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Abstract. Glacier-wide mass balance has been measured fot  Introduction
more than sixty years and is widely used as an indicator

of climate change and to assess the glacier contribution tg . . . .
runoff and sea level rise. Until recently, comprehensive un_;hgnges in .gl'aC|e'r mass are a key .SUbJeCt of glaqer mon-
certainty assessments have rarely been carried out and malg'ng. providing important information for assessing cli-

balance data have often been applied using rough error estinatic c_hanges, water resources, a_md sea level rise. The most
mation or without consideration of errors. In this study, we extensive dataset of gIaC|er-vy|de in situ mass balance mea-
propose a framework for reanalysing glacier mass balancéurTfmemIS COVErs tge_ pa_sdt Sl'x de(c:jatdes (WGM|S,b2(|)1?, a}nd
series that includes conceptual and statistical toolsets for ase—f]1r 1er vo umez) aT '52\3’(') ge y u;e | (t) 335655 global g acf|er
sessment of random and systematic errors, as well as for valhanges (e.g. Cogley, ) and related consequences of re-

dation and calibration (if necessary) of the glaciological with glonal runoff (e.g. Weber et al., 2010) and global sea level

the geodetic balance results. We demonstrate the usefulne5§€ eg. .Kase.r etal., 2006). Howgver, most of these data se-
and limitations of the proposed scheme, drawing on an analfi€s consist of just a few observation years, and most results

ysis that comprises over 50 recording periods for a dozerf'® reported without uncertainties (Zemp et al., 2009).

glaciers, and we make recommendations to investigators and Thet_re are a dozer:_ mass ll)(eﬂarl%eesgrograrnl_m es W'tr; (i_ontlm-
users of glacier mass balance data. Reanalysing glacier ma’s'é)usn ime ster_|es : ml? aﬁ 0 7 or ezir ||er;(r)10r; aC|ve y
balance series needs to become a standard procedure for eV- all mountain and valley glaciers (Zemp etal., )- Com-

ery monitoring programme to improve data quality, including :ne_d lw't.h rlnultl-antr:ulal geodepc survgé/s, thege long-term
reliable uncertainty estimates. glaciological mass balance series provide a unique opportu-

nity for quantitative assessment of the related uncertainties.
Earlier works found both agreement (e.g. Funk et al., 1997)
and disagreement (e.g. @strem and Haakensen, 1999) be-
tween the mass balance results from the two methods. Recent
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1228 M. Zemp et al.: Reanalysing glacier mass balance measurement series

studies have carried out extensive homogenization and unbetween random (i.e. noise) and systematic (i.e. bias) errors
certainty assessments for reanalysing mass balance serifis. disagreements between measured and true values).
(e.g. Thibert et al., 2008; Rolstad et al., 2009; Huss et al., The mass balance of a glacier is defined as the sum of all
2009; Koblet et al., 2010; Fischer, 2010, 2011; Zemp et al.,components of accumulation (acc) and ablation (abl), and a
2010; Nuth and ab, 2011; Andreassen et al., 2012). How- distinction can be made between surface (sfc), internal (int),
ever, there are no guidelines available yet for standardizatiomnd basal (bas) balances (see Table 1 and Fig. 2 in Cogley et
of the process, and a direct comparison of the findings fromal., 2011). Based on the conservation of mass within a col-
the above studies is challenging. umn of square cross section extending in the vertical direc-
In the summer of 2012, a workshop organized by thetion through the glacier, the mass-balance rate of the column
World Glacier Monitoring Servicehttp://www.wgms.chin is
collaboration with Stockholm University was held on “Mea- ) ) )
surement and Uncertainty Assessment of Glacier Mass Bal? = 8CGic + abktc + 8CGnt + abint + atkas+ abbas+
ance” at the Tarfala Research Station in northern Sweden ] o
(Nussbaumer et al., 2012). The workshop built upon resultdVith ¢ referring to the flow of ice into or out of the column
and experience of earlier workshops at Tarfala in SwederVith fixed horizontal dimension,se-= dx dy.
(GAA, 1999) and Skeikampen in Norway (IGS, 2009) and The point mass balance cumulated over one ygafor
brought together a group of experts currently working onmore generally over the span of time frognio 1) is linked
these issues. Its major goals were to discuss methods and ri? the mass balance rate by
lated uncertainties of glaciological and geodetic mass bal- fa
ance measurements and to find a consensus on best prac- .
tices, mainly for homogenization, validation, and calibrf;ltionab"’l= m (ta) —m (fo) = /m (£)dr. )
of (long-term) observation series. o

The present paper is a joint outcome of that workshopyq gpain the glacier-wide mass balance, the point balances
and aims at proposing best practices for reanalysing MaSgre integrated over the glacier mean aseaver the same
balance series. First, we provide a brief review of obser-;..4 span:

vation methods, related uncertainties, and reanalysing pro-
cedures for observation series. Second, we present resul? 1 bod
from a select number of glaciers with long-term mass bal-"2~ g / atls.
ance programmes and discuss these in light of the proposed S
reanalysing scheme. Finally, we conclude with recommenday e that this study focuses on land-terminating glaciers:
tions for data producers and summarize implications for datgy, o pajance components of lake and marine floating glacier
USErS. tongues and ice shelves are not considered here because their
mass balance is often dominated by frontal and basal terms
not addressed by the glaciological method (cf. Kaser et al.,

qin + gout
e W

®)

2 Theoretical background 2003).
2.1 Terminology and components of glacier mass 2.2 Glaciological observation method
balance

The principal steps of the glaciological observation method
A common language and terminology is a basic requirementire the measurement of ablation and/or accumulation at in-
for developing any best practice. In this work, the terminol- dividual points as well as the interpolation between the mea-
ogy (in English), formulations, and units of measurementsurement points and extrapolation to unmeasured regions of
follow the “Glossary of Glacier Mass Balance and Relatedthe glacier. Often, the interpolation and extrapolation pro-
Terms” of Cogley et al. (2011). “Homogenization” and “re- cess incorporates mass balance indicators, such as snowline
analysis” of observational data series are well established imbservations and related expert knowledge. The glaciologi-
climatology (cf. Kalnay et al., 1996; Aguilar et al., 2003; cal method was described in detail by @strem and Brugman
Begert et al., 2005). However, the corresponding methods(1991) as well as summarized by Kaser et al. (2003) with par-
developed for treating an atmospheric continuum, cannot beicular attention to low latitude glaciers. The basic principles
directly applied to discrete glaciers. We, hence, use thesef the glaciological method are widely accepted and have
terms in their general climatological meaning but specify thenot changed much since the earliest measurements. How-
methodological implementation for glacier mass balance seever, the detailed implementation does vary between differ-
ries in Sect. 3. In the same chapter, general definitions anént glaciers and observers. The number and density of stake
glacier-specific explanations are given for “validation” and and snow pit observations varies from glacier to glacier and
“calibration”, which are used differently among communi- through time (e.g. Fountain and Vecchia, 1999; Miller and
ties. In terms of the uncertainty assessment, we differentiat®elto, 1999; Van Beusekom et al., 2010). Another typical

The Cryosphere, 7, 12273245 2013 www.the-cryosphere.net/7/1227/2013/
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variation is the deviation from the traditional contour line tic survey. Especially for large relative changes, this requires
method, as proposed by @strem and Brugman (1991), fom recalculation of these annual “reference-surface” balances
the spatial integration of point observations. Often, statisticalwith updated glacier areas (and elevation bands) for every
analysis or interpolation schemes are used instead (e.g. Lliyear in order to provide “conventional” balances (cf. Elsberg
boutry, 1974; Jansson, 1999) or observed mass balance grat al., 2001; Huss et al., 2012). A simple analytical solu-
dients are applied to the glacier hypsometry (e.g. Funk et al.fion to this type of inhomogeneity is given in Sect. 3.2. The
1997). The direct measurements are typically carried out seafew studies which have attempted to quantify all these er-
sonally or annually and cover the components of the surfaceors include Thibert et al. (2008), Huss et al. (2009), Fischer
mass balance. On some glaciers the measurements are p€2010), Zemp et al. (2010), Hynek et al. (2012), and refer-
formed at monthly (on some inner-tropical glaciers) or evenences therein.
at daily resolution (at a few points during summer seasons). Observation principles were mainly developed on and
Observers at some cold or polythermal glaciers account fofor land-terminating, mid-latitude glaciers in the Northern
internal accumulation too (e.g. Josberg et al., 2007). The reHemisphere, which mainly change by winter accumulation
sults are usually reported for the mass balance year, refemand summer ablation. In practice, these principles and the
ring to the floating-date, the fixed-date, or the stratigraphicrelative importance of the error sources listed above might
time system, and as specific mass balance in the unit metrie of limited applicability to the seasonal analysis of glaciers
water equivalent per year (mw.e.9. Equilibrium line al- in other regions. However, cumulative annual balances elim-
titude (ELA), accumulation area ratio (AAR), and mass bal- inate these seasonal complexities which, hence, might not
ance gradients are usually calculated from mass balance dide relevant to the following comparison with multi-annual
tribution with elevation (ranges). geodetic balances.

