetieadethod. The
largest impact (0.06 m w.e., or 3% of glaciologicadss balance) was detected for 2002/03 when numenevasses
opened due to the extremely hot summer causingandinary high glacier velocities (Geist and StHt007). Hence,

400 crevasses contribute negligibly to the differertoesveen geodetic and glaciological mass balances.

Internal and basal fluxes are also of rather mimportance (—0.05 m w.e*asection 4.5) and do not change the differences

between the two data series substantially. Yetpete that in years with extreme melt rates as ©328nd 2006 meltwater

penetrates the glacier body during the ablatiosmeand leads to the internal melt rates possikbeeding the above

estimate.. However even a doubling to —0.10 m &*edoes not explain the large discrepancies betweemlaciological
405 and geodetic method in the years 2002/03, 20051662806/07.

13
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Other uncertainties possibly contributing to thghhmass balance discrepancies in 2002/03, 2005/0®@06/07 may be
method-inherent uncertainties related to the firaletasurements, such as the false determinationedfaghh year’'s summer
surface. This might be an issue for the high djz@neies in the individual survey years, but cafm@tuantified due to the

lack of corresponding information.

However, none of the discussed method-inherentrtainges can explain the considerable high diffiees in the mass
balance years 2002/03, 2005/06 and 2006/07. Nealesth a first hint for a potential reason is gii®nlooking at the
spatial mass balance distribution as shown in Eiguor the exemplary 2002/03.

In all three years glaciological point data froreweltions above 3000 m a.s.l. are basically missmblintereisferner, but all
three years of concern are among the most negatige (Figure 7). After several years of gradualkraldation of the firn
body, ice had suddenly become exposed over alliéétibands by mid of August 2003 with consequeigicesf on albedo
and the energy budget. From then on, the East anth$acing high slopes of Hintereisferner had bexgmosed with a very
low albedo to high solar radiation for 6 to 7 weekshe exceptionally warm and dry summer 2003KFnal., 2004). As a
consequence, the mass loss in the former accumlatiea of Hintereisferner became large and almosstant above
2800 m a.s.l. (> 50% of the glacier area). Thisafhad been observed on a smaller glacier sonts gadier (Kaser et al.,
2001). By facing this sudden change of the masanisalregime in 2002/03 and the mass balance netvadeing adapted
in time, ablation rates measured at the highekestan the flat tongue (at about 3000 m a.s.|.)teseh multiplied with the
observed ice exposure time of the higher slopesM@kl, personal communication). The thereby diardgof higher solar
radiation intensity on the slopes compared to thetbngue are considered to be a possible reamothé differences
between the two methods.

While higher winter snow cover buried the dark sceface far enough into the autumns of 2004 and 200 high glacier

portions remained protected, even allowing obtarsnow pits at the end of summer.

In the hot July of 2006 dark ice became again eagpaand the 2002/03 problem was repeated. In 2006f@h the
glaciological mass balance obtains more negatiigesahan the geodetic one we face a differenasiin. In summer 2007
there was a number of snow falls leading to highfage albedo in the upper part of Hintereisferndrilav stake
measurements in the lower part of the glacier mtgid relatively high ablation rates. The lack otadata for this particular
year disables any further discussion and interpogtaln 2002/03, 2005/06 and 2006/07 we arguetlier geodetic data
being closer to reality than the glaciological oassrecommended by Thibert et al. (2008) and Husd €2009). For all
other years where differences between the methdstatistically insignificant and where error baxgrlap we keep the
glaciological data in the record. The crucial effef replacing the three problematic years is vestiphasized in the

cumulative mass balance curves shown in Figure 8.

