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Abstract. We present estimates of sea-level change caused Introduction
by the global surface mass balance of glaciers, based on
the reconstruction and projection of the surface mass balBy temporally integrating the surface mass balance over long
ance of all the individual glaciers of the world, excluding periods of time, fluctuations in glacier geometries allow peo-
the ice sheets in Greenland and Antarctica. The model is valple to perceive slow changes of the climate system, which
idated using a leave-one-glacier-out cross-validation schemetherwise would be overwhelmed in human perception by
against 3997 observed surface mass balances of 255 glaciegfjort-term variability. Because of this property, shrinking
and against 756 geodetically observed, temporally integrateg@laciers around the world have become poster children of cli-
volume and surface area changes of 341 glaciers. Whemate change.
forced with observed monthly precipitation and tempera- But impacts of glacier change — whether growing or
ture data, the glaciers of the world are reconstructed to havehrinking — go far beyond this sentimental aspect: by
lost mass corresponding to 136 mm sea-level equivalent changing the seasonality of runoff, glaciers are important
(SLE) between 1902 and 2009. Using projected temperaregulators of water availability in many regions of the world
ture and precipitation anomalies from 15 coupled generaKaser et al.201Q Huss 2011, Immerzeel et al.2019). Re-
circulation models from the Coupled Model Intercompari- treating glaciers also lead to increased geohazards, e.g. from
son Project phase 5 (CMIP5) ensemble, they are projectedestabilized slopes and lakes dammed behind unstable, ice-
to lose an additional 148 35 mm SLE (scenario RCP26), cored moraines (se&ichardson and Reynold200Q for
166+ 42mm SLE (scenario RCP45), 1#40mm SLE  an overview). Finally, even though the ice mass stored in
(scenario RCP60), or 2747 mm SLE (scenario RCP85) glaciers seems negligible compared to the Greenland and
during the 21st century. Based on the extended RCP sceAntarctic ice shields, glaciet$have contributed significantly
narios, glaciers are projected to approach a new equilibriumio sea-level rise in the pasEggley, 2009 Hock et al, 2009
towards the end of the 23rd century, after having lost ei-Hirabayashi et al201Q Leclercq et al.2011), and probably
ther 248+ 66 mm SLE (scenario RCP26), 3350 mm SLE  have been the biggest single source of observed sea-level rise
(scenario RCP45), or 42446 mm SLE (scenario RCP85). since 1900l(emke et al.2007).
Up until approximately 2100, ensemble uncertainty within  Improving knowledge of how glaciers have been and will
each scenario is the biggest source of uncertainty for thde changing when subjected to climate change, both natural
future glacier mass loss; after that, the difference betweeraind anthropogenic, is therefore a pressing task. The main ob-
the scenarios takes over as the biggest source of uncestacle to progress is a severe undersampling problem: direct
tainty. Ice mass loss rates are projected to peak 202050  glaciological measurements, e.g. of surface mass balances,
(RCP26), 2050~ 2060 (RCP45), 2076 2090 (RCP60), or
2070~ 2100 (RCP85). 1Whenever using the word glaciers, we mean all land-based ice
bodies aside from the Greenland and Antarctic ice sheets —i.e. we
include ice caps, and peripheral glaciers in Greenland and Antarc-
tica.
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Fig. 1. Red are the outlines of all glaciers included in the RGI and individually modeled in this study. Blue dots indicate the locations of
the 255 glaciers used for the cross-validation of the model. Green rings indicate the location of the 341 glaciers used for validation of the
modeled, temporally integrated volume and area changes. Colored outlines indicate the boundaries of the regions referred to in the text (set
Fig. 2 for the legend).

ship between surface mass balance and length variations (e.g.
Jarosch and Marzeig8012. Data obtained by remote sens-
ing (e.g. gravimetric assessments of ice mass change, or vol-
ume change estimates obtained by differencing digital eleva-
tion models) may cover a greater number of glaciers, but are