There are three main sources of random and systematic er-
rors in the glaciological method: the field measurements ag-3 Geodetic observation method
point locations, the spatial averaging of these results over the

entire glacier, and the changes of glacier in area and eIevaThe geodetic observation method determines volume change

tion. The field measurements are subject to errors in (i) heighPY réPeated mapping and differencing of glacier surface ele-
determination (e.g. due to measurement precision; tilt, sink.vations. Common methods are ground surveys using theodo-

ing and floating of ablation stakes: tilt of snow probings and lites (e.g. Lang and Patzelt, 1971) or global navigation satel-

difficulties in identifying last year’s surface in the snow pack, lite systems (e.g. Hagen et al., 2005), a|r.borne or space-
e.g. due to ice lenses): (ii) density measurement errors an§Orne surveys with photogrammetry (e.g. Finsterwalder and

associated assumptions (with errors expected to be larger fdfeNtsch, 1981; Berthier et al., 2007), and SAR interferome-
snow and firn than for ice): (iii) superimposed ice, which is Y (6-9- Magnusson etal., 2005; Berthier et al., 2007) or var-
difficult to measure and of which the spatial variability is ious forms of laser-altimetry (€.g. Sapiano e_t al'_’ 1998; G_e|st
often not well captured by the stake network (e.g. Schytt,et al., 2005; Moholdt gt al., 2010). For Iarge ice fields and ice

1949; Wright et al., 2007); and (iv) flux divergence which is caps, accuratt_a elevation datg are often_I|m|ted toa selectl_on
irrelevant to the glacier-wide balance (cf. Cuffey and Pater-Of Survey profiles along glacier centre lines or a systematic
son, 2010) unless the sampling between divergence and COIﬁ)_attern of ground-tracks from satellite altimetry. A compar-

vergence zones is unbalanced (Vallon, 1968). Error sourcelSON with the glaciological balance can be done along com-

related to the spatial averaging of the point measurement@10n centre lines or after extrapolation to the entire glacier.

are (v) the local representativeness of the point measurel,_he uncertainty and potential bias related to this extrapola-

ments (i.e. the ability of the observational network to capturelion (€:9- Arendt et al., 2002; Berthier et al., 2010) need to
the spatial variability of the surface balance; e.g. FountainP€ @ccounted for in a similar manner as for the glaciological

and Vecchia, 1999; Pelto, 2000), (vi) the method (e.g. Con_method._ 'I_'he methqdological de_scriptio_n below focuses_ on
tour, profile, kriging) used for interpolation between the point DEM (digital elevation model) dlff_erencmg over _the entire
observations and for extrapolation to unmeasured regionglac'er surface and does nqt consider extrapolation errors. It
(e.g. Hock and Jensen, 1999: Escher-Vetter et al., 2009), analso assumes t.hat_all elevation data are referenced to the same
(vii) the under-sampling of inaccessible or difficult glacier ar- dtum and projection. - , ,

eas with potentially different surface balances such as those Volume changes de_rlved by c_Jlfferencmg DEMs can be ex-
due to crevasses, debris covers, steep slopes, avalanche zogssed by the following equation:

(e.0. Qst_rem_ anq._Haake.nsen, 1999). Cqmmon to_aII mass balg , — rZZleAhk, 4)
ance series is (viii) The issue of the glacier elevation and area

changing over time: the (changing) coordinates and elevawhereK is the number of pixels covering the glacier at the
tion of observation points can directly be measured whereasnaximum extentA#, is the elevation difference of the two
the glacier area of the most recent geodetic survey is typgrids at pixelk, andr is the pixel size. Geodetic surveys
ically used as a constant for the calculation of the specificare ideally carried out at the end of the ablation season, si-
glaciological balances for the years up until the next geode-multaneously with the glaciological survey, and preferably

www.the-cryosphere.net/7/1227/2013/ The Cryosphere, 7, 122245 2013
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repeated about every decade. A time separation of about onéems cannot be assumed to be equal to the number of items

decade accentuates the detection of a climatic signal and rén the sample (i.e. pixels) because spatial auto-correlation

duces the impact of short-term elevation fluctuations due tas commonly present in elevation data (e.g. Schiefer et al.,

seasonal and interannual meteorological processes. The rg007) and must be accounted for (Etzélkr, 2000). A

sults of the geodetic method thus refer to the time span bemethod to determine the uncertainty related to the spatial

tween two surveys and are reported as volume change in thauto-correlation based on semi-variogram analysis i

unit cubic metre (Eq. 4). Commonly, the geodetic balance isEqs. B2 and B3) is described in Rolstad et al. (2009), and

obtained by making an assumption about the density of thés summarized briefly in Supplement B.

volume gained or lost (see Eq. 5in Sect. 2.4). Ifitis true that A final consideration for statistical uncertainty analysis is

the change of bed elevation is negligible, the geodetic massvhether the bedrock terrain surrounding the glacier is repre-

balance covers all components of the surface, internal, andentative of the glacier surface. This depends upon the ele-

basal balances. vation acquisition technique (for example, in photogramme-
Sources of potential errors in elevation data can be categatry, glacier surfaces with low visible contrast may have larger

rized into sighting and plotting processes. Sighting includesrandom errors than high-contrast bedrock surfaces), the slope

errors that are related to the measurement process and origilistribution of the surrounding topography versus glacier to-

nate from the platform, the sensor and the interference of thgpography (Kéb et al., 2012), and/or whether the differenced

atmosphere. Plotting errors relate to the analogue (e.g. mamlevation data are of varying resolutions (Paul, 2008).

or digital (e.g. DEM) representation of the sighting results

including geo-referencing, projection, co-registration, and2.4 Generic differences between glaciological and

sampling density. Additional systematic errors in geodetic geodetic mass balance

volume changes can originate from changing reference areas . . ) )

(e.g. due to frontal fluctuations or ice divide migrations) and” diréct comparison of glaciological and geodetic balances

from glacier regions not covered by the geodetic survey(s). If €duires accounting for survey differences (i.e. in time sys-

is therefore important to keep the glacier masks (and areadfM and reference areas) and for generic differences between

consistent both within and between glaciological and geode € 9laciological and the geodetic balances (i.e. internal and

tic analyses. Physical modelling of above errors is only pOS_basal balances). The corrections related to the survey differ-

sible with full information on sighting and plotting processes ences need to account for ablation and accumulation between

(e.g. Thibert et al., 2008; Joerg et al., 2012), which is oftenthe glaciological and the geodetic surveys. Also, both meth-
not available. ods must use common reference areas (with regard to ice di-

Alternatively, statistical approaches can be used to assesddes and glacier boundary definitions) in order to ensure that
combined DEM errors by using the population of DEM dif- results of the same glacier system are being compared. Ac-

ferences over non-glacier terrain (assuming it is stable). [£OUNting for the generic differences basically means to quan-
contrast to the physical error modelling, this approach in-tify (if possible) the following mass balance components and
corporates all known and unknown error sources except erfelated uncertainties: internal ablation (including heat con-
rors that are spatially consistent in both DEMs. A principal YESion from changes in gravitational potential energy), in-

bias in elevation differences is included from misalignment €&l accumulation, basal ablation (including ice motion,
of the DEMs that are differenced. This misalignment trans_geothermal heat, and basal melt due to basal water flow), and

lates into a bias in the derived elevation changes and is diP@sal accumulation.

rectly related to the combined slope and aspect distribution 0" @ comparison with the glaciological balance, the
of a glacier. Therefore, we recommend performing 3-D CO_geodetlc volume change_ must be converte(_JI into a _speC|f|c
registration of the DEMs. An analytical relationship and sim- Mass balance over a period of record (PoR) in the unit metre
ple solution for DEM misalignment is presented in Nuth and Water equivalent (mw.e.):
K&ab (2011), and the procedure is explained briefly in Sup- AV B
plement A, Egs. (A1)—(A4). BgeodPoR = <
In addition to the errors related to the DEM co-registration,
an uncertainty exists mainly related to the combined preci-wherep is the average density &V, assuming no change
sion of the geodetic acquisition systems. For our statisticain bulk glacier density over the balance period, &his the
approach, the standard deviation of the elevation differenceg@verage glacier area of the two surveys at ttthandtl as-
on stable terrain indicates the uncertainty of the DEM dif- suming a linear change through time as
ferences for individual pixels. The standard error, defined S0+ S
as the standard deviation divided by the square root of the§ = 2007 2L
number of independent items of information in the sample, 2
indicates an uncertainty when spatially averaging the dataGlacier elevation changes are a combined result of changes
such as for estimating glacier-wide changes. However, for then surface, internal, and basal balance, and the flux diver-
calculation of the standard error the number of independengence at a point (Cuffey and Paterson, 2010). Below the

