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Abstract. The geodetic mass balances of six Austrian1l Introduction

glaciers over 19 periods between 1953 and 2006 are com-

pared to the direct mass balances over the same periSlacier mass balance is a sensitive indicator of climate
ods. For two glaciers, Hintereisferner and Kesselwandfernergchange. Changes in glacier mass result from ablation and ac-
case studies showing possible reasons for discrepancies beamulation and are directly related to prevailing atmospheric
tween the geodetic and the direct mass balance are presonditions. Since glacier mass balance also governs glacier
sented. The mean annual geodetic mass balance for all peunoff, it is a valuable parameter for glaciological modeling
riods is —0.5mw.e. al, the mean annual direct mass bal- with various climatological and hydrological applications.
ance—0.4mw.e.al. The mean cumulative difference is Over the last few years, a major effort was undertaken to es-
—0.6 mw.e., the minimum-7.3mw.e., and the maximum timate the global mass balance of mountain glaciers and their
5.6 mw.e. The accuracy of geodetic mass balance may dezontribution to sea level ris&@ser et al.2006 Lemke et al,

pend on the accuracy of the DEMs, which ranges from2007. The mass balance could be determined by apply-
2mw.e. for photogrammetric data to 0.02 mw.e. for airborneing the direct glaciological or the geodetic methétbinkes

laser scanning (LIDAR) data. Basal melt, seasonal snow1970. To reach a general estimate of the past and current
cover, and density changes of the surface layer also conreactions of the cryosphere to climate change, both methods
tribute up to 0.7mw.e. to the difference between the twoare necessary. The direct method can lead to better under-
methods over the investigated period of 10yr. On Hintere-standing of glacier melt, while the ease of taking the mea-
isferner, the fraction of area covered by snow or firn has beersurements necessary for the geodetic method enables truly
changing within 1953-2006. The accumulation area is notglobal studies. In order to use the two methods in concert, it
identical with the firn area, and both are not coincident with must first be ensured that they produce comparable results.
areas of volume gain. Longer periods between the acquisiThe direct and geodetic mass balance measurements both
tion of the DEMs do not necessarily result in a higher accu-involve specific assumptions and uncertainties. To quantify
racy of the geodetic mass balance. Trends in the differencéhese uncertainties, a number of studies compared the results
between the direct and the geodetic data vary from glacieof the direct mass balance to data derived from the geode-
to glacier and can differ systematically for specific glacierstic method. Detailed investigations on Hintereisferner from
under specific types of climate forcing. Ultimately, geodetic 1953 to 1964 [(ang and Patzeltl971) and later, from 1953
and direct mass balance data are complementary, and grett 1991 Kuhn et al, 1999, showed good agreement between
care must be taken when attempting to combine them. the geodetic and direct methods. Studies on Gulkana glacier
(Cox and March2004) and Storglaciren Zemp et al.201Q
Koblet et al, 2010 also suggested that the two methods cor-
responded well. In contraggeist and Sitter(2007) showed
larger differences between geodetic and direct data collected
on Hintereisferner from 2001 to 2005. On the South Cas-
cade glacieikrimmel (1999 found evidence of a systematic

Correspondence toA. Fischer deviation between the two method4agg et al(2004 com-
m (andrea.fischer@uibk.ac.at) pared the direct and geodetic mass balance for the Central
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Tuyuksu glacier and found that the difference-ef.2mw.e.  (GU, Cox and March 2004, Lemon Creek glacier (LC,
within 40 yr can be explained with deficiencies of the direct Miller and Peltqg 1999, South Cascade glacier (SKrim-
measurements. For specific glaciers in Tien Shan, he foundhel, 1999, Storbreen (SBAndreassenl999, Storglacaren
deviations of up to 100% between the direct and the geodeti¢SG, Zemp et al. 2010, and Zongo glacier (ZGSoruco
measurements for a 40 yr period. et al, 2009.

Several authors have combined direct and geodetic data to
produce an optimal mass balance for specific glaciers. It is
thought that the calibration of the direct mass balance with?
the geodetic mass balance reduces the systematic, but n
the random error.Huss et al.(2009 combined direct and
geodetic data into homogenized mass balance time series
Griesgletscher and Silvrettgletscher in Switzerlamtibert
and Vincent(2009 calculated a combined mass balance for
the Glacier de Sarennes, because the geodetic method see
less affected by systematic errors.

Today, mass balances of only a small percentage of th
world’s glaciers are knownCogley (2009 analysed 344 di-

Methods

%tlacier mass balance measurements began at the end of the
&thh century ess 1904. The concepts and techniques
were further developed in the first half of the 20th century
(Ahlmann 1948 Finsterwalder1953. During this period,

mg geodetic method was often used as a simple way to es-
timate volume changes of glaciers over multi-annual time
gcales as an independent contkbinkes 1970. In fact, us-

ing the geodetic method in this way was complicated by two
Ipasons. First, in many cases the accuracy of photogrammet-

1052yr of mass balance data collected at 59 glaciers havé'b maps of the firn area was low due to the lack of contrast on

been analyzed by the two methods. About as many glaciergvhite surfaces in the stereo photos. Second, the density of the
have been observed by the direct as by the geodetic methoiuncace layer was known only rarely at that tinkofnkes

but the geodetic data spans four times as many balance yea ?70'
as the direct data. Cogley’s statistical analysis showed N% 1 Geodetic method
evidence of a systematic deviation between geodetic and di-

rect data, but the deviations between the two methods reachipe geodetic mass balance is calculated from the volume

more than 1.0 mw.e. for observed values of +0.5mw.e. tochange derived from topographic data. This alone is not suf-

—25mwe. _ _ ficient since estimates of the densities of the lost or gained
The results cited above suggest one question crucial to fugglymes are also necessary. Two digital elevation models

ture glacier mass balance research: do data collected and (bEMSs) are acquired at different datasand1,, usually at

alyzed for the same glacier 'and the same period by Fhe dithe end of the ablation period. The length of the experimen-

rect method and the geodetic method differ systematically3] time periodAr =t, — 11 can vary from as little as one year