01 Alaska

02 Western Canada & US
03 Arctic Canada (North)

04 Arctic Canada (South)

05 Greenland available only for short and recent period3afdner et aJ.

06 Iceland 2011, Moholdt et al, 2012 Jacob et aJ.2012. But even

07 Svalbard if these difficulties were overcome, the undersampling prob-
08 Scandinavia lem would remain: the estimated total number of individual
09 Russian Arctic glaciers in the world is~ 200000 Radi and Hock 201Q

10 North Asia Arendt et al, 2012, and even the strongest effort in improv-
11 Central Europe ing data coverage could not lead to a substantial improve-
12 Caucasus & Middle East ment of the situation within the next decades (see Fiigr

an overview of the total distribution of glaciers in the world,
compared to those glaciers on which measurements exist).
Besides the practical difficulties of modeling vast numbers
of glaciers, the undersampling problem imposes strong lim-
its on (i) the number of model parameters that can be de-
termined empirically, and (ii) the reliability and representa-
18 New Zealand tiveness of these parameter estimates. Therefore, some recent
19 Antarctic & Subantarctic efforts have circumvented the problem of direct modeling,
_ o _ o e.g. by simply extrapolating observed mass loss rates and ob-
Fig. 2.Color ba_r indicating t_he names of the regions shown inEig. served mass loss trends into the futivefer et al, 2007, by
and the colors in the following plots. prescribing future surface mass balance and discharge rates
and testing the plausibility of meeting the demands that fol-
have been performed o 300 glaciers world wide. The low from the prescribed rate®f{effer et al, 2008, or by as-
number of glaciers on which these types of measurement§uming either constant or constantly declining accumulation
have been carried out for time periods longer than 30 yr,area ratios in the futuréghr et al, 2009 .
i.e. over periods that potentially allow for the detection of ~Raper and Braithwait€2006 model future mass balances
a climate change signal, is one order of magnitude Sma”er(_)f glaciers by first deriving statistical characteristics of the
Length variations of glaciers have been observed for substarglacier distributions within grid cells of & 1 degree, then
tially longer periods of time, and also for hundreds of glaciersusing climate data to derive mass balance profiles for each
(Oerlemans1994 2009, but are much more difficult to un-  9rid cell, but ultimately have to rely on the extrapolation of
derstand, as large glacier length fluctuations may arise fronthe results from seven geographically and climatically lim-
intrinsic climate variability Roe and O’'Neal2009 Roe ited regions with enough data coverage to the rest of the
2011, and ice dynamics leads to a complicated relation-world.

13 Central Asia (North)
14 Central Asia (West)
15 Central Asia (South)
16 Low Latitudes

17 Southern Andes
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Of all published studiesRadic and Hock(2011) employ  discussed in the context of other reconstructions and projec-
the most complex surface mass balance model, individuallytions in Sect8.
for each known glacier (which at the time of publication
implied that only about half of the world’s glacierized area
apart from the ice sheets was modeled directly). Their modef Mass balance model

parameters are determined from a rather small number o'f: Lo . -
) ) . ) or each individual glacier, we calculated the annual specific
glaciers with measured vertical mass balance profiles, and

. ) : urface mass balandeas
because they ultimately tune one parameter to fit their modef'

results to the observed, regionally integrated mass balances 12 _ .
of Dyurgerov and Meief2005, an independent validation of B= |:Z [PiSOI'd—M*' maX(Titermmus—Tmen, 0)]] -8 Q)
the model set up during the 20th century is not performed. i=1

In summary, even though impacts of glacier change aﬁec(/vhere psolid s the area mean monthly solid precipitation
people much more directly than changes of the Greenlanq)nto thel glacier surface (see Seztl.1), u* is the temper-
and Antarctic ice sheets, and even though glaciers will PO-4ture sensitivity of the glacier (see Se2tl.9, T e™nusig
tentially contribute more strongly to sea level rise within the the monthly mean air temperature at the Iocation and eleva-
21stcentury than the ice sheebdehl etal, 2007, very few o of the ‘glacier's terminus (see Se@tl.d, Tmer is the
studies have projected future change of the world’s glaciers