®)

Pwater

(6)
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ELA, changes are either ice ablation or emergence, so thageodetic balance. In the event of significant differences, the
the appropriate density is that of ice. In cases with knowniteration step (Sect. 3.5) is designed to identify and quantify
(observable) firn line changes, the density conversion ovethe corresponding error sources. Should a large difference of
the area of firn coverage change can be approximated by aan unknown origin be revealed, the glaciological balance is
average density of firn and ice over those pixels (Sapiano etalibrated to the geodetic balance (Sect. 3.6).
al., 1998). In areas with permanent firn cover, the appropri-
ate density depends on the relative contributions of surfac&.1 Observations
and dynamical components to the elevation change and is
commonly between 500 and 900 kg Special cases oc- Observations are generally defined as the recording of
cur when a change in elevation results solely from firn com-measurements and related meta-data. For the glaciological
paction or expansion leading to volume changes with no asmethod, observations at stakes and pits are carried out in sea-
sociated mass change or in cases of increasing/decreasing @bnal or annual field surveys and later inter- and extrapolated
evations and firn compaction/expansion with depth, respecto derive glacier-wide mass balance. Over the years, the ob-
tively, when the mass conversion can be larger than the derservational set up is subject to various changes, such as in the
sity of ice. Unless firn pack changes are carefully investigatedstake and pit network, in the observers, in inter- and extrapo-
and/or known, a first approximation is to use a glacier-widelation methods, and in glacier extent. Similar inconsistencies
average density together with a plausible uncertainty rangeare often present in geodetic data series. Due to the typically
such agy = 850+ 60 kg n 2 (cf. Sapiano et al., 1998; Huss, decadal intervals the individual surveys are usually carried
2013). If biases are suspected, then sensitivity tests can helput with different sensors and platforms, by different opera-
to determine the potential magnitude of bias in these densityors and analysts, and using different software packages and
assumptions (e.g. Moholdt et al., 2010540 et al., 2012; interpretation approaches. For later reanalysing the observa-
Nuth et al., 2012; Huss, 2013). tion series, itis important that the related meta-data are stored
and made available with the observational results.

3 Conceptual framework for reanalysing glaciological 3.2 Homogenization
and geodetic mass balance series
Homogenization is defined as the procedure to correct mea-

Reanalysis is defined by Cogley et al. (2011) as the resurement time series for artefacts and biases that are not nat-
examination and possible modification of a series of mea-ural variations of the signal itself but originate from changes
surements in the light of methods or data not available wherin observational or analytical practice (Cogley et al., 2011).
the measurements were made. In order to avoid confusiofThe aim of this step is to use available data and meta-data to
with the climatological “reanalysis” product (cf. Kalnay et detect and reduce inhomogeneities so that the observation se-
al., 1996), we use the terms “reanalyse” or “reanalysing” inries are internally consistent. Both the glaciological and the
this paper. geodetic data series need to be homogenized independently.

The glaciological method is able to capture the spatial and Typical issues for the glaciological method are the change
temporal variability of the glacier mass balance even within inter- and extrapolation approaches (e.g. from contour line
only a small sample of observation points (e.g. Lliboutry, to altitude profile method), the use of different glacier catch-
1974; Fountain and Vecchia, 1999) but is sensitive to sysiments, or the annual (non-)adjustment of changing glacier
tematic errors which accumulate linearly with the number extents. The latter issue of changing glacier area (and eleva-
of seasonal or annual measurements (Cox and March, 2004ion) over time is an inhomogeneity common to all mass bal-
Thibert et al., 2008). The geodetic balance is able to coveance series. The following approach provides conventional
the entire glacier but requires a density conversion and is carbalances by adjusting the surface area and recalculating the
ried out at multi-annual intervals. Hence, the ideal way to re-specific balance for each elevation band of the glacier.
analyse a mass balance series is to combine the glaciological Assuming a linear area change over a period of record cov-
method with multi-annual geodetic surveys (Hoinkes, 1970;ering N years, the area S of an elevation barid calculated
Haeberli, 1998). In the following, we present a compre- for each year as
hensive scheme for the entire reanalysing process including
six principal steps (Fig. 1). The observation step (Sect. 3.1)
includes measurements and documentation of glacier masge-’ =
balance which are subject to methodological and observer-
related inhomogeneities. The aim of the homogenizationwith elevation bin area$. o and S y from the first and the
(Sect. 3.2) is to reduce these inhomogeneities whereas th&econd geodetic survey, respectively. The tirgezero in the
uncertainty assessment (Sect. 3.3) is concerned with the estyear of the first survey.
mation of remaining systematie)(and randomd) errors. The conventional balance for the entire glacier is now
Validation (Sect. 3.4) compares the glaciological with the regularly computed as the area-weighted sum of Al (

t
0t N : (Se.N - Se.O)v (7)

www.the-cryosphere.net/7/1227/2013/ The Cryosphere, 7, 122245 2013
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Reanalysing steps Glaciological method Geodetic method
v (3 O [ [
bt g
(2) Homogenization » H D D*
3 g
(3) Uncertainty » o o o «
Assessment € € €
8- e
o o o
T T
(5) Iteration ‘

(6) Calibration H H H

Fig. 1. Generic scheme for reanalysing glacier mass balance series in six steps, as described in Sects. 3.1-3.6. X saneslajlacio-

logical observations and three multi-annual geodetic surveys are independently homogenized and assessed for syatethraticlomd)

errors. Resulting glaciological balances are validated and calibrated (if necessary) against geodetic balances in order to reduce unexplaine
differences identified as significant according to common confidence levels.

elevation bands: 3.3 Uncertainty assessment
E
Bajac; = >_e—1 Bglace.r Se.t' (8) The aim of this third step is to estimate systematic and ran-
g St dom errors in the homogenized glaciological and geodetic

data series as well as in the generic differences between the
malized) front variation series might be used to weight the in-two balances. Therefore, the uncertainties related to the lists

terannual area changes. Complex balance gradients or larg¥ Potential error sources above (Sects. 2.2, 2.3 and 2.4)
changes in surface elevation might need to be addressed Bjfed (0 be estimated and cumulated for time periods between
re-integrating the point observations, such as by using a disdeodetic surveys. The resulting variables can be summarized
tributed mass balance model (e.g. Huss et al., 2012). Not@S follows. _ _

that the analysis in this paper is focussed on conventional bal- FOF €ach balance period coveringyears, the mean an-
ances. Obtaining reference-surface balances would requird@l glaciological balanc8giaca is calculated as

For glaciers with strongly non-linear area changes, the (nor

correcting both to the reference area and to the reference el- 1

evation. This can only be solved with a distributed mass bal-Bgjaca = N Zf\’: 1Bglaca:- 9)
ance model (e.g. Paul, 2010; Huss et al., 2012) and would

introduce further elements of uncertainty. Estimates of systematie and randomd) errors related to

For the geodetic method, the main task is to ensure thathe field measurement at point location (point), to the spatial
the DEMs from the different surveys are appropriately co-integration (spatial), and to glacier area changing over time
registered and that there is sufficient stable terrain surroundgref) are described in Sects. 2.2 and 3.2.
ing the glacier, or other independent elevation data, to quan- The related total systematic error is expressed as the sum
tify the uncertainties of spatially averaged elevation differ- of individual sources (which can be of positive or negative
ences (as described in Sect. 2.3). In cases where earlier swigns) and years divided by the number of yeArof the
veys resulted in topographic maps (with a focus on horizon-PoR:
tal accuracy), it might be necessary to reprocess the original Eglactotal POR
survey data (cf. Koblet et al., 2010). Eglactotala = ———

Examples of detailed homogenization exercises are for ex-
ample found in Huss et al. (2009), Fischer (2010), and Koblet
et al. (2010).

N Z;vzl(gglacpointt + &glacspatialr + Sglacref.t)

s . (10)
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However, the related total random error cumulates the in-and
dividual sources and years according to the law of error prop-

agation assuming they are not correlated: Bgeodcorra = Bgeoda + Egeodiotala + £sda — Binta— Boasa  (17)
Gyacionla = OglactotalPoR with
VN
\/Z i\il((rzl 402 02 ) Ogeodcorra = \/Ugeodtotal.a2 +Gdca’ + Osda’ + Ointa’ + Obasa>- (18)
_ =1‘"glacpoints glacspatialt glacref.r (1 1)
VN Mean annual values as calculated above allow for direct com-
For reasons of comparability, the geodetic balance is also exparison of balances and error estimates between different
pressed as a mean annual rate glaciers and time periods. For a comparison of the two meth-
BgeodPoR ods as di.scussed below, cumu!ated values over common bal-
Bgeoda = N (12)  ance periods are more convenient.

together with estimates for systematig¢ &nd randomd) er- 3.4 Validation
rors related to the combined DEM uncertainty; see Sect. 2.3.