Additional confidence for our approach comes froeamparing the 2002/03, 2005/06 and 2006/07 massnbedaof

Hintereisferner with that of Silvrettagletscher7{&m?, Switzerland, 52 km away), Jamtalferner (812, Austria, 45 km),
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Weibrunnferner (0.5 km?, Italy, 35 km) and Verriegter (7.9 km?, Austria, 6 km). While in the ye&802/03 and
2006/07 original Hintereisferner values lay outsilde spread of the other glaciers’ mass balancdshanreanalysed ones
440 are inside, the 2005/06 originals are inside ard#analysed value becomes the most negative drigure 9. This is of no
surprise with Hintereisferner being the lowest h#ag glacier of all and among the most negativeiltes all analysed
years. A more comprehensive discussion and justifin for the different relative positions in Fig® would require a
detailed investigation on local conditions incluglimeteorological patterns for each individual géacind mass balance

year.

445 6 Conclusions

Over the past decades it has become a standarddorecto review the annual glaciological data adioey with decadal
geodetic mass balances from a variety of sourcgs (uhn et al. 1999; Hagg et al., 2004; Cox aratd¥l, 2004; Thibert et
al., 2008; Huss et al., 2009; Fischer, 2011; Gatad. 2017). None of the mentioned studies usesally obtained geodetic
data series. Geist and Stétter (2007) were thedird so far only authors comparing glaciological geodetic results on an
450 annual timescale for 2001 to 2005. Their findinggeal considerable differences, especially in tsaryY002/03. Yet, the
study focuses on methodical issues only and doeaimoat re-analysing the glaciologically obtaimedss balances. It does

neither include a thorough data homogenisatiorammbust uncertainty discussion.

In our review of the 2001 to 2011 Hintereisfernexsstbalance record we showed that the considermatiorethod-inherent
differences, such as snow cover, survey dates enditg§ assumptions, is mandatory for accuratelgutating annual

455 geodetic mass balances. In turn, crevasses andahfgrocesses seem not to play a key role. Tigesapotential source for
differences between the geodetic and glaciologizethod on the annual scale is the presence ofw saeer. Our method
allows us to correct for method-inherent differender every pixel and provides an appropriate bésisdetecting
discrepancies in the direct glaciological methodwedver, our reanalysis approach requires a vagétyeta-information
and raw data, which can limit its applicability ather sites or cases. However, the corrected geodieta series show that

460 the glaciological method successfully capturesrtass change in seven out of ten mass balance gedrboth methods
generally agree on the annual as well as decadalgcale.

Our analysis shows that in years with very negativass balances and a low extent of the accumulatiea, the
glaciological measurement network has to be adaptedrdingly. In the case of Hintereisferner, timisans that additional
ablation stakes in higher parts of the glacier meeded to properly assess the mass changes imsegioere snow
465 measurements could be performed in former timessiMg these changes, a resulting lack of respedsteis often tried to
overcome with different mass balance extrapolagipproaches. In the 2001 to 2011 Hintereisferneéeséne application of
such approaches led to considerable deviations fhengeodetic results in three years and the dam@fision of both series

gives support for favouring the geodetic data. lemee conclude that in times of increasing avalikgbof high resolution
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topographic data, geodetic mass balances can egpr@valuable possibility to overcome shortcomiimgthe glaciological

measurements even on an annual scale if thesamathoroughly analysed.

Although major discrepancies between the glacielmighnd geodetic methods on Hintereisferner coaléxplained by our
workflow, further glaciological investigations sHdwaddress a better quantification of error soursesh as internal and
basal processes, in both the glaciological as agfjeodetic mass balances. Moreover, in timesmghing firn areas and

disconnecting glacier tributaries, existing measeet networks might have to be reassessed.

With the high-quality DTMs (e.g. ALS derived DTMgliably reproducing the annual mass balance the peesented
workflow is recommended for i) a re-analysis of aainglaciological with annual geodetic data andag)a grid based tool
for a glacier-wide geodetic mass balance of hightiapresolution suitable for a better understagdif the nature of the

differences in the two methods.
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Figure 1: A map of Hintereisferner with the locatioof the rain gauges and the glaciological makmba measurement points in 2004 as
675 an example. Also depicted are the glacier outlfoef001 and 2011. Note that in 2003 no accumutati@asurements have been carried

out, thus, only the ablation stakes were availabterdinates are in WGS84/UTM32N.