If so, do seasonal snow cover, the accuracy of the DEMs;, many decades. The volume change in the periodAt is

the density assumption or processes as basal melt play k&pen calculated for the entire glacier either from the contour

roles? Does the difference between the two methods depenghes of elevation as described iyang and Patzelf1971)

on variables such as the time scale of the study or the sign o, with a raster method as performed Bynk et al.(1997.

magnitude of the mass balance? The multiplication of the volume changeV with the mean

The purpose of this study is to investigate and if pOSSib|edensity,o results in the mass balan@geo within this period.
begin to answer these questions by investigating direct and

geodetic data from six Austrian alpine glaciers, two of them Bgeo= AV -p (1)
studied in great detail, over various multi-annual time scales.
Examples are shown to give the order of magnitude of pro- In most studies, the densigyis estimated, not measured.
cesses like firn cover reduction or basal melt. To investigateThe density of the surface layer of a glacier varies with time
if the errors in the Austrian data are smaller than, similar to,and space and ranges between 100 kg and 917 kg m>3.
or larger than errors in data from elsewhere, the results ar&lost assumed mean densities fall between 800kg amd
compared to published data from six glaciers in the Alps,900kgnT3. The mean density oAV changes with a sign
Northern Europe, the United States and Bolivia. opposite that of the mass balance, as mass gained by accu-
The investigations in Austria include the mass balanceanulation has a lower density than ice lost by ablation. In this
of Hintereisferner (HEF), Kesselwandferner (KWF) and Ver- study, a density of 850 kgnf was assumed to account for
nagtferner (VF) in th©tztal Alps, Jamtalferner (JAM) in Sil-  long term volume loss in the accumulation area, where the
vretta,Ubergossene Alm on Hocbkig (HK) in the Salzburg  mean density is lower than at the glacier tongue.
Limestone Alps, and Stubacher Sonnblickkees (SSK) in By definition, the specific mass balankés the mass bal-
Hohe Tauern. For KWF, the DEMs are checked by a comparanceB divided by the glacier area. If the time period be-
ison to field data, at HEF, the changing firn and snow covertween the acquisition of the DEMs is more than a few years,
is shown. The Austrian data are compared to published datthe glacier area typically changes. In this study, the specific
of Griesgletscher (GGrunk et al, 1997, Gulkana Glacier — geodetic mass balanégeois calculated by dividing the mass
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Fig. 2. The volume changéV = V1— V2 at one location between
\ two dates; andr; is the result of ice flow! Vgyn, and mass balance.
The downward motion in the accumulation area can result in a sub-

) ) sidence, although accumulatiaiVyc takes place. In the ablation
::zmae'dablat'o” area, the surface can lift although ablation takes pii¢g, With-

out knowledge of the ice dynamics or the direct mass balance, it is
not possible to separate these components.

[

(2]

sf s reality, the surface altitude changes as a result of ice dynam-
5 h2-h1 ics and mass balancEifisterwalder1907 Paterson1994.

£ X Whereas these contributions can be separated by field mea-

surements, the melt or accumulation at one specific location
is not evident from the volume change (F&). Even when

Fig. 1. Calculation of geodetic mass balance betwgeandr,. The . . ;
mass loss at the surface removes a layer of ice, firn and possiblyﬁIe mass balance is zero in the upper parts _Of the g!amer, the
snow, the gained mass has a much lower density. For this surfac8U’face can show subsidence because the ice flowing down-

layer subject to mass change, a mean density is assumed to convéMards removes a volume with the density of ice.

the volume change to mass change. _ )
2.2 Glaciological method

The direct or glaciological method to measure mass balance
is based on in situ determination of accumulation and abla-
tion for the mass balance yeaidinkes 1970 Braithwaite
Bgeo=bgeo* A, 2) 2002. For all Austrian test glaciers analyzed in this study,
the mass balance is determined within the hydrological year
In several other studies, the initial glacier argais replaced  from 1 October and 30 September (a fixed date system).
by the average glacier aréa;, + A;,)/2. The adjustment from the floating date measurements to the
The sketch of the geodetic method in Flgshows a cross  fixed date system is done with the mass balance observations
section of one glacier at the datasandz,. The glacier is  (Fischer and Markl2008. Ablation stakes are drilled in the
composed of ice, firn, and snow; materials with different ice and read at the end of the hydrological year. The seasonal
densities are indicated by the color gradient from white (low snow cover in the ablation area on 30 September is included
density) to blue (high density). The glacier surface layer inin the balance as mass gain. The amount of accumulation is
this example consists of snow in the high elevations and icedetermined by digging several snow pits and measuring the
below. The elevation change — i1 between the acquisition thickness and the density of the snow cover gained since 1
dates of the DEMs is calculated on a regular grid. The elevaOctober of the previous year. To do so, a clear seasonal hori-
tion changes are related to the surplus of snow accumulatiomon must be observable in the snow cover each year. The
in the upper part of the glacier and internal as well as surfacespatial distribution of the accumulation is mapped by snow
ablation in the lower parts of the glacier. The density of the probing, if the seasonal horizon is hard enough, or by assum-
snow layer usually changes betwegmndz,. The sketchis  ing a typical spatial pattern of snow patches which is found
simplified, and does not show that ice flow transports massy multi-annual observation of melt patterns.
from the upper parts of the glacier towards the tongue. Thus Interpolation from the measured data is performed manu-
for the specific grid points, the elevation change is alwaysally by constructing contour lines of equal mass balance, in
the algebraic sum of mass balance and ice flow. For the tomost cases including additional observations or information
tal glacier area, a common assumption is that ice flow doesuch as avalanches or ice exposure time. The direct or glacio-
not alter the total mass of a glacier, and therefore changekgical mass balance is a surface mass balance, as it does
of the glacier volume are related to mass changes only. Imot include mass change below the surface, that is, intra- or

balance by the larger glacier argawhich in case of glacial
recession iA at the timery.
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Table 1. Austrian glaciers chosen for the comparison the direct and the geodetic method. abb — abbreviation, lon — longitide, lat — latitude,
A — areajimax maximum elevation in 1968,;, minimum elevation 1969, last mb — last year of mass balance if not ongoing.