The mean annual systematic error is expressed as Validation can be defined as the comparison of a data series
£geodtotalPoR  £geodDEM.POR with mdepgndent observatlons.(cf. Rykiel, 1996). The cor-
€geodtotala = N = N (13) rected glaciological and geodetic balance series can be com-

_ ) _ pared directly after having completed the three steps above.
and is reduced to zero after successful 3-D co-registratiorgq this purpose, the corrected glaciological balances are cu-

(see Sect. 2.3). o mulated over the time span between two geodetic surveys
The corresponding mean annual random error is estimated,q then validated against the corresponding geodetic bal-
as ance (cf. Eq. 19). The first check is to discern whether the

GaeodiotalPoR /UéeodDEM PoR disgrepancy bgtween the_ two methods can be_ex_plained by
Ggeodiola = —TOAPOR _ : their natural dispersion: if the random uncertainties of the

N N two methods are large enough, the corresponding difference

A/ agorewogumco” is not statistically significant and the two data series cannot

=N (14) be considered as incoherent. A second intent of this test is to

. - . detect remaining systematic errors which may not be physi-
and integrates uncertainties related to the remaining elevaéally assessed or calculable for applying corrections
tion error af_ter co-registr atior;réoreg) and to the spatial auto- Adopting conventional error risk (e.g. confidence levels),
correlation in the elevation differences(iocor) @S r00t SUM 0 f6110ing statistical test supports decisions concerning
of squares. Note that, for scaling random errors at the an ey to accept the null-hypothest: the cumulative
nual time step, the division is bY the num_ber of years (nOthaciologicaI balance is not statistically different from the
by the square root oN) as a unit conversion because the geodetic balance. We define the discrepancgver the pe-
uncertainty over the period of record originates from the riod of record PoR as the difference between the cumulative

two geodetlc surveys and is independent from the numbeblaciological and the geodetic balances, both corrected for
of years in between. In cases where the geodetic survey On%entified systematic errors and generic differences:
partly covers the glacier, special measures need to be taken

to determinglthe best extrgpplation procedure and to quantifyy p o — BglaccorPoR — BgeodcortPoR (19)
related additional uncertainties.

For a direct comparison, both balances need to be corThe common variance of the two methods is defined as the
rected for systematic errors. In addition, the error estimatesum of both random uncertainties, cumulated over the bal-
related to density conversion (dc) and survey differences (sdance period, following the law of error propagation assuming
are assigned to the geodetic balance. Deducting internal anithat they are uncorrelated:
basal balance estimates, if they are known, from the geodetic
balance resylts in comparing surface ba}lances (Sect. 3.4) aquommonpoRz \/nglaccorr.PoR+ 09260 deorrPoR * (20)
ensures maintaining surface balances in case of a later cali-
bration (Sect. 3.5). The resulting corrected balances and thedind represents the total dispersion of the data.

random errors are expressed as Finally, we can define the reduced discrepancy
Bglaccorra = Bglaca + Eglactotala (15) A

g g g9 5 — POR 21)
with OcommonPoR

The more consistent the two methods, the closés to

Oglaccorr.a = Oglactotal.as (16) . . .
zero. The common variance (n Eq. 20) is considered to
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be perfectly estimated (i.e. with an infinite degree of free-so that the detectable annual differerggii 4 is given by
dom) because most estimates of the measurement uncertain-

ties result from physical approaches. The measurement dif- - o2 o2
. Elimit.PoR glaca geodPoR
ference (por) is therefore expected to follow a normal law  eimita= ——\— = (u1-ay2+u1-p) N NZ (25)

with a variancercommonpor- Acceptance oHj is then tested

whether the reduced discrepantyollows a centred Gaus-  gjnce the uncertainty over the period of record in the geodetic
sion of unit variance (Fig. 4). Working with a 95% confi- pajance and the annual uncertainty in the glaciological bal-
dence level (i.e. the so-called 1.96> confldence interval  gnce do not depend o¥, the detectable systematic error is
which corresponds to the often used 2xsigma error), we cafpyered as the period of record increases, and it decreases as
accept the hypothesig (i.e. Apor=10) if —1.96< § < 1.96. 1/+/N for long time series (see Fig. 5) as\l> 1/N2 when
Under this condition, there is a probability af=5% of tends to large values under the square root of Eq. (25).

making a wrong decision and rejectigp although the re-  ca|culation examples for Egs. (19)—(25) are given in Sup-
sults of the two methods are actually equal (i.e. error of typepiement C.

I, false alarm). Alternatively using a 90 % confidence level,

we can accepHp if —1.64< § < 1.64 with a probability for 3.5 |teration

an error of type | oix =10 %. This means that mistaken re-

jection of Hy is twice as likely and more series qualify for Once a systematic difference between the two methods is de-

calibration. tected with high confidence, a first step is to locate the cor-
In search of potential systematic errors in the observationsyesponding error source by going back to the homogeniza-

the substantial power of the statistical test is given by thetion process and/or the uncertainty assessment. The statisti-

ability to rejectHp when it is actually false and a significant cal exercise above thus helps to identify the survey period

differencee really exists. If the test outcome is to accéfif  with the greatest discrepancies. Re-evaluating the available

in that case, an error of type Il is therefore committed. Thismeta-data for each potential source of error might raise is-

second type of risk, whose probability is denofediepends  sues which were not considered in the first round and might

on the adopted risk, ande, and is given by lead to a new homogenization effort for one or both methods.
. . Re-evaluating the uncertainty assessment might reveal that
B=F (uo,—) —F <—ua—> . (22) uncertainties were over- or underestimated, or were not con-
OcommonPoR OcommonPoR

sidered. However, any homogenization of the observations
where F denotes the cumulative distribution function of the should be well supported by measurements or process under-
standard (zero-mean, unit-variance) normal distribution, andstanding and not just for enforcing a match of the observa-
uq is such thatF(u,) =a. For type-l risksa of 5% and  tions. Unexplained discrepancies require calibration and fur-
10 %, u, equals 1.96 and 1.64, respectively. Under higherther research.
type-I riska (more series being flagged for calibration), the
risk 8 of maintaining an incorrect glaciological series (not 3.6 Calibration
to recalibrate when the series is actually erroneous) is nat- ) ] } ]
urally expected to decrease. This second type error risk cafralibration can be defined as the adjustment of a data series
be calculated for each mass balance series, assuming that tfe independent observations (cf. Rykiel, 1996). If a signifi-
discrepancy corresponds to the measured differedger. cant difference cannot be reduced with available (meta-)data
When the common variance of both methods is given, it isand methods in the steps above, one can take the decision to
possible to estimate the lowest biggi: which is detectable. ~ calibrate the glaciological balances — which are most sensi-
This detection limit can be calculated as tive to systematic error accumulation because of the annual
observation intervals and the spatial integration issue — with
elimit.PoR= (U1—ay2 + U1-p) \/nglacPoR+ ngeodPoR’ (23)  the geodetic results. The aim of the calibration is to maintain
the relative seasonal/annual variability of the glaciological
where again,, is given by the cumulative distribution func- method while adjusting to the absolute (multi-annual) values
tion of the standard normal distribution &Xu,)=y. For of the geodetic method. Procedures for calibration of mass
a =B =10% admissible errorsu{_,/>+u1_p) isequalto  balance series are described by Thibert and Vincent (2009)
2.9, so that the detectable error is a little less than 3 times thand by Huss et al. (2009) using statistical variance analysis
common variance. and distributed mass balance modelling, respectively. Here
Adapting Eqg. (23) for annual values of random errors for we propose a simple approach without invoking the statis-
the glaciological balances (cf. Eq. 11) indicates how thetical linear model by Lliboutry (1974) or its expansion to
threshold of difference detection is lowered for longer time unsteady state climate conditions (Eckert et al., 2011) and
series. Hence, Eq. (23) becomes without the need for a numerical mass balance model.
Unless there is a clear hint of the origin of the difference,
€limit.POR = (ul—a/2+u1_,3)\/NaéacaJrrrgeodpoR (24)  the divergence from the geodetic balance is corrected in a
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first step by calibrating the annual glaciological balances asThen, the calibrated elevation band balance is defined as

follows.

Over a balance period @¥ years, for which both glacio-
logical and geodetic balances are available and homog
nized, we calculate the mean annual glaciological balan
Bglaccorra (S€€ EQ. 15).

For each year of the balance period, the centred glacio-
logical balances; is calculated as the deviation from the
mean:

IBtIBgIaccorr.az - Bglaccorr.a~ (26)
Over the entire balance period it results that
N B =0. (27)

Bcale.r = Ber + Beals- (33)

Ce‘i'his approach basically shifts the glaciological balance pro-
Sile (i.e. balance versus elevation) to fit the calibrated specific

balance and, hence, maintains the balance gradient as long as
the resolution of the elevation bins is high enough.