Y monthly mean air temperature above which ice melt is as-
To our knowledge, no global projection has been performedsumed to occur (see Se@t2.5, andg* is a bias correction

using a model that was validated independently against obrsee sec2.1.19. We thus do not attempt to capture the full
served glacier changes of the 20th century. But an indepeng,q oy hajance at the ice surface, but rely on air temperature

dent validation of model systems that are used to project th%s a proxy for the energy available for meliimura 2001,
future behavior of (parts of) the climate system is paramountHOCK 2003 Sicart et al, 2008.

for the trustworthiness of the projections (see &gndall
etal, 2007). This is particularly true if the knowledge about 2.1  Glacier-specific model parameters and variables
the system to be modeled is limited, as is the case with the
world’s glaciers. 2.1.1 Precipitation
Here, we will present reconstructions and projections of
glacier change based on a model system that tries to mak&he area mean monthly solid precipitation onto the glacier
best use of the relatively few measurement points that argurfaceP*°¢is estimated as
available for model validation, leading to a statistically ro- solid CRUGlm anom
bust assessment of the model’s skill and errors. Additionally,’i = (a P + P ) (1 vprecip
the model §ystem aIIow_s for seamless simulation of past ar_ld - (Zmean— ZCRUclim)) * fsolid 2)
future glacier changes, in order to ensure that the future skill

and error properties of the model projection can reliably beWherea is a precipitation correction factor (see S€te.2;
determined from the past. PERUCIM s the monthly total climatological precipitation

In Sect.2, we present the mass balance model, which in-taken from the grid point of the CRU CL 2.0 dataset’(10
cludes a simple representation of glacier geometry chang&Patial resolution,New et al, 2009 closest to the glacier;
in response to climatically forced volume changes, and deZ; " is the monthly total precipitation anomaly taken ei-
scribe the sources and estimations of the necessary mod#]€r from the closest grid point of the CRU TS 3.0 dataset
parameters and variables. Then, the model is first applied fof0-5" spatial resolution,Mitchell and Jones2009 (for the
the 20th century, and two independent validations are percase of applying observed climate variability and change),
formed, where we deliberately put the emphasis on the vali©r from the closest grid point of the climate model (for the
dation of the model's results, rather than on the accuracy of@se of applying modeled climate variability and change, see
the parameter estimates: in Se8ta leave-one-glacier-out S€ct.6.1for an overview over the applied models and sce-
cross-validation of the modeled surface mass balance of 255a0S); yprecip IS @ precipitation lapse rate (see Sere.3;
glaciers with measured surface mass balances (blue dots fmeaniS the mean elevation of the glacier (see Séct.?);
Fig. 1) is presented. Based on the results from this crossZCRuciim iS the elevation of the grid point of the CRU CL 2.0
validation, the model error is propagated through the entiredata set; and'soiiq is the fraction of solid precipitation.
model in order to obtain uncertainty estimates for each of The fraction of solid precipitation is based on the monthly
the modeled variables (Sed). Then, modeled volume and Méan temperature as
surface area changes, as well as their uncertainty estimates, 1 if Tterminus _ pprec solid
are validated again using geodetically measured volume and 0if T’_Zmax ~ Tprec solid it 7:max
surface area changes of 341 glaciers (green rings irJig. Ifsolid - Tte’rminu§+ . (z’ B zl - 3)
Sect.5. We describe the data sets used for forcing the mode i T_terminus_;;tg?gond max — <terminu