name abb lat lon A hmax Nmin last mb
N E km® masl. masl  year
Hintereisferner HEF 4%7.8 10°46.2 9.502 3710 2390
Jamtalferner JAM  4%1.7 10°09.7 4.131 3160 2408
Kesselwandferner KWF 460.3 10°47.9 4.241 3490 2720
Stubacher Sonnblickkees SSK °@7.9 12°36.0 1.772 3030 2500
Ubergossene Alm HK £P5.6 13°03.7 1.636 2845 2630 1996
Vernagtferner VF 4862.6 10°49.0 9.563 3628 2717

subglacial melt or accumulation. The direct mass balance ig-ountain and Vecchiél999 found annual root mean square
defined in the vertical direction, so that it is calculated for the errors of up to+0.33 mw.e. by analyzing the variability of
glacier area projected on a map and not the real surface arethe mass balance from a quadratical modelnssor{1999
a topic which was controversially discussed\tgier (1962, found an uncertainty of:0.1 mw.e.al for Storglacéren.
Jacobsen and Theaksto(f995 1996, Kaser(1996, and  Analyzing the mass balance of this glaci@emp et al.
Rabus et al(1996. The effect on Hintereisferner is small, (2010 used a stochastic uncertainty #0.1 mw.e. a? for
since the steep areas are located in higher parts of the glaci¢he years after 1965 and doubled the uncertainty for the years
and show small mass changé&ssgher et al.2017). before. Thibert and Vincen{2009 analyzed 51 yr of mass
balance for Sarenne glacier and stated that systematic errors
2.3 Investigations of the accuracy of the mass balance  in the the mass balance increase linearly with the number of
measurements years, and stochastic errors increase with the square root of
the period length. They assume that the errors are uncorre-

Several studies analyze the accuracies of the different metf@ted gnd found an anrllual error of t_he direct mass balance
%typlcally 0.2mw.e. a-, corresponding to a relative error

ods to determine the mass balance. Some of these studié:
compare direct and geodetic data, others direct data onI)P2 3_',{2:/(“ (1'0f[1hmt\'¥he') for 1952;3?03' I;rotr_n Eqs) %ncli
Most studies analyze the data statistically, distinguishing sys( ), it follows that the accuracy of the geodetic mass balance

tematic and stochastic errors; others are based on case Stu%@pends on the accuracy of the DEMs, the density assump-

ies. These concepts of stochastic and systematic errors aF n, and the area measurements. Several studies investigated

based on repeat experiments under the same conditions, cr@‘—I these components qnd the total errors with geostatistical
proaches. For Svartisen ice c&ulstad et al(2009 an-

ating a large data set where one result does not influence th%lp dth deti bal d found ‘
other. This concept is rarely applicable to geodata, becaus yzed the geodetic mass bajance and found an accuracy o

the processing creates a interdependency of all data poin %f mW‘?' o 262 mW'eZ;Tplegal(Z?lg an;th;oblet et al;, th
on fixed external factors, for example, the coordinates of the | 9 F;e.r orme ba ;/ery ef al gt an;éS's_?h € errq:js 0 d €
ground control points. Another problem is the small samplev0 Umetric mass balances for storger@n. 1hey considere

size of certain datasets, for example, stake data or DEMS[y)hotogramm'etr'ic errors, density assumptions, Survey datgs,
which introduces an uncertainty in distinguishing between2 € uncertainties, internal mass balance, superimposed ice,

the variability of the signal and the noise, that is, in the basicand flux dlverglence and found errors of between +0.02 to
stochastic model. For example, as a result of surface albed60'07 mw.e.a-.
changes or supraglacial rivers, the mass balance measured at

one stake can significantly deviate from neighboring stake3 Test sites and data

in one year. This is not the result of errors, but the correlation

to the other stakes is lower, as shownKwyhn et al.(1999 Six Austrian glaciers were selected as test sites for the com-
for stakes at Hintereisferner. Nevertheless, all results proparison of direct and geodetic mass balance data (Thble
vide valuable indicators of our confidence in different kinds Figs. 3 and 4): HEF, VF and KWF inOtztal Alps, JAM

of mass balance data, although it is still an open question iin Silvretta, SSK in Hohe Tauern, and HK in the Salzburg
all glaciers follow the same statistical model and show theNorthern Limestone Alps. For all these glaciers, long term
same error characteristics. For example, on some glacierdirect and geodetic data are available. For 1969 and 1997
the stakes are redrilled annually, on others not. An erroneouto 2002, surface elevation data are available from the first
stake reading will propagate in the first case, but compensatand second glacier inventoriddgtzelf 1978 Lambrecht and

in the latter. The accuracy of the direct mass balance dependsuhn, 2007 Gross 1987). For HEF, KWF, VF and JAM the

on the number of stakes and pits. For South Cascade glaciethird Austrian glacier inventoryAbermann et a).2009 also
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s Kilometers
048 16

Fig. 3. Location of the Austrian test glaciers JAM,HEF, KWF, VF, SSK and HK (rhombs) and Mittelbergferner/MBF andattiatlst
Glacier/HSG (dots). DEM data frodarvis et al(2008.

e

S5K 15.09.2005

KWF z&u?.zqé : ’ JAM 31.08.2009

Fig. 4. Oblique photographs of the plateau glaciers SSK and HK, and the valley glaciers HEF, VF, KWF and JAM.

provides DEMs between 2004 and 2006. For HEF, four morecover dropped significanthLéng and Patzeltl971; Fischer
DEMs were acquired in 1953, 1964, 1967 and 19%8h(, and Mark| 2008. Since 1952/53, many different methods
1979. One DEM was acquired on KWF in 1971. All avail- of evaluating the annual mass balances have been used, so it
able DEMs are summarized in Talle was necessary to homogenize all of the data into a single set
Hintereisferner (HEF) in th®tztal Alps is the largest test (Fischer 2010. The coordinate system used for DEMs on
elevation of 3710ma.s.l. (Fig). The valley glacier has a Gauss Kuger system to the Austrian Gaussiger System.
bare ice. HEF has the most negative mass balance of th& M. At the moment, as accurate transformation parameters
test glaciers. Since the beginning of the mass balance meaié not available, this might have an effect on the geodetic
surements in 1952/53 the extent and the thickness of the firfnass balance between 1967 and 1969.

www.the-cryosphere.net/5/107/2011/ The Cryosphere, 5,1072011
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Table 2. Date and method of DEM acquisition at the test glaciers JAM, HEF, KWF, VF, SSK and HK. AL — airborne laser scanning, AP —
airborne photogrammetry, TP — terrestrial photogrammetry. When months are given, the accurate date is not known, when two dates are
given, the data is combined from two flights.