24



The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-132
Manuscript under review for journal The Cryosphere
Discussion started: 14 August 2017

(© Author(s) 2017. CC BY 4.0 License.

Year

The Cryosphere

Discussions

2001/02 2002/03 2003/04 2004/05 2005/06 2006/07 2007/08 2008/09 2009/10 2010/11

:
{\\\
N
‘\

~

Annual mass balance [m w.e.]

-3.5 -

<
N - -8

I

~.

~ ~~“~-_~ - -10
~ S
~ bl Y
~ ~ \\\
~
S~ -~ S F =12
~N
~N
N Lag

$S920y uadQ

['a'm w] aduejeq ssew Aejnwin)

EGU
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715 Table 1: Key parameters for the 11 ALS data actjoiscampaigns at Hintereisferner from 2001 to 2@dint density is averaged over
the study area, while the horizontal accuracy isutated based on a flat reference area in viciviitthe study area.

Mean Vertical
hei Max. Pulse Across Average
eight ; e ; accuracy
Date of scanning  repetition track point
acquisition Optech sensor above angle frequency overlap density standard
ground  ryegrees]  (Hz) %)  (points/mz) deviation (SD)
[m] (m)
11.10.2001| ALTM 1225 900 20 25000 24 11 n.a.
18.09.2002| ALTM 3033 900 20 33000 24 1 0.1
26.09.2003| ALTM 1225 900 20 25000 24 1 0.06
05.10.2004| ALTM 2050 1000 20 50000 24 2 0.07
12.10. 2005| ALTM 3100 1000 22 70000 50-75 34 0.07
08.10. 2006 ALTM 3100 1000 20 70000 37-75 2 0.08
11.10.2007| ALTM 3100 1000 20 70000 37-75 3.4 0.06
09.09.2008| ALTM 3100 1000 20 70000 40 - 45 2.2 0.06
30.09.2009| ALTM 3100 1100 20 70000 31-66 2.7 0.05
08.10.2010| ALTM Gemini 1000 25 70000 62 3.6 0.03
04.10.2011] ALTM 3100 1100 20 70000 25-75 2.9 0.04
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Table 2: Area averaged annual altitudinal chadgegn) and according standard deviationA&D(m) of selected stable areas in the

surroundings of Hintereisferner. Bold numbers ingliche existence of snow cover.

Az campaign [m] 01/02 02/03 03/04 O4ODS06 0607 07/08 08/09 09/10 10/11
A 37 stable area (A) 038 010 000 013 -0.58 -0.17 -0.26 003 0.5 -0.06
3090M DAz surface lowering A 0.03 004 003 006 009 012 006 002 004 003
B 17 stable area (B) 042 014 002 017 052 -0.16 -0.18 004 010 -0.05
" ~3;g(|)m SDAz surface lowering B 0.09 0.03 0.07 006 012 0.08 0.03 0.03 0.09 0.01
2 sl
e
(] —
e ¢ 2z stable area (C) 046 015 -0.06 006 045 -0.19 -0.07 010 015 -0.10
€ T2%M spnzsuaceloweringC 012 002 005 009 007 011 001 004 004 003
g sl
D 77 stable area (D) 014 007 003 003 009 -0.01 -0.06 005 005 -0.11
~2;32(|)m SDAz surface lowering D 0.06 0.07 0.02 002 007 005 0.07 0.03 0.03 0.04
E 77 stable area (E) 019 -004 -0.04 005 -0.39 -0.06 -0.01 -002 010 -0.13
“2850M DAz surface lowering E - 0.03 002 003 006 007 005 006 005 003 003

720
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Table 3: Original (WGMS) and area adjustedréa) and uncertainty assessegldc) annual glaciological mass balances (bglac)liom
comparison to the - DTM uncertaintgTM) assessed - raw annual geodetic mass balabgesd.raw); converted into meter water
equivalent (m w.e.) using 900 kg m-3), for Hintefeiner from 2001 to 2011.