in Sect.6. Finally, the results are presented in Sé&tand 1+ otherwise

Vtemp (Zmax—Zterminus
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whereT Prec solidis the temperature below which precipitation way. Since no exact dates of the determination of glacier out-
is assumed to be solid (see S€R.9, yempis a temperature  lines are given in the RGI, we estimate approximate years of
lapse rate (see Se@.1.8, zmaxis the maximum elevation of area measurement from the technical document accompany-
the glacier (see Sec.1.6, andzierminusiS the terminus el-  ing the RGI data set, and account for the additional uncer-
evation of the glacier (see Seét1.5. This implies that all  tainty in the timing of the area measurement by adding un-
precipitation falling onto the glacier surface is assumed to becertainty to the area measurement (see 3gct.
solid if the monthly mean temperature at the terminus eleva- The surface area changet df the glacier during each
tion of the glacier is belowP'ec s°ld that all precipitation is mass balance year (running from October to September in
assumed to be liquid when the monthly mean temperature ahe Northern Hemisphere, and April to March in the South-
the maximum elevation of the glacier is abaw@&€¢ s°lid agnd  ern Hemisphere) is modeled as
that the fraction of solid precipitation decreases linearly with
temperature between these two points 1 << Vi+ 1)>l/y )
: da=—[—= — A(®) (5)
TA CA

2.1.2 Temperature

wherery is a relaxation time scale (see S&i.12, V(t+1)

The monthly mean air temperature at the location and elevais the glacier's volume at the end of the mass balance year

tion of the terminus of the glacier is estimated as (see Sect2.1.4, c4 and y are scaling parameters (see
Sect.2.2.]), andA(z) is the surface area of the glacier at the

+ Vtemp- (zterminus— zCRuclim) + 77" (4)  end of the preceding mass balance year. This means that an

im . . 1
WhereTiCRUC"m is the monthly mean climatological temper- equilibrium surface area (i. w 1 in Eq.5) is esti-
. . A
ature taken from the grid point of the CRU CL 2.0 datasetnateq corresponding to the volume of the glacier modeled

closest to the glacier; angj"*"is the monthly mean tem-  gany et al, 1997 Bahr, 1997). But the surface area of the

perature anomaly taken either from the closest grid point Ozglacier does not take this equilibrium value instantly, instead
the CRU TS 3.0 dataset (for the case of applying observeg; is |inearly relaxed towards it from its current surface area.

climate yariability and change), or from the glosest grid poir_1t Since the relaxation time scatq introduces memory of

of the climate model (for the case of applying modeled cli- 555t changes into the model, it is not possible to integrate the
mate variability and change). model backwards in time to determine the evolution of the
glacier before the year of surface area measurement. For this
reason, the glacier’s surface arka,rat the beginning of the
The measured surface aréaeasuredof a glacier is deter- m'odel integraﬁpn (i.e. 1901 for the forcing with observed
mined by integrating the glacier outlines from the Randolph¢limate variability and change, and 1850 for most cases of
Glacier Inventory Arendt et al, 2012 (RGI) version 1, moo!eled cllmgte variability and cha_mge) is es_tlmated by it-
which is a data set of glacier outlines which combines previ-€ratively seeking that surface area in the starting year of the
ously existing outlines from different sources (including the integration that will result in the measured surface area in the

Global Land Ice Measurements from Space (GLIMS) initia- Y&&" of the measurement. The iteration is deemed successful
tive data) with new data from various contributors. It is the When the modeled surface area is within 0.1% of the mea-

first globally complete glacier inventory. sured surface area during the year of the measurement; the
For those regions in which individual glaciers are not Sep_iterative process is broken off after 100 iterations if unsuc-

arated in the RGI, we drape the RGI glacier outlines overceSsful (see Sed.2.2how these glaciers are treated).
the version 2 of the ASTER global digital elevation model
(GDEM) and use a watershed algorithih{schlaeger1 989

to separate the outlines into individual glaciers. After iden- e glacier volumeVsiart in the starting year of the model