Glacier AL AP AP AP TP TP TP
HEF 23 Aug/9 Sep 2006 12 Sep 1997 14/30 Aug 1979 Aug/Sep 1969 Sep 1967 20 Sep 1964 4 Sep 1953
HK 18 Sep 2002 Aug/Sep 1969
JAM Oct 2006 16 Sep 2002  Aug/Sep 1996
KWF 23 Aug/9 Sep 2006 12 Sep 1997 18 Aug 1971 Aug/Sep 1969
SSK 8 Aug 1998 Aug/Sep 1969
VF 23 Aug/9 Sep 2006 12 Sep 1997 Aug/Sep 1969
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Fig. 5. Map of HintereisferneiOtztal Alps, with position of pits and stakes in 2003.

Adjacent Kesselwandferner (KWF) has about half of the ond DEM was acquired. Since the years from 1996 to 2002
area of Hintereisferner and has a smaller and higher ablatiobrought further mass loss on HK, the direct data is a low es-
area (Fig.6). The mass balance of KWF, which has also timate for the mass loss between 1969 and 2002.
been measured since 1952/53, is therefore less negative thanThe mass balance of Jamtalferner in Silvretta has been
the mass balance of HEF. As shown Kyhn et al.(1985, measured since 1988i6cher and Markl2008. The glacier
Hintereisferner and Kesselwandferner respond differently tais located between 2480 ma.s.l. and 3160ma.s.l. The low
climate variations. elevation is explained by the large amount of accumulation

The mass balance of nearby Vernagtferner (VF) hagelative to HEF, VF, and KWF. The size of JAM is similar to
been measured since 1964/&e(nwarth and Escher-Vetter KWF.

1999. The size of VF is similar to that of HEF, but the  Stubacher Sonnblickkees in Hohe Tauern has been mea-
glacier type and topography differ. Vernagtferner also ex-sured since 1959 Slupetzky 1999. The Stubacher
perienced a strong recession of the firn cover since 1964/65Sonnblickkees is a plateau glacier. It has about the same size

Ubergossene Alm (HK) is a plateau glacier situated inasUbergossene Alm, but spans a wider range of elevations.
the northeastern corner of Fi§.and located entirely be- As indicated in Table2, the DEMs were compiled with
low 3000 m. The mass balance was measure@tlgberger  different techniques. Until 2003, the DEMS were compiled
(1986 between 1965 and 1996. The mass balance seriewith terrestrial or airborne photogrammetry. Up to 1969, the
ended in 1996, six years before 2002, when the the secBEMs were compiled with terrestrial photogrammetry. The
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DEMs used in this study dating from 2004 and later were ac- year
quired with airborne laser scanning. Improvements in meth- 6 0 SSK
ods for both the direct and the geodetic data have resulted in ;
increasing accuracy over time. = HK
8 -10
&
4 Results for six Austrian glaciers S
, , 2 -20
The glaciers show generally negative mass balances except =
between 1965 and 1969 and around 1980 (F)g. The £
mean annual geodetic mass balance for all 19 periods of § 30
HEF, KWF, JAM, VF, and SSK between 1953 and 2006 ®
. 1 . ™ [32] [s2] (a2} [sp} [se}
is —0.5mw.e.a- (Table 3). .The annual mean dllfference. L e N © @ 9
bgeo— bdirect between the direct and the geodetic data is - T T year -0

—0.1mw.e.al. The maximum differencégeo— bdirect IS

5.6 mw.e., and the minimum7.0 mw.e. The average length Fig. 7. Cumulative specific mass balance of HEF, KWF, VF, SSK,
of the time periods is 15.5yr, the minimum is 2yr and the HK and JAM derived with the direct (lines) and the geodetic (dots)
maximum 53yr. On HEF, the geodetic mass balance differgnethod.

from the direct by—7.4mw.e. for the total period (53 yr).
The geodetic mass balance for HEF gives an average of i i i
0.14 mw.e. per year less than a medium year with direct data, 11 ime series of the direct mass balance of HK ended

On KWF (37 yr), the geodetic mass balance differs from the'” 1996, before the acquisition of the second DEM in 2002.
direct by —2.2mw.e. On SSK, JAM, and VF, the geode- The cumulative direct mass balance from 1969 to 1996 was

tic mass balance is greater than the direct, the difference is 10-8M; the geodetic mass balance from 1969 to 2002 was

+0.3mw.e. for JAM. +4.7 mw.e. for SSK. and +0.6 mw.e —7.7m (Table3). Since the direct mass balance between
for VF (37yr). For 9 time periods, the geodetic mass bal- 1997 and 2002 can be assumed to be negative, the direct mass

ance is greater than the direct, for 10 periods the direct mastg""l"’mce is more negative than the geodetic mass balance by

balance is greater and in one period, the mass balances afore than 3.1m.

equal.
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—ye:

Table 3. Results of the cumulative specific mass balance for the : :
geodetichgepand the direchbgirect method. The difference between m
the geodetic and the direct method is given in absolute numbers an

divided by the number of year§. The numbers are rounded, the o

difference is calculated from the full values. S = e

period bgeo  bdirect Ab N Ab/N
year mw.e. mw.e. mw.e. mw.e-&

Hintereisferner (HEF)