Finally, new values for ELA and AAR can be derived
conventionally from the calibrated balances of the elevation
bands, i.e. by fitting a curve to the calibrated surface bal-
ance data as a function of altitude (cf. Cogley et al., 2011).
Note that this approach does not require changing directly
observed (end-of-summer) snowlines, which are often used
as (annual) equilibrium line for mass balance calculations at

anceBgeodcorra iS Calculated (see Eq. 17).

glacier surface and with no superimposed ice. In fact, devia-

For each year of the balance period, the calibrated annudfons of the calibrated ELA (and corresponding AAR) from

balanceB¢y; is defined as

Bcalr = Bt + Bgeodcorr.as (28)

in which the mean comes from the geodetic and the year-to

year deviation from the glaciological balance.
For any yeam within the balance period, the cumulative
calibrated balance is

Bealn = Z:llecal.t =n- Bgeodcorr.a+ Z?:lﬁﬁ (29)

For the last year of the balance period= N), the cumu-
lative calibrated balance equals the productNofimes the

the spatially averaged altitude of the observed snowline (and
the topographic AAR) might help identifying remaining er-
ror sources in the glaciological method.

Reanalysed mass balance series and derived parameters
nheed to be flagged accordingly in any databases in which
they are stored. This can be done by linking both glaciolog-
ical and geodetic mass balance series through a lookup ta-
ble including information on the reanalysing status (e.g. not
reanalysed, homogenized only, validated but no calibration
needed, validated and calibrated) and providing reference to
related publications.

The calibration of glaciological mass balance series im-

corrected annual geodetic balance because the last term pfies a difference of an unknown origin which might change

Eq. (29) sums to 0 due to Eq. (27).

over time (e.g. when a polythermal glacier becomes temper-

In a second step, the seasonal balances are calibrated. Uate). Note that the approach proposed here does not change
less there is a clear hint to a bias in the spring observationghe original stake and pit measurements and snowline obser-
the winter balanceB,, remains untouched as it is usually in- vations but fits the glacier-wide results to the geodetic bal-
dependent from the annual survey ance (see Sect. 5.2). This allows for reproducibility, later re-
analysing exercises when new information about potential
error sources or a new geodetic DEM becomes available,
and/or application of statistical treatments (e.g. Lliboutry’s
variance analysis model).

(30)

Bcalw = Bgla(:w7

and the difference in the annual balam®gis fully assigned
to the summer balancgs as
(31)

B =B —B . . . .
cals = Peala™ Pealw 4 Selected glaciers with long-term observation

Note that this does not imply that the summer balance is more programmes

prone to systematic errors than the winter balance. The pro- . o ) )
posed approach attributes the difference by default to the an!N€ following analysis in Sect. 5 is based on selected glaciers
nual observations and leaves the winter balance untouched!ith long-term measurements including both glaciological
The summer balance, in most cases, is not directly measuregf?d geodetic surveys and with available information for esti-
but calculated from annual and spring observations. mating related uncertainties. In general, the reanalysing steps

Thirdly, the balances of the elevation bands are adjustedVeré carried out according to the best practice, as explained
to fit the calibrated annual (or seasonal) values. For each el S€cts. 2 and 3, with individual deviations where more/less

evation band: of each year of the balance period, the cen- information was available for a more/less sophisticated ap-

tred elevation band balange, is calculated as the deviation Proach. _ _
from the un-calibrated annual glaciological balance: ~ An overview of the glaciers and balance periods used
is provided in Table 1. The analysed dataset consists of

(32) a total of 46 balance periods from 12 glaciers, including

,Be.t:BglaCe.t - Bglaccorr.at~
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Table 1. Overview of glaciers used in this study with information about glaciological and geodetic surveys. Analysed periods of record are
indicated by highlighting years of corresponding geodetic survey in bold. Methods are abbreviated as felltemedtrial, & airborne,
T =tachymetry, P= photogrammetry, k= laser scanning.

PU Name LAT LON glac. surveys geodetic surveys literature
(first/last/# obs. years) (Yedfethod
1909p, —31tp, Hynek etal. (2012)
Goldbergkees —534p, —69 4P,
AT lower part (GLP) 47.05N 12.96E 1989/2012/24 —79ap —92up,
upper part (GUP) —98 ap, 20095
1893;p, 1953 1p,  Fischer and Markl (2009),
—64p, —67p, Fischer (2010)
AT  Hintereisferner (HEF) 46.80N 10.77E 1953/2012/60 —693ap, —794p,
—91ap, —97ap,
20064
19694p, —96 4p, Fischer and Markl (2009),
AT  Jamtalferner (JAM) 46.87N 10.17E 1989/2012/24 —20024p, —064  Fischer (2010)
19694p, —714p, Fischer and Markl (2009),
AT  Kesselwandferner (KWF) 46.84N 10.79E 1953/2012/60 97 ., 20065 Fischer (2010)
1931ip, —534p, Hynek et al. (2012)
AT  Kleinfleisskees (FLK) 47.05N 12.95E 1999/2012/14 ~69ap —79ap,
-92 aP —98 aP»
20094
Wurtenkees 1969,p, —79ap, Hynek etal. (2012)
AT  lower part (WLP) 47.04N 13.00E 1983/2012/30 —91p, —98 gp,
upper part (WUP) 20064
1889p, 1912tp, Moser et al. (1986),
—38tp, —694p, Reinwarth and Rentsch (1994),
AT  Vernagtferner (VER) 46.87N 10.82E 1965/2012/48 —79ap, —904p, Reinwarth and Escher-Vetter (1999)
—994p,
20064, —09 4
19614p, —674p, Huss et al. (2009)
CH  Griesgletscher (GRS) 46.44N 8.33E  1962/2012/51 ~79ap, ~864p,
—914p, —984p,
20034p, —07 5p
1959,p, —734p, Hussetal. (2009)
CH Silvrettagletscher (SIL) 46.85N 10.08E 1960/2012/53 —864p, —94 5p,
20034p, —07 gp
1908ip, —524p, Eckertetal. (2011),
FR  Sarennes (SAR) 45.07N 6.07E  1949/2012/64 _81,4p, 2003,p Thibert et al. (2008)
1968,p, 2001, , Geistetal. (2005),
—085. Elvehgy et al. (2009),

NO Engabreen (ENG) 66.40N 13.50E 1972012/43 Haug et al. (2009),
Kjglimoen et al. (2011,
and earlier issues)

1910¢p, —49,p, Holmlund (1996),
“ —59,4p, —694p, Albrecht et al. (2000),

SE  Storgladiren (STO) 67.90N 18.57E 1946/2012/67 —804p —90,p. Holmlund et al. (2005),

—99 4p, 2008,4p

Koblet et al. (2010),
Zemp et al. (2010)

* At ENG, the glaciological observations started one year after the first geodetic survey. The corresponding difference in time system (cf. Sect. 2.4) was accounted for using a
positive degree-day model.
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38 multi-annual periods with an average time span of 11 yrdiscrepancy that allows statistical quantification of whether
(ranging from 4 to 32 yr), 8 overall periods for glaciers with the two balances fit or not, as shown in the following exam-
more than one balance period, and additional 9 balance peples.
riods with alternative calculations for the example glacier The results including the old DEMs (from Albrecht et al.,
Storglacéren (cf. Sect. 5.1). Lower and upper parts of Gold- 2000) for the periods 1969-1980 and 1980-1990 both have
bergkees and Wurtenkees are analysed separately due to theduced discrepancies far beyond the 90 % and 95 % confi-
disintegration of the glacier before the analysed balance peridence levels and, hence, show that the glaciological are sig-
ods (1998-2009 and 1998-2006). Details about glaciologicahificantly different from the geodetic balances (it to be
and geodetic surveys and related uncertainty assessments aggected). Interestingly, there is no such discrepancy for the
found within the publications listed in Table 1. All glaciolog- overall balance period (1959—-1990). This is because the two
ical and most geodetic mass balance results are made ava#trongly erroneous decades have cumulated discrepancies of
able through the World Glacier Monitoring Service and pub- opposite signs most probably caused by errors in the map
lished in WGMS (2012, and earlier volumes). of the 1980 survey. This nicely demonstrates the importance
of testing both the entire balance period and the individual
(multi-annual) intervals. In such a case, there are two op-

5 Results and discussion tions: identify the error source in another iteration of the re-
analysing process or calibrate the glaciological balance over
5.1 Reanalysing glacier mass balance series: the the two balance periods with significant differences to the
example of Storglacéren geodetic balances.