tifying drainage basins on the whole GDEM which are at jntegration is estimated following volume-area scaliBglr
least 9knt in siz€, we crop these basins with the RGI ¢t 5. 1997 Bahr, 1997 as

glacier outlines to delineate individual glaciers. This is possi-
ble because, at least as a zero-order approximation, the sam@tart= ca - (Astar)” . (6)
physics underlie the identification of drainage basins and in--l-he volume changeld during each mass balance year is de-
dividual glaciers, even though the non-linearity of ice rhe- ... ~c

ology is quite complex. If the topography did not allow for

a clear separation into drainage basins, then the outline wadV = 1/p - A(¢) - B(1) ©)
examined manually, and, if appropriate, treated as an ice cap
(see Sect2.2.]). Overall, 29 ice caps were identified this

terminus__ -~CRUclim
T,

2.1.3 Area

2.1.4 Volume

hereA () andB(¢) are the surface area of the glacier at the
start of the mass balance year and the specific mass balance

2The delineation of individual glaciers is found to be quite in- during the mass balance year (see Eg.respectively, and
sensitive to the minimum basin size. the ice density is assumed to pe= 900 kgnt 3.

The Cryosphere, 6, 12953322 2012 www.the-cryosphere.net/6/1295/2012/
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2.1.5 Terminus elevation (2009. There is a global total of 255 glaciers with mass bal-
ance records that have all the metadata needed for the param-
We assume a linear increase of the terminus elevatioreter estimation, are covered by the CRU TS 3.0 and CRU CL

zterminusWith decreasing glacier length, 2.0 data sets, are indicated to be reliable by the status flag of
L the data set, and have at least two annual mass balance mea-
Zterminus= Zmax+ — (Ztn;fgls#urgd_ Zmax) (8) surements. The locations of these glaciers are shown il Fig.
Lo as blue dots.

For each of these glaciers, temperature sensitivjtig$

whereL is the glacier’s lengthg1®35Ues the minimum ele-  4re estimated by requiring that

vation of the glacier in the year of the surface area measure- i
ment, andL is the length of the glacier in the year of the 5 _ Z[P(t)solid — () <maX<T([)terminus_ et o))] —0(11)
i=1

surface area measurement. el elm
measured H
zmeasuredg taken as the ASTER GDEM minimum eleva- lid termi .
tlorﬁ/rvnptlmﬁ an individual RGI glacier outline. whereP(t)i%l'im andT(t)i?gl’i“n']”US_are the monthly climatolog-
At the start of the integration, ical values of PSOd and 7™MinUS calculated for all 31yr

periods contained in the CRU TS 3.0 data set, centered
(9)  around the year. We start at = 1901 and end at= 2009.
For r <1915 and:r > 1994 the climatologies are based on

wherec; andg are scaling parameters (see Se@.1). Dur-  shorter time spans, according to the availability of data. This
ing the model integration, length changeb during each ~ Procedure results in 109 variable fields 811399 and

Lstart=cp - (Astart)q

mass balance year are estimated as T (t)}'f‘crm:]””% and consequently 109 values oft) for each
glacier.
1 Vi+1) Ya We then apply Eq.1) for each of the 255 glaciers for each
dL = E ( crL ) —L® (10) of the u(z), and for each glacier determine the yeé&rin

which Eq. (L2) is minimal

wheret;, is a relaxation time scale (see Se2tl.1]), and
L(¢) is the glacier’s length at the start of the mass balanc
year.