iggijgg;‘ _7'15_3 _5';33 _1';0 1 3 _0'%_0 Fig. 8. The advance and retreat of the tongue of KWF in 1971, 1978
1967-1969 —3.9 _01 -38 5 _19 and _1995 Wlth_resultlng changes in the upper part in 1985 and after
1969-1979 27 -18 45 10 05 slowing down in 2008.
1979-1991 -13.1 -8.0 -5.1 12 —-0.4
igg%jggg :1?)'_1 :g:g 75_'53 g 70(_)'21 to 1971, the geodetic mass balance is positive, whereas the
directly measured mass balance is close to 0. The geodetic
total -35.0 277 73 53 -01 mass balance is less negative than the direct mass balance
Kesselwandferner (KWF) for all subperiods. Between the 1971 DEM and the 1997
DEM the tongue of KWF advanced approximately 600 m,
ggijgg _305'6 _107'0 1 2'6 o6 2 0 f'?’ then melted again. During.the advance,the_surface was very
1997-2006 _5:0 _4:1 —0:9 9 _0:1 rOL_Jgh. T_herefore the densn_y at the t(_)ngue is onver than that
of ice, since the crevasses included in the glacier volume of
total -79 58 -21 37 -0.1 1971 contain a lot of air (Fig).
Jamtalferner (JAM) The adjacent glaciers VF and KWF were surveyed geode-
tically during the same periods: 1969-1997 and 1997—
1996-2002  -2.0  -26 06 6 0.1 2006. From 1969 to 1997, KWF-Q.9mw.e.) and VF
2002-2006  —5.0 —47 03 4 —0.1 (—2.6mw.e.) show a quite similar geodetic mass balance,
total -7.0 -7.3 0.3 10 0.0 but the direct mass balance of VF-&.2mw.e.) is about
4 times the direct mass balance of KWF1(7 mw.e.). At
vernagtferner (VF) KWEF, where the mass balance was close to zero, the differ-
1969-1997 -2.6 —82 5.6 28 0.2 ence between the geodetic and direct mass balance is small.
1997-2006 -109 -5.833 -51 9 -06 On VF, where the mass balance was more negative, the dif-
total ~135 —14.0 05 28 0.0 ferences between the direct and geodetic mass balance were

larger. The observation period of SSK is comparable to that
of VF and KWF (1969 to 1998); there the geodetic mass bal-
1969-1998 -3.5 -8.2 4.7 29 0.2 ance differs from the direct mass balance by 4.7 m.
Ubergossene Alm. Hoclikig (HK) For JAM, the agreement betweqn the geodetic gnd the di-
rect data is very good for all periods. The glacier shows

Stubacher Sonnblickkees (SSK)

1969-1995 —10.8 33 high accumulation rates, and is located at elevations below
1969-2002 7.7 3300m. The glacier tongue is small, and the firn cover
shrank greatly after 2003.

The difference between the direct and the geodetic mass

Figure 7 shows the cumulative direct mass balance andbalance is analyzed over all 19 periods to find if these dif-
the cumulative geodetic mass balance for HEF, KWF, JAM,ferences also depend on the mass balance itself. Between
VF, SSK, and HK. For the glacier with the most negative 1965 and 1985, the direct mass balariggsc:of HEF, KWF,
mass balance, HEF, the cumulative geodetic mass balanctAM, VF, HK and SSK were more positive than before and
is more negative than the direct. After years with positive after these years (Fi§). The geodetic data of this period are
mass balances (1965 to 1969 and 1977 to 1979), the geodet@ven more positive than the direct data. A possible reason for
mass balance (dots in Fig) comes closer to the direct mass the discrepancy is the presence of seasonal snow cover on the
balance curve. The deviation of the curves increases wittglacier at the time of the second DEM, and its misinterpreta-
time and reaches its maximum in 2006 after several yeardion as less ice melt. From 1997 to 2006, most glaciers had
with strong volume losses. strongly negative mass balances. During this time period, the

The mass balance of KWF for the observation period isgeodetic mass balances are more negative than the direct.
the least negative of the investigated glaciers. From 1969
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Fig. 9. Comparison of the difference between the geodetic and the direct mass balance pér/eaand the direct specific mass balances
bgirect- The length of the period of the geodetic mass balance mean is indicated with bars.

5 Discussion ditional referencing errors occurred during the digitalization
of maps.
5.1 Accuracy of the DEMs Airborne laser scanningaccording tdHggda et al(2007),

the airborne laser scanning (LiDAR) technology allows the

The DEMs used here are acquired with different techniquesacquisition of DEMs with a vertical precision of a few cm
listed in the order of increasing accuracy (TaBje independent of the texture and the contrast on the glacier sur-

Terrestrial photogrammetrythe topographic data before face. Geist and Sitter (2007) investigated LiDAR data on
1969 analyzed in this study were derived from old mapsHintereisferner and Kesselwandferner and found a relative
which are themselves based on terrestrial photogrammetryertical accuracy of 0.3 m and a relative horizontal accuracy
The DEMs were digitized from the contour lines of orthorec- of 1.0m. The point distance of LiDAR systems is 0.1 m to
tified historical maps and processed to a raster with 5m gridl.4 m, the pixel size 1 mto 2.5m.
size using the TopoZ2raster tool of the ARCGis Software. The For all kinds of digital topographic data, the absolute
horizontal RMS errors of the rectified maps caused by draw-coregistration, the resolution, and the pixel sizes affect the
ing inaccuracies, changes of the map paper and coregistratiofertical accuracy. The absolute horizontal accuracies of
are+1m. The accuracy of this elevation data depends orDEMs and coregistered historical data also depend on the
the imaging geometry and the location of the station points.availability of referenced tie points. Near Hintereisferner
Haggen et al.(2007) reanalyzed the terrestrial photogram- and Kesselwandferner, a net of geodetic fixed points in-
metry data of Hochjochferner dating from 1907. From the stalled from 1893 onwards ensured high accurdgigoher
comparison of the map of 1907 to the reanalyzed DEM theyet al, 2011). Historical topographic data use different, and
concluded that the terrestrial photogrammetric data has agometimes even local coordinate systems than contemporary
accuracy of+10m. The tacheometrically surveyed glacier DEMs. Thus coordinate transformations with appropriate
tongue showed an error gf1-2m. parameters are necessary to avoid horizontal errors. Using