Period Bylac.wems €area Dglac.hom ¥Oglac Dgeod.raw £0pTM Bglac.hom -Dgeod raw
2001/02 -0.647 +0.023 -0.624 +0.21 -1.049 +0.15 0.425
2002/03 -1.814 +0.018 -1.796 £0.21 -3.285 +0.08 1.489
2003/04 -0.667 +0.016 -0.685 +0.21 -0.509 +0.09 -0.176
2004/05 -1.061 +0.039 -1.033 +0.21 -0.650 +0.16 -0.383
2005/06 -1.516 +0.023 -1.493+0.21 -2.487 £0.17 0.994
2006/07 -1.798 -0.015 -1.813+0.21 -1.404 +0.10 -0.409
2007/08 -1.235 -0.011 -1.246 +0.21 -1.369 +0.10 0.123
2008/09 -1.182 0.000 -1.182 +0.21 -1.141 +0.09 -0.041
2009/10 -0.819 +0.027 -0.792 £0.21 -0.430 +0.09 -0.362
2010/11 -1.420 -0.003 -1.423 £0.21 -1.629 +0.06 0.206

01/11 -12.159 +0.117 -12.042 +0.65 -13.343 +0.14 1.301
01-1%yn -12.159 +0.117 -12.042 +0.65 -13.953 +0.36 1.911
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Table 4: Summary of ALS and closest field survetedaf Hintereisferner, mean snow cover in DTM ((BC¥) and in field survey
((SC)field) used for DTM correction, values of surveyteladjustmentseéurvey), glacier area (A) and classified firn a¢aé&). Short

comments are taken from field measurement minties.mean accumulation area decreased from 3.85kth®8 km? for the period
2001-2011.

ALS field RALS ﬁnem Esurvey A Ar
Comments
survey survey [m] [m] [mwe] [km? [km2]
11 Oct 8 Oct Continuous snow cover at field survey (10 — 50 probings

0.52 0.47 -0.12 8.02 3.85 < 3400m a.s.L.); further snowfall between 8" and 11 of
October; snow cover estimation based on ALS data

2001 2001

Continuous snow cover at field survey (10 — 35 cm,
0.00 0.17 +0.08 7.86 3.53 <3400 m a.s.l.), snow cover estimation basedeid fiurvey
and meteorological data

18 Sept 2 Oct
2002 2002

Strong ablation on stakes betweeff A6igust and 30
26 Sept 30 Sept September; 1 — 4 cm/d below 3000 m a.s.l. estimated based
2003 2003 LY LY oz [eee sl on field survey and meteorological data ; no snow cover at
geodetic survey

Continuous snow cover at field survey (5 — 40 cm,
0.23 0.23 +0.05 7.61 3.05 <3400 m a.s.); snow cover estimation based on field survey
data

30 Sept
5 Oct 2004 2004
Continuous snow cover at field survey (1 — 30 cm,
12 Oct 30 Sept < 3400 ma.s.1.); additional snowfall event between 1°and
2005 2005 2ak 2 Sy o3l Lz 12" of October (103 mm on HERNow cover estimation
based on ALS data

30 Sept No snow cover at field survey; snowfall events between 3"
8 Oct 2006 0.13 0.00 -0.01 7.38 2.43  and & of October (82nm on HEF); snow cover estimation
2006 based on ALS data
11 Oct 1 Oct No field survey data available; snowfall events between 1
0.12 - -0.01 7.28 2.32 and 13" of October; snow cover estimation based on ALS
2007 2007 ikia

Continuous snow cover at field survey (0 — 32 cm,
9 Sept 30 Sept <3400 ma.s.l.; 4 — 28 cm ablation at stakes betwe8rafd
2008 2008 0.00 0.18 -0.05 7.15 2.03 30" of September; snow cover estimation based on field
survey and meteorological data