Koblet et al. (2010) chose the first option and homoge-

Glaciological mass balance measurements on Stoggkati nized all DEMs. Comparing these new geodetic results with
have been carried out without interruption since 1945/1946the glaciological findings shows the improvements in the pe-
together with aerial surveys at approximately decadal in-riods 1969-1980 and 1980-1990 with much smaller cumu-
tervals (Holmlund et al., 2005). The resulting vertical pho- lated discrepancie$i is now clearly accepted for both peri-
tographs have been used to produce topographic maps, whiatds. However, the additional balance period (1990-99) re-
are described in detail by Holmlund (1996). However, the veals significant differences between the methods in spite
volume change assessment derived from digitizing thesef a cumulated discrepancy similar to those of the other ac-
maps has been challenged by inaccuracies in the maps arwpted periods. Here, the reason is the better quality of DEMs
methodologies, which revealed large discrepancies as comwhich results in smaller uncertainties (i.e. a smaller common
pared to the glaciological balances over the same periodsariance) and, hence, allows for an improved detection of a
(Albrecht et al., 2000). Koblet et al. (2010) reprocessed di-systematic difference.
apositives of the original aerial photographs and produced For the same dataset (using the DEMs from Koblet et al.,
a homogenized dataset of DEMs and a related uncertaint010), the entire period of record (1959-1999) shows a large
estimate. Based on these new DEMs, Zemp et al. (2010) reeumulated discrepancy of more than 3mw.e. As a conse-
analysed the glaciological and geodetic mass balance seriggience Hy is to be accepted at the 95 % but to be rejected at
of Storglacéren, including a detailed uncertainty assessmentthe 90 % confidence level. After checking all assumptions of
Their main conclusions were that both the new geodetic andhe uncertainty assessment, the reason is most probably to be
the glaciological balances (between 1959 and 1999) fit wellfound in the above-mentioned over-estimation of the internal
as long as systematic corrections for internal accumulationaccumulation. This is also indicated by the fact that for all pe-
as proposed by Schneider and Jansson (2004), are ignoredods, the reduced discrepancies are positive, i.e. the geode-
The conceptual framework introduced above for reanalysingic results are more negative than the glaciological ones. The
mass balance series now allows these conclusions to be reorrection applied here for internal accumulation (i.e. 3-5%
produced and quantified. of the annual accumulation) is based on estimates by Schnei-

The parameters required for a statistical decision in theder and Jansson (2004) of re-freezing of percolation water in
event that the cumulative glaciological balance significantlycold snow and firn as well as of the freezing of water trapped
differs from the geodetic balance (i.e. rejectionf@f) are by capillary actions in snow and firn by the winter cold, based
shown in Table 2, as explained in Sect. 3.4. For each balancen data from 1997/1998 and 1998/1999. Reijmer and Hock
period, the cumulative glaciological balance is corrected for(2008) find the internal accumulation to amount to as much
systematic errors as well as for generic differences from theas 20 % of the winter accumulation in 1998/99 based on a
geodetic balance and given together with the random uncersnow model coupled to a distributed energy- and mass bal-
tainties. The geodetic balances, also corrected for systemat@ance model. Our comparison with the geodetic method indi-
errors, are given with their random uncertainties. The cumu-cates that these estimates might be valid for the investigated
lative discrepancy shows the difference between the two balperiods but — applied as a general correction to all years —
ances and is put into context with the random uncertaintiesseem to exaggerate the contribution of the internal accumu-
(through the common variance). This results in the reducedation to the annual balance.
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Table 2. Summary statistics for the comparison of glaciological and geodetic balances of Stomglac®weden. For different dataset
combinations, the table shows analysed periods of record (PoR) with bias-corrected balances (B.corr) and related random uncertainties
(+o0) for both the glaciological (glac) and the geodetic (geod) methods, together with cumulated discrepspgig@sqommon variance
(ccommonPoR), and reduced discrepand) (calculated according to Egs. (19)—-(21). The acceptance (rejection) of the hypoftigsibg

two balances are equal) is evaluated on the 95 % and 90 % confidence level (i.e. a type-I risk), which corresponds to reduced discrepancie:
inside (outside) the=1.96 and+1.64 range, respectively. For the same confidence levels, the type-f (isk Eq. 22) of not detecting an
erroneous series is also given.

Dataset PoR B.glac.corr B.geod.corr Apgr  GcommonPoR 8 Ho: B:
combination +o +o* 95/90 95/9
Year mw.e. mw.e. mw.e. mw.e. nounit no unit %
B.glac versus  1959-1969 —3.06+1.18 —2.13+0.45 -0.93 1.26 -0.74 yeslyes 89/81
B.geod.old, 1969-1980 —2.41+1.09 —-6.22+0.90 3.81 1.42 2.69 no/no  23/15
incl. intACC ~ 1980-1990 0.9%9 0.59 3.72£0.87 -2.73 1.05 -2.60 no/no  26/17
1959-1990 —4.46+1.72 —4.62+1.33 0.16 2.84 0.05 yeslyes 95/90
B.glac versus  1959-1969 —3.06+1.18 —4.04+0.45 0.98 1.26 0.78 yeslyes 88/80
B.geod.new,  1969-1980 —2.41+1.09 —2.79+0.90 0.39 1.41 0.27 yeslyes 94/89
incl. intACC ~ 1980-1990 0.9% 0.59 0.11+0.87 0.88 1.05 0.84 yeslyes 87/78
1990-1999 0.720.43 -0.35+0.24 1.07 0.49 2.19 no/no  41/29
1959-1999 —-3.76+1.71 —7.00+0.49 3.24 1.79 1.81 yes/no 56/43
B.glac versus  1959-1969 —3.06+1.19 —3.56+0.45 0.50 1.26 0.40 vyeslyes 93/87
B.geod.new, 1969-1980 —2.41+1.09 —-2.16+0.90 -0.25 1.42 -0.18 yeslyes 95/89
excl. intACC  1980-1990 0.920.59 0.76+0.87 0.23 1.05 0.22 yeslyes 94/89
1990-1999 0.720.43 0.23+0.23 0.49 0.49 0.99 yeslyes 83/74
1959-1999 —-3.76+1.71 —4.64+0.52 0.88 1.79 0.49 yeslyes 92/86

*All random uncertainties are based on the new DEMs by Koblet et al. (2010) because the old ones by Albrecht et al. (2000) did not include terrain outside
the glacier.

Finally, the results of the new DEMs (from Koblet et for Silvrettagletscher is provided according to the theoretical
al.,, 2010) compared with the glaciological balances ex-framework described in Sect. 3.6.
cluding corrections for internal accumulation show the best For the two balance periods, the differences between
fit with smallest cumulated and reduced discrepancies, andlaciological mass balance and the geodetic surveys are con-
clear acceptances @iy for all periods. As a consequence, siderable (Fig. 2a). Whereas the cumulative glaciological
no calibration of the glaciological balance is needed overbalance 1994-2007 is3.09 mw.e., the geodetic mass bal-
the reanalysed period (1959-1999). However, in spite ofance indicates a cumulative balance-af.94 mw.e. over the
the relatively small discrepancies between the two methodsame period. According to the statistical test (Sect. 3.4) this
(<0.10mw.e. al) there still is a great risk of not detecting difference is significant at the 95 % level af is rejected.
a remaining difference. Future research can address this b8ince the related error source could not be clearly identified
trying to reduce the errors, such as by a co-registration of theand corrected, the series for the two balance periods 1994—
existing elevation grids to a high-precision reference DEM 2003 and 2003-2007 thus need to be calibrated.
of a new survey. First, the centred glaciological balanggis calculated as
the deviation from the period me&yjaccorra (S€€ EQ. 26),
and B, is subsequently shifted to agree with the mean an-
nual geodetic mass balanBgeodcorra (S€€ EQ. 28). This re-
sults in a calibrated series that represents a conventional mass
balance covering all components of the surface balance. The
Comparison of glaciological and geodetic mass balance sdong-term changes in glacier mass are provided by the geode-
ries of Silvrettagletscher for the periods 1994-2003 andtic surveys, and the year-to-year variability of the original
2003-2007 indicates a significant difference beyond the unseries based on the direct glaciological method is preserved
certainties. Huss et al. (2009) homogenized the measureme(iFig. 2a). The mean annual difference between the original
series by re-calculating seasonal mass balances based on thiaciological and the geodetic balance is distributed equally
raw data and calibrated the cumulative glaciological balanceover all balance years between two geodetic surveys.
with the geodetically determined mass change. Here, an ex-
ample of the calibration of the original mass balance series

5.2 Calibration of glacier mass balance series: the
example of Silvrettagletscher

The Cryosphere, 7, 12273245 2013 www.the-cryosphere.net/7/1227/2013/



M. Zemp et al.: Reanalysing glacier mass balance measurement series 1239

A AL B R A A N £ - -
. : : 3100 —-— Glaciological MB : 04 02 -
3 3 3 E| — calibrated MB | N '\A’ea“‘m)g
: : . E ) N \ E
U SN T\ T T 7 /o g
1

3000
E ELA (calibrated)

/ —
= | .
E [ o | el
E [ D \ E
E ELA (uncalibrated) / i / y} ;

2800F

IN)
©
o
=]

Elevation (m a.s.l.)