Airborne photogrammetryaccording towWurlander and  standard transformation parameters, the horizontal error of
Eder (1998, the accuracy of the airborne photogrammetric the transformation between UTM WGS84 32 N and Gauss-
data used in this study is better thai®.71 m. Lang and  Kriger coordinates is up to several meters on HEF. The older
Patzelt(1971), reported that the accuracy of photogrammet- maps of HEF are compiled in a local coordinate system with
ric DEMs depends on the contrast of the images. All threehorizontal deviations of up to 4 m from the coordinates of
glacier inventory datasets are available digitally, thus no adthe new mapsAbermann et aJ.2007. Unfortunately, the
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original photogrammetric data of the older maps is not avail-
able, so that a reprocessing of the DEMs, as donkdkjet

et al. (2010 for Storglacaren, is not possible. Therefore,
other methods for qualitative spot tests of the DEMs were
used. For Kesselwandferner, data from field surveys is avail-
able for every year. Since at least some of the ground con-
trol points (GCPs) surrounding the glacier might have been
used for compiling the analogue maps, a comparison of the
GCPs’ coordinates makes little sense. But the comparison
of the elevation data along the profiles A to E (Féyshows
that local errors at the glacier can be significantly higher than
the given accuracydbermann et aJ.2007). The photogram-
metric DEM of Kesselwandferner acquired in 1997 has low
contrast in the firn area, resulting in an erroedfO m in pro-

file B (Fig. 10). The LiDAR DEM shows the best fit to the
field data.

A plot of the relative frequency of the altitude differences
(Fig. 11) shows that this distribution seems typical for the
mass balance year, but also shows some errors in the DEMs.
The volume change HEF 1964-1953 shows several areas
with no volume change. These result from a small part at
Langtaufererjochferner, where the terrestrial photogramme-
try was not evaluated for 1964, and the gap was filled with
the DEM 1953. Since most maps use older maps for compi-
lation, this might not be an unusual case when working with
historical maps. The frequency distribution of the volume
changes of HK and SSK shows high noise; the differences
containing LIDAR DEMs show low variability. This might
be an easy to use visual indicator for the quality of the DEM,
if there is no possibility to compare to field data.

5.2 Different measurement dates and seasonal snow
cover on Hintereisferner

Seasonal snow cover is a potential source of error for the
geodetic method. If seasonal snow cover is misinterpreted as
ice, the glacier volume is overestimated. Depending on the
time of the snow fall event, this results in either under- or
overestimation of the geodetic mass balance. When no sea-
sonal snow covers the glacier, the measured thickness change
hm corresponds to the ice thickness chahgg, If the snow
cover occurs during the acquisition of the first DEM, the ice
thickness change is overestimatecHp 4. If the snow cov-
ers the glacier during the acquisition of the second DEM, the
ice thickness change is underestimated-ayh.

If one DEM within a time series,, 2 andtz is affected by
seasonal snow cover gf, the error balances oun\V;,;, is
for example too high and V;,,, too low. If the snow cover
occurs atry or 3 the error extends over the entire period.
Since the DEMs of 1969 are very likely affected by seasonal
snow layers, the geodetic mass balances using the 1969 data
as the second DEM are underestimated. The geodetic mass

Fig. 10. Comparison between the elevation measured in the fieldl0SS from 1969 to 1997 is likely to be overestimated, as is

along the profiles A to E at Kesselwandferner with the elevation in€vident in Fig.9.
the DEMs of the specific year.
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Fig. 12. Snow cover at HEF recorded by web cam images at 23 Au-
gust, 1 September, and 9 September 2006. The aerial image dates
from 12 September 2006.
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sured geodetic mass balance.

For the years 1969 to 2006, detailed records show ablation
0,010 A T KWF 2006-1997 | and accumulation at different altitudes on Hintereisferner:
— KWF 1997-1971 August/September 1969 between 2 August and 30

September 1969, 2.17 m ice ablation took place at stake num-

TKWR 19711969 ber 5 close to the tongue. At the 26 August 1969, 0.17m
snow were recorded at that stake. At the highest stake in the
firn area, between 1 August 1969 and 30 September 1969,
1.39 m firn ablation took place.

14/30 August 1970 snow was recorded during the stake
readings at 14 August, 23 August, 31 August 1979 between
stake 1 at the tongue. 0.16 m of snow were recorded at 25
August 1979 at stake 54, which did not show ablation in the
Fig. 11. Relative frequencies of values occurring in the calculated previous years.
volume differences for the Austrian glaciers. 12 September 19970 seasonal snow covered the glacier.

23 August/9 September 2004 the lowest stake (number
12), 0.98m of ice melt were recorded between 24 August

The density of the snow layer ranges from 100kg?m and 14 September 2006. The tongue was not covered by
to about 500kgm?, the density of ice is assumed to be snow, the upper parts of the glacier were partly covered by
900kgnT3. Thus within the period of the DEM acquisi- remnants of snow falls which occurred after the 28 August
tions, the density of the surface layer can change by up t®006 (Fig.12)
800kgnT3. A short example demonstrates the possible er- - Since the errors in the DEMs are likely to be of the same
ror of bgeo if @ thickness change of 1 m of snow cover with a magnitude as the snow cover or melt, the effect on the geode-
density of 500 kg m* (0.5 mw.e.) is interpreted as a change tic mass balance was analyzed for 2001-2009 with highly ac-
of 1mice (0.9mw.e.) instead, the error is 0.4mw.e. Thecyrate LiDAR dataFischer et al.2011) and not using pho-
typical height of the winter snow cover on HEF ranges from togrammetric DEMs.
1-2m on the glacier tongue to 5—-7 m at the deepest snow
pit. On Hallsttter glacier, winter snow cover with heights 5.3 Density assumption and density changes
locally exceeding 10 m was observed. Snows in autumn (be-
fore 30 September) were observed to reach more than twéypart from the short term changes of surface layer density
meters on Hintereisferner and Halger glacier; in August, caused by seasonal snow cover, the mean density of the sur-
snow cover may reach a height of 1.5 m. Thus, seasonal snoface layer also changed during the last decades as a results

0,005
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Fig. 13. Areas whereé = 0, firn covered area and volume change for different years where DEMs were recorded.

of strongly negative mass balances. Figli8shows the firn  cover firn or ice, depending on the mass balance of the pre-
extent and the area covered with old snow for several yearsious years and the ice dynamics. Over the course of several
on HEF, when DEMs were recorded. Itis evident that the ac-positive mass balance years, the tongue shows an thickness
cumulation area differs from the firn area and from the areagain (1969-1979), because the vertical component of the ice
with volume gain. Therefore, a volume gain or loss does notflow velocity exceeds the mass balance. After 2000, the firn
indicate a mass balance gain or loss at one specific locatiorcover of Austria’s glaciers dropped drastically, as shown for
As a result, the mean density for calculating the geodeticHEF by Fischer et al(2011). The reduction of firn cover
mass balance must come from a source other than the DEMsnd the densification of firn layers and crevasses result in a
The density of the annual layers close to the glacier surfacenisinterpretation of volume changes as mass changes. If the
varies significantly, as evident from the comparison of themean density of snow, firn, and ice decreases, the glacier sur-
zero mass balance line and the firn area in EB).snow can  face drops without mass change. Another mechanism for a
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the changes of the firn area at HEF. Between 1969 and 1997
and during the years of strong negative mass balances begin-
ning with 2003, change in the density of the surface layer
was observed.