30 Sept 27 Sept No correction necessary; no significant snow cover <
2009 2009 0.00 0.00 0.00 7.05 2.01 00 el

Continuous snow cover at field survey (1 — 42 cm,

27 Sept < 3400 ma.s.l.; snowfall event between 28" of Sept and Bof

8 Oct 2010 2010 0.26 0.26 -0.03 6.88 2.22 October (12nm on HEF) but nearly no ablation; snow cover
estimation based on field data

4 Oct 2011 éoc:)lfit 0.00 0.00 0.00 6.79 1.98 No correction necessary; no ;iinllﬁcant snow cover < 3400 m
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730 Table 5: Quantified method-inherent differences andertainties related to DTMIHTM and cDTM), density conversioneg andox),
survey dateseggurvey), internal processesint andcint) and crevasse volumectev). While the overaltgeod accumulates from all
individual differences, the overaigeod is calculated by propagating the individuaeartainties. All units are in meter water equivalen
(m w.e.), except of the dimensionlass

year K €DpT™ Ex Esurvey Eint Ecrev Egeoc OpT™m Ok Oint Ogeoc
01/02  830+30 +0.29 +0.08 -0.03 +0.05 -0.02 +0.36 +0.15 .040 +0.015 +0.16

02/03 820445 +0.09 +0.31 +0.06 +0.05 +0.06 +0.57 +0.08 .180 +0.015 +0.20

03/04  875+20 -0.20 +0.01 +0.03 +0.05 -0.04 -0.15 +0.09 .00 #0.015 +0.09

04/05 85530 -0.41  +0.03 -0.02 +0.05 -0.04 -0.38 +0.16 .020 +£0.015 +0.17

05/06  850+35 +0.29 +0.14 -0.08 +0.05 -0.005 +0.40 +0.17 0.1& +0.015 #0.19

06/07  885+20 -0.02 +0.02 -0.02 +0.05 +0.004 +0.04 +0.10 0.0¢ +0.015 #0.10

07/08  865+25 +0.10 +0.05 -0.06 +0.05 -0.02 +0.12 +0.10 .040 +0.015 +0.11

08/09  890+20 -0.05 +0.01 -0.05 +0.05 -0.03 -0.07 +0.09 .020 #0.015 0.10

09/10  930+20 -0.32 -0.03 -0.03  +0.05 -0.04 -0.37 +0.09 .020 0.015 +0.09

10/11 87025 +0.32 +0.05 +0.03 +0.05 -0.02 +0.43 +0.06 .040 0.015 #0.07

01/11  890+20 +0.29 +0.13 -0.07 +0.50 +0.05 +0.77 +0.14 .2Z0 0.047 +0.20

cum --- +0.11 +0.69 -0.18 +0.50 -0.15 +0.28 +0.36 +0.22+0.047  +0.78
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735 Table 6: Summary of the statistical comparisonlatiglogical and geodetic balances of Hintereiséerithe table shows different periods

740

2001/2002 -0.685+0.16 -0.624 £0.21 +0.061 0.26 .240 yes 94

2003/2004 -0.654 £ 0.09 -0.651+£0.21 +0.003 0.23 .010 yes 95

2005/2006 -2.091£0.19 -1.493 £0.21 +0.598 0.28 112 no 44

2007/2008 -1.252 £0.11 -1.246 £0.21 +0.006 0.23 .030 yes 95

2009/2010 -0.798 £ 0.09 -0.792 £0.21 +0.006 0.22 .030 yes 95

01/11 -12.45+0.20 -12.04 £ 0.65 +0.41 0.29 144 esy 70

of record with the improved balancegdfy byad and related method-inherent uncertainties),(together with differences\b = by, —
byeod, COMMonN variancesfomva), and the statistical significanée The acceptance of the null-hypothesig)(kvhether the glaciological
balance is statistically different from the geodédtalance or not, is evaluated on the 95% confieléenel, which corresponds devalues
inside (outside) the +1.96 range, respectiv@lgiepicts the probability of accepting Hspite of differences at the 95% confidence level