2700F

Cumulative mass balance (m w.e.)

| =—= Glaciological MB |! 2600F
/| 4= Geodetic MB : E

e Calibrated MB 2500

8 8 T : : | b 3
1 1 1 1 1 1 1 [ 1 1 1 1 1 I
1994 1996 1998 2000 2002 2004 2006 2008 -3 -2 -1 0 1 2
Year Mass balance (m w.e. a*)

Fig. 2. Calibration of glaciological mass balance series for the periods 1994-2003 and 2003-2007 with the geodetic surveys for Silvret-
tagletscher (cf. Huss et al. 2009%) Cumulative mass balance (original glaciological mass balance and calibrated with the geodetic mass
change). Uncertainties according to the uncertainty analysis are ¢fjéviass balance elevation distribution (original and calibrated glacio-
logical series) as a mean over the period 2003-2007. Both seasonal and annual mass balances are shown, the original and calibrated ELA

indicated, and glacier hypsometry is given.

A calibration of the annual mass balance series requiresnents at point locations is estimated to be 0.14 mw.&. a
consequent changes to be applied to the seasonal balancégr all but two glaciers, this estimate refers to the point
the altitudinal mass balance distribution, as well as ELA andmeasurement itself, uncertainties for density measurement
AAR values in order to provide a consistent set of variables.and superimposed ice are not specified or assumed to be
The measurements of winter accumulation are independertgero. This value is within the range but at the lower end of
of the annual surveys, and there is no indication that the win-corresponding estimates found in the literature, e.g. Meier
ter balance is biased; the misfit is fully assigned to the sum-et al. (1971): 0.10-0.34, Lliboutry (1974): 0.30, Cogley
mer balance (Fig. 2b). The mass balance elevation distribuand Adams (1998): 0.20, Gerbeaux et al. (2005): 0.10 for
tion remains similar, but is shifted for each year according toice ablation, 0.25-0.40 for firn ablation, Vallon and Leiva
the mean annual difference (see Egs. 32 and 33). ELA and@1981) for drilling in accumulation area: 0.30 (all val-
AAR for the calibrated series are determined from the cor-ues inmw.e.al). The spatial integration of the glaciolog-

rected mass balance distribution (Fig. 2b). ical point measurements has an estimated uncertainty of
0.28 mw.e. al which are attributed to the local represen-
5.3 Uncertainties of glacier mass balance series: tativeness, the interpolation method, and the extrapolation
comparison of a larger sample to unmeasured areas. Estimates for these three uncertainties

range between 0.10 and 0.50 m w:et aThereby, the extrap-
The development of the conceptual framework describedblation to unmeasured areas is usually not specified and/or
above for reanalysing mass balance series strongly buildgonsidered to be covered by the uncertainty of the interpo-
on the experience from glaciers with detailed and long-lation method. These estimates are larger than corresponding
term mass balance monitoring programmes. Here we analvalues found in the literature, e.g. by Vallon and Leiva (1981,
yse glaciological and geodetic balances with related uncerp.07 mw.e. al) or by Fountain and Vecchia (1999). Uncer-
tainties from roughly 50 balance periods with data availabletainties due to reference area changing over time have a root
from the 12 glaciers (for name abbreviations see Table 1)mean square of 0.01 mw.e:aand a corresponding uncer-
All reported values and statistics are given in Supplement Ctainty of 0.10 m w.e.al.
For summary statistics, only independent balance periods are The average geodetic balance of the investigated periods
analysed, omitting the overall balance period for glaciersof records (i.e—0.58 mw.e.al) is slightly more negative
with more than one period. It is to be noted that for mostthan the glaciological result. The remaining elevation bias
of these periods and glaciers it was not possible to quantify(from balance periods without DEM co-registration) is esti-
systematic and random errors for all potential error sourcesmated on average to be0.01 mw.e. al with an uncertainty
However, the available sample nevertheless reveals interestf 0.01 mw.e. al. The spatial correlations of the elevation
ing insights into the uncertainty of glacier mass balance.  differences are not specified. The uncertainty related to the

On average, the (corrected) glaciological balances of thejensity conversion is estimated to be 0.03 m w:é. ®iffer-

investigated periods of records are negative with a mearences in time system and reference areas are quantified with
of —0.45mw.e.al and a corresponding random error of
0.34mw.e. al. The related uncertainty of the field measure-

www.the-cryosphere.net/7/1227/2013/ The Cryosphere, 7, 122245 2013



1240 M. Zemp et al.: Reanalysing glacier mass balance measurement series

a root mean square bias of 0.03 mw:et and a correspond-
ing uncertainty of 0.02 mw.e: 3.

Differences due to internal and basal balances are usually
not specified or assumed to be zero. The few estimates in-
clude about 0.01 mw.e-4 for internal ablation (STO and
SAR), between 0.01 and 0.10 mw.glafor internal accu-
mulation (STO, SAR, VER) ané 0.01 mw.e. al for basal
ablation (STO, GRS, SIL). Note that the sample of estimates
for the generic differences is rather small and biased to tem-3
perate glaciers. Nevertheless, it becomes obvious that more
research is needed to show whether estimates of internal ang
basal components, typically derived from short measurementé
periods, can be applied to long-term mass balance series.”
Estimates for internal and basal ablation are similar to the
ones found at Gulkana Glacier by March and Trabant (1997;
<0.01mw.e.a! due to both geothermal heat flow and ice
motion as well as 0.06 mw.e-Adue to potential energy loss
by water flow). However, Alexander et al. (2011) find a much
higher contribution, i.e> 10 % contribution from basal melt glaciological mass balance [m w.e. a]
to the total ablation of Franz Josef Glacier, which they ex-
plain by the strongly maritime environment of the glacier. Fig. 3.Glaciplogical versus g_eertic balances. Both serit_es are cor-
Some of the proposed corrections for internal accumulatiod€cted f_or_blases and generic dlffer_ences and plotted with random
seem to be very large: Trabant and Mayo (1985) for A'askanﬂgffﬁ?ﬁfjg The black diagonal line marks equal balances from
glaciers report 7-64 %, Trabant and Benson (1986) for Mc- '

Call report 40 %, Schneider and Jansson (2004) for STO re-
port 3-5%, and Reijmer and Hock (2008) for STO report
20 % (all relative to annual accumulation). ties. The few exceptions are two balance periods of HEF

On average, overall uncertainties are 0.34 and(1964-1969, 1979-1991), one period of KWF (1997-2006),
0.07mw.e.alfor (corrected) glaciological and geode- two periods of SIL (1994-2003, 2003-2007), and all three
tic balances, respectively. Individual balance periods withperiods of ENG. For SIL the bias is probably related to the
values greater than 0.50mw.elaare found for HEF reduction in the number of stakes in the mid-1980s. Mea-
(glac), KWF (glac) and GRS (glac). Absolute values for surement errors in the accumulation zone could have con-
bias corrections are mostly below 0.05 mw:el.aNote that tributed to the differences between glaciological and geodetic
all analysed series were at least partly homogenized, withmethod (Huss et al., 2009). Cogley (2009) compared direct
the aim of reducing these systematic errors. Regressiomand geodetic based on 105 common balance periods from
analyses show no correlations between the balances arZb glaciers but without an individual glacier uncertainty as-
the discrepancy or the common variance. This means thasessment. He found a (statistically also not significant) nega-
neither the difference between the two methods nor theive mean annual discrepancy-e0.07 mw.e. at and a root
random uncertainties depends on the value or the sign of thenean square of 0.38 mw.e.a
balances. The decision as to whether the corrected glaciological bal-

A comparison of glaciological and geodetic balance re-ance is significantly different from the corrected geodetic
sults, corrected for biases and generic differences, is showbalance (i.e. rejection oflp) is based on the reduced dis-
in Fig. 3. In the case of a perfect fit, all points would align on crepancy, which considers both the cumulated discrepancy
the line of equal glaciological and geodetic balances. Therédetween the results of the two methods and the common
is a slight tendency for the points to be located below thisvariance. The reduced discrepancies of all balance periods
line, which is an indication of more negative geodetic bal- are plotted in Fig. 4. Working with a 95 % confidence level,
ances. The mean value for the annual discrepangy 6f Hp is accepted for 37 out of all 46 balance periods and 9
our sample is+0.12 mw.e. a' with a root mean square of (1 x HEF, 1x KWF, 2 x SIL, GLP, 1x VER, 3x ENG) are
0.23mw.e. al. This tendency for more negative geodetic candidates for a calibration. Setting the confidence level to
balances can stem from a positive or negative undetecte@0 % increases the number of calibration candidates to 14
bias in the glaciological or in the geodetic balance, respec{adding 1x SIL, 2 x SAR, WLP, 1x HEF). This is because a
tively, or in an underestimation of the generic differences orlowering of the confidence interval increases the detectability
density assumptions required to fit the glaciological to theof the lowest systematic difference between the two methods.
geodetic balance. However, for the majority of the points, The location of points in the middle of the Gaussian curve is
the deviation from this line is within the random uncertain- to be seen as a preliminary indication of the agreement of the

nce [mw.e.a™]

3
i
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only decreases from 95 to 90 %udf is set from 5 to 10 %.