A short example shows the possible contribution of den-
sification to the total volume change of Austrian Alpine
glaciers. Ambach et al.(1995 surveyed a 20 m deep firn
pit on KWF and observed densities from 640 kginto
840 kg n13. To estimate the effect of density changes within
a firn column on the volume of the column, we calculate a
small example. Assuming a firn column with 10 m height
and a mean density of 750 kgt A change of the mean
density to 800 kg m® results in a thickness change of 0.6 m.
Another example for a density change without mass change
could be the densification of the top layer in the firn area.
Assuming a snow layer with a height of 1 m and a density of
200 kg n13, the thickness of this layer can decrease by 0.5 m
when the density increases to 400 kg¥n Thus thickness
changes resulting from densification are of the same order
of magnitude as the mean annual thickness change of Aus-
trian glaciers between 1969 and 199aihbrecht and Kuhn
2007).

Although the densification process plays a role mainly in
the firn area, crevasses occur at all altitudes. Since the 1980s,
the ice flow velocities reduced from over 100 m per year at
several glaciers to just several m per year. Thus fewer and
smaller crevasses are observed (B)g.This effect alters the
mean density of the glacier even in the ablation area. Very
precise DEMs map crevasses, but low resolution photogram-
metric maps or DEMs do not. If crevasses appear on newer
DEMSs, but not on the older ones, the volume loss is overesti-
mated. If crevasses are covered with snow on the first LIDAR
image, but not on the second LiDAR image, crevasse volume
can contribute as much as 7% to the volume chaRkgseler
etal, 2011).

Q9 1953 “

5.4 Basal or internal melt

Fig. 14. Firn area of HEF in 1953, 1979 and 2003. . . . .
The geodetic mass balance includes basal or internal melt if
the effects propagate to the glacier surface. The total change
in surface elevatiom hg results from internalAz; and basal

reduction in surface height without mass change is refreezingee thickness changeshy, (Fig. 15). In contrast, the direct

of melt water in a cold firn layer. Assuming the conservation mass balance is a surface mass balance and includes

of mass, fewer and smaller crevasses result in a lowering 06n|y.

the glacier surface. If the spatial resolution of the DEMs is  The development of Mittelbergferner (MBF) in thztal

high, crevasses can be vis_ible if they are.not covered withA|ps (Fig. 3) shows that locally the basal mass balance can

snow. In earlier datasets with lower resolution, crevasses arggntribute significantly to the volume change at the surface

not included. (Fig. 15). Atan altitude of about 2500 ma.s.l. near the glacier
All Austrian glaciers experienced high amounts of accu- margin, radial crevasses are surrounding a zone with fast sub-
mulation in the 1960s and 1970s. Thus the mean densitgidence (Figl6). The surface elevation dropped by 82 m in
of the surface layer in the firn areas was lower than during9yr. The annual ablation is less than 9.1 m. The ice thick-
the following years with strong negative mass balances. Imess above the subsidence zone is still 70 to 100 m; the ice

2003, even the highest glaciers in Austria lost most of theirflow velocity is most likely nonzero. Therefore, the reason

firn cover. Measurements on HEF showed a surface layefor the quick surface drop in this zone can only be basal

density of 800 kg m?3 at 3000 m. Figurd4is an example of melt. The high amounts of basal melt can be explained by
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Fig. 15. The total thickness change of a glacier is caused by mass
balance at the surfaeehs and internal and basal mass balandg
andA#hy, if the effects propagate to the surface.

two large melt water streams which join underneath the sub-  439%° Em
sidence zoneWiesenegger and Slupetzk®009 made sim- elevation change
ilar observations on Stubacher Sonnblickkees. Detailed mea: BRIZenm
surements to quantify the effect for SSK, MBF, and HEF are [
ongoing. - B -5
g_ 7470
e [ 69-85
6 Comparison of the results to published data %’:i’
o ) . [ ]-s4-50
To find if the differences between the methods only occur in - ] 0-45
Austria, or also on glaciers in other regions and climates, the . = [ -44-40
results are compared to published data. GriesgletsEeik( ' [ ]-s0-35
et al, 1997, Gulkana glacierQox and March2004), Stor- 1' N [ -34- 30
glaciaren Zemp et al.201Q Koblet et al, 2010, South Cas- ] -2 - 25
cade Glacierrimmel, 1999, Lemon Creek glacief\iller k i 220
and Peltp 1999, Storbreen Andreassen1999 and Zongo : =121;

glacier Goruco et al. 2009 have been studied, and the

geodetic and direct mass balance data is available for 2‘I‘Eig. 16. Radial crevasses and subsidence zone at the tongue of Mit-

time periods between 1940 and 2006. The average lengtf|pergferner in 2006 and the surface elevation change in m between
of the periods is 18.2yr (Tabl). The longest period lasts 1997 and 2006.

57 yr, the shortest 2 yr. The temporal distribution of the data
is similar to that of the Austrian data. Where only the vol-
ume change without information on the mass balance or ontelated to the specific properties of the glacier. For exam-
the density of the surface layer was provided, the geodeple on HEF the geodetic mass balance is more negative than
tic mass balance was calculated assuming a mean densibther mass balances. The more negative the mass balances,
of 850 kg nT3. The glaciers are located in different regions the greater the differences. This is caused by glacier topog-
and different local climates, but the average annual geodetigaphy: melt water from the entire glacier area flows under-
mass balance is0.4 mw.e. a' and thus similar to the mean neath the pronounced glacier tongue of this valley glacier. On
of the Austrian data40.5mw.e. a'). The mean difference  Jamtalferner, the difference between direct and geodetic data
is —0.4mw.e., the maximum difference 3.6 mw.e. and theshows nearly no trend, which could also be caused by com-
minimum difference-7.2mw.e. pensation of different processes. Lemon Creek and South
The data of Storbreen confirm the finding that a longerCascade glacier show trends opposite to that of HEF: the
measurement period length does not automatically result iyeodetic mass balances are increasingly less negative than
more agreement between the geodetic and the direct mashe direct. For South Cascade glacitimmel (1999 points
balances (Figl7). Just like the Austrian glaciers, Stor- out that the direct mass balance is too negative. South cas-
glaciaren, South Cascade, and Lemon Creek show highetade glacier shows a correlation of 0.80 and higher with all
differences during periods with strongly negative mass bal-13 monitored glacier within 150 km, but has the most nega-
ances. This is not the case for Storbreen and Griesgletschetive mean annual balance of all of these glaci€slip and
Figurel18is a plot of the geodetic vs. the direct mass bal- Riede| 2001). For Lemon Creek glacierMiller and Peltg
ance. As stated b@ogley (2009, no common trend for all 1999 found that the errors in the assessment of the mass
glaciers is obvious. Some glaciers do show trends, which ardalance mainly take place at the glacier tongue. They state
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Table 4. Results of the cumulative specific mass balance for the
geodetichgepand the direchbgirect method. The difference between
the geodetic and the direct method is given in absolute numbers an
divided by the number of year§. The numbers are rounded, the
difference is calculated from the full value$.— calculation from
volume change assuming a density of 850 kKgPm

period bgeo  Ddirect Ab N Ab/N
year mw.e. mw.e. mw.e. mw.e-a
Griesgletscher GGHunk et al, 1997

1961-1979 -17 -11 -0.6 18 0.0
1979-1986 -2.1 -03 -18 7 -0.3
1986-1991 -51 -10 -41 5 -0.8
total -89 -24 -65 30 -0.2
Gulkana Glacier GUGox and March2004)

1974-1993 -6.0 -58 -0.2 19 0.0
1974-1999 -11.8 -11.2 -06 25 0.0
Lemon Creek LCiller and Peltg 1999

1957-1989 -11.2 -12.7 15 32 0.0
1957-1995 -13.9 -17.1 32 38 0.1
total -18.4 -22.0 36 41 0.1
South Cascade S&(immel, 1999*

1970-1975 0.8 24 -16 5 -0.3
1975-1977 -04 -1.6 12 2 0.6
1977-1979 -19 -14 -05 2 -0.3
1979-1985 -3.6 5.7 2.1 6 0.4
1985-1997 -11.4 -12.7 13 12 0.1
total —-16.5 -19.0 25 27 0.1
Storbreen SBAndreassenl999

1940-1951 -6.4 —-4.9 -15 11 -0.1
1951-1968 -46 -13 -33 17 -0.2
1968-1984 -5.1 -54 0.3 16 0.0
1984-1997 —-0.7 20 -27 13 -0.2
total -168 -96 -72 57 -0.1
Storglacéren SG Zemp et al, 2010

1959-1969 -39 -31 -08 10 -0.1
1969-1980 -28 -25 -03 11 0.0
1980-1990 1.3 1.0 0.3 10 0.0
1990-1999 0.6 07 -01 9 0.0
total -48 -39 -09 40 0.0
Zongo Glacier ZG $oruco et al.2009

1997-2006 -5.1 -75 24 9 0.3
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Fig. 18. Comparison of the geodetigyeo and directbgirect mass
balance for all 12 glaciers. Griesgletscher — GG, Gulkana Glacier —
GU, Zongo Glacier — ZG, Storglamien — SG, South Cascade — SC,
Lemon Creek — LC.

that the reasons for these errors are that the glacier area is
not annually updated and that accuracy of the ablation data
decreases with distance from the glacier tongue.

The accuracy of the direct data i0.01mw.e.al.
Assuming a period of 10yr, the mean accuracy of the
geodetic method on Austrian Alpine glaciers is limited
by densification £0.1 mw.e.al), seasonal snow cover
(£0.1mw.e.al), and basal melt (0.5mw.e-4), as well
as the accuracy of the DEMs. Terrestrial photogrammetric
DEMs with good coregistration in our example show errors
of 1.0ma?; LiDAR DEMs have errors of 0.001 nt& for
the 10yr period. The uncertainty of at leas50 kg nt2 in
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the mean density adds 10% error to the geodetic mass bathe geodetic data to estimate the contribution of glaciers to
ance which then is 1.0mw.e:Aand 0.001 mw.e. d, re- global sea level rise. On the other hand, the geodetic method
spectively. Thus the cumulative error of the geodetic massan be easily biased by seasonal snow cover and missing in-
balance is 2.7 mw.e & for two terrestrial photogrammetric formation about density, including not only the surface layer,
DEMSs, and 0.702 mw.e & for two LiDAR DEMs. For his-  but also density changes as result of intra- and subglacial
torical data, the errors of the DEMs dominate the total error,melt or crevasses. The direct mass balance measures the sur-
whereas for LIDAR data glaciological processes dominateface mass balance with high accuracy and high temporal res-
The time period for the calculation of geodetic data should beolution, while the temporal resolution of the geodetic data is
chosen in relation to the total mass balance to ensure that tHémited by the errors of up to 2.7 mw.e. During periods of
mass balance within this period is significantly larger thanhigh melt rates, the reduction and densification of firn cover
the error values. biases the geodetic mass balance.
Direct and geodetic mass balance are both valuable tools

for different applications. They contain specific, but differ-
7 Conclusions ent, information on glacier mass balance. A mix of direct

and geodetic data should be handled with caution. To avoid

The direct and the geodetic mass balances differ. On somgjases in long time series of mass balance data, the method
glaciers, the discrepancy shows a trend, on others, it does nogf measurement should remain constant.

For some glaciers, area changes are reported to be the reason
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