B decreases to a greater extent for series showing strong dis-
crepancies between geodetic and glaciological methods, as in
the case of Silvretta (2003—2007), wigtdecreasing from 58

to 37 %. For co-registered DEMs from high-quality geodetic
surveys with very small random uncertainties, such as from
o airborne laser scanning (cf. Joerg et al., 2012), one could,
hence, consider setting the confidence level to zero and cal-
ibrating the glaciological balances in any case. However, as
long as the geodetic uncertainties are in the same order of
magnitude as those of the glaciological method, and as long
‘ as the differences between the two methods (i.e. density con-
- -4 2 B o L 2 3 4 version, internal and basal balances) cannot be well quan-

Fig. 4. Reduced discrepancies between all of the analysed periodgﬁed' the 90% confidence interval can be deemed a good

of record. The reduced discrepancy (horizontal axis) has no unit ang€lection criterion. o o _
the values for the different glaciers are arbitrarily distributed along From the above statistical exercise, it becomes evident

the vertical axis for a better overview. The curve labelled ‘dnorm’ that the ability to detect a systematic difference between the
denotes the probability density function for the standard (zero-glaciological and the geodetic method depends primarily on
mean, unit-variance) normal distribution. Shaded areas in dark anghe size of the uncertainty. The level of confidence sets the
light grey indicate 95% and 90 % confidence levels, respectively.threshold for calibration. In other words, setting the estimates
The values for ENG are alt 4 and, hence, not plotted. for the random uncertainties in an extremely conservative
manner (i.e. assuming worst case values for every potential
source of error) reduces the ability to detect a systematic dif-
results from the two methods. Checking for large commonference between the methods. Figure 5 shows that the de-
variances helps identify balance periods where the ability tatectable annual difference decreases with the length of the
detect a systematic difference between the methods is wealperiod of record. This is explained by error propagation since
In the case of STO, the balance period (1990-1999) with ahe glaciological balance has to be cumulated for comparison
reduced variance close to 1.0 is probably more reliable tharo the geodetic balance: if a systematic error occurs annually
the three other approximately decadal balance periods witlin the glaciological balance, it grows linearly from year to
reduced variances betweerD.2 and+0.4; their common year. Over the course of the balance period, the random er-
variances, and hence their lowest detectable differences, amers of the cumulated glaciological balance also accumulate
two or more times the value of the period 1990-1999 (with abut only in proportion to the square root of the number of
lowest detectable difference of about 0.16 mw:é)aOther  years. For all data series gathered in the present study, ap-
balance periods with acceptégh but weak ability for de-  proximately one decade is required for systematic error ac-
tecting systematic differences (i.e. lowest detectable differ-cumulation to surpass the random-error sum by enough to be-
ence> 0.50 mw.e. at) are found for SIL (2003-2007), GRS come detectable with a useful confidence level (90 % in our
(all decadal periods), HEF (1953-1964, 1964-1969, 1997-alculations). Thus long periods are required to detect differ-
2006), and KWF (1997-2006). In the case of KWF, the dif- ences among the natural scatter of the observations. Conse-
ference is significant only for the entire period of record but quently, we recommend testing to discover whether calibra-
not for the two individual balance periods. tion is worthwhile when a long period~(10 yr) of control is
Working with a 90% confidence level, the mean of available from the geodetic balance.
all lowest detectable differences decreases from 0.50 to
0.40mw.e.al. At the same time, lowering the confidence 5.4 Recommendations for principal investigators and

0.4

03

0.2

0.1

=3
S

level increases the probability for an error of type | (i.e. implications for data users
false alarm leading to a calibration exercise of series without
a bias) and reduces the probabilgyof an error of type Il From the presented exercise in reanalysing mass balance

(i.e. not detecting erroneous series). In general, ghissk measurements, we make thirteen general statements as
of not calibrating an incorrect series is quite high (for se- guidelines for the benefit of data producers and users.

ries in Supplement C, around 70 % on averagexfer5 %), Recommendations for investigators of glacier mass bal-
except if very large discrepancies are observed between thance are as follows: (i) Glaciological mass balance pro-
glaciological and the geodetic results. This risk decreases jugframmes, based on a minimal network of long-term abla-
slightly if we choose to calibrate more systematically (64 %), tion and accumulation point measurements, should increase
running a higher riske of 10% in recalibrating (uselessly) the observational network about every decade in order to
a correct series. For example, for GRS (1967-1979) whereeassess the spatial pattern of mass balance. (ii) Glaciolog-
glaciological and geodetic results match weél=0.02), 8 ical observations are ideally complemented from the very
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sures all components of the surface, internal, and basal bal-
ances. (X) The results of the two methods provide conven-
tional balances which incorporate both climate forcing and
changes in glacier hypsometry and represent the glacier con-
tribution to runoff and sea level rise; for climate—glacier in-
vestigations, the reference-surface balance might be a more
relevant quantity (cf. Elsberg et al., 2001; Huss et al., 2012).
(xi) The results of the two methods can be compared as
long as temporal and spatial differences in the survey as
well as the internal and basal balances are accounted for or
can be assumed to be negligible. (xii) Both the glaciologi-
cal and the geodetic balances are subject to systematic and
random errors related to various sources. Overall uncertain-
ties are typically a few hundred but sometimes more than
0.50mw.e. al. (xiii) Reanalysing mass balance series, es-
pecially of long series, based on both methods allows the
quantification of the related uncertainties and of remaining
unexplained differences.

Finally, identification of a need to calibrate a glaciologi-
cal mass balance series (as explained in Sect. 3.6) implies
Fig. 5. Detectable difference as a function of the period of record. large biases of unknown origin and efforts should focus on
The horizontal line marks the mean random error of all glaciologicaldetermining the source of the biases, or at least suggesting

; _ ~1 i . .
balance seriessiaca=0.34mw.e.a%). The curved line marks  htential error sources for future research and reanalysing

the minimum detectable annual difference (at 10% error risk) aSoyercises
a function of the number of years of the series as given by Eq. (25) '

using average values of random errors (i.e. glaciological and geode-

tic measurements) for all data series. On average, ten years of data )

are required for the detectable difference to become lower than th® ~Conclusions

annual random “noise” of the glaciological balance represented by ) o

Based on the experience from long-term monitoring pro-

grammes and a series of workshops, this paper briefly sum-

marizes the glaciological and geodetic method and proposes

a conceptual framework for reanalysing glacier mass balance
beginning with geodetic surveys at about decadal intervalsseries.
(iif) Such geodetic surveys should use sensors optimized for The glaciological method measures the surface mass bal-
show and ice surveys, be carried out towards the end of thance components and is subject to error classes related to
ablation season (i.e. with minimal snow cover), and coverfield measurements at point location, spatial integration over
the entire glacier system as well as surrounding stable terthe entire glacier, and changes in glacier area and elevation
rain (for uncertainty assessments). (iv) As a rule of thumb,over time. The geodetic method measures the elevation dif-
an absolute difference between the glaciological and geodeferences integrating changes from all components of surface,
tic balances that exceeds the annual random error estimatddternal, and basal balances. The result is subject to sighting
for the glaciological balance (e.g.0.30 mw.e. al for our and plotting errors, which are best addressed by assessing
sample) indicates that reanalysing is urgently needed. (vjhe integrative errors of elevation differences over stable ter-
Mass balance series longer than 20 yr should be reanalyse@in surrounding the glacier. The comparison of glaciological
in any case. (vi) Every mass balance series should be clearlgnd geodetic balances requires accounting for survey differ-
flagged in publications and databases with its reanalysing staences in time system and reference areas, for internal and
tus. (vii) More research is needed to better understand anBlasal balance components, and for errors related to the den-
quantify the potential error sources and related systematisity conversion of the geodetic balance.
and random errors (cf. Sects. 2.2—-2.4). Important issues are Reanalysing glacier mass balance series includes six prin-
the influence of the interpolation method on the glaciologicalcipal steps: (1) Observation and extrapolation provide a first
balance; the density conversion of the geodetic balance; andstimate of glaciological and geodetic balances over com-
the quantification of the internal balance components, espemon time periods. (2) Homogenization aims at identifying
cially for polythermal and cold glaciers. and removing artefacts and biases in order to achieve inter-

There are implications for users of glacier mass balancenally consistent observation series. (3) Uncertainty assess-

data: (viii) the glaciological method measures the compo-ment provides estimates for both systematic and random er-
nents of the surface balance. (ix) The geodetic method mearors for the glaciological and the geodetic balances as well as

detectable difference [m w.e. a™']

period of record [a]

Oglaca:
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