JB(f)modeled— Bmeasure% =[B@)I. (12)

Here, B(t)modelediS the mean of the modeled mass balances
during the years of mass balance measuremeéhtsasured

the mean of the observed mass balances,&ndis there-

The glacier's maximum elevatiafmay is held constant. It is fore the bias of the modeled mass balances. For each of the

determined by finding the ASTER GDEM maximum eleva- 255 glaciers with mass balance measurements, we thus de-

2.1.6 Maximum elevation

tion within an individual RGI glacier outline. termineu® = u(¢*) that produces the smallest possible bias
B* = B(t*). Thereforeu(z) is not to be understood as a time-
2.1.7 Mean elevation varying temperature sensitivity.here can rather be under-

stood as an index to different climate conditions that are re-
Here, we approximate the area-mean elevatiggnnas the  alistic at the site of the glacier, and as the value of the
mean ofzmax and zterminus This approximation is made in index that produces the most favorable model results. The
order to reflect the effects of the temporal variability of reasoning behind this procedure is that it should be possi-
a glaciers geometry on its mean elevation in a simple way. ble to identify climatologies of precipitation and tempera-

ture with which the glacier is in equilibrium. Note that this
2.1.8 Temperature lapse rate does not imply that a glacier was in equilibrium with climate

around the year*, but rather that it would have been in equi-
The temperature lapse ratempis estimated at each glacier Jibrium around the year* if it then had had the geometry
location by regressing temperature of 3 CRU CL 2.0 grid it had during the measurement of mass balances. According
points around the location of the glacier ontskucim- The  to our model, the vast majority of glaciers had larger extents
correlation between temperature and elevation is very highand thus lower termini) around than during the measure-
(typlcally > 095) and above the 95 % confidence interval for ment period, and thus negati\/e mean mass balances.

all glaciers. For all other glaciers (red dots in Fid), we interpolate
o t* from the ten closest glaciers with mass balance measure-
2.1.9 Temperature sensitivity ments, weighting inversely with distance, and then determine

* by requiring that
In a first step, we estimate the temperature sensitinity w0y Teq g

for all glaciers with available mass balance measurements, <= - -
- ) ) B— P(t* $ol|_d k. T (t* ;err_mnus_T 0 —-0(13
the data being obtained from an updated versioCaogley ;[ ()i clim — (max< (i cim ~—Tmelt )ﬂ (13)

www.the-cryosphere.net/6/1295/2012/ The Cryosphere, 6, 129322 2012
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Fig. 3. Benefit of spatially interpolating® instead ofu*; (a) error distribution ofu* if determined as the mean pf* of all other glaciers

with mass balance measurements in the respective reg@iparror distribution ofu™ if determined by interpolation of* (see Sect2.1.9),

both obtained during the leave-one-glacier-out cross-validation; vertical lines indicate the 2nd and 98th percentiles (light gray), 15th and 85th
percentiles (dark gray), and median (black). Colors indicate the location of the respective glacifs (Fig.

Figure 3 shows the benefit of spatially interpolating 2.2 Global model parameters
rather thanu*: the values ofu* obtained by interpolating
t* as described above (panel b) are much more accurate thah2.1 Volume-area and volume-length scaling
if u* is directly interpolated within each region (panel a). parameters

The scaling parameters for relating the equilibrium values of
volume, area, and length of a glacier at equilibrium are taken
Since the minimal biagg(:*) is non-negligible for some from the literature ag = 1.375 Bahr et al, 1997), cs =
glaciers with mass balance measurements (implying thaf-0340kn?~2 (Bahr, 1997, ¢ =22 (Bahr et al, 1997,
within the period of CRU TS 3.0 data availability, we cannot and ¢z =0.0180kn?~9 (Radk et al, 2009 for glaciers.
identify climatologies of precipitation and temperature with FOr ice capsy = 1.25, ¢4 = 0.0538kn?~%, g = 2.5, and
which the glacier is in equilibrium), we introduce a bias cor- ¢z = 0.2252kn?~9 follow from assuming a radially sym-
rection for all other glaciers by interpolatifg) from the ten ~ Metric parabolic cross section followi@uffey and Paterson

closest glaciers with mass balance measurements, weighting919- . o
inversely with distance. The remaining four global parameters are optimized

within their physically meaningful ranges based on the fol-
2.1.11 Time scale of glacier length lowing objectives: the cross-validation results of the model
(see Sect3d) should indicate (i) that the mass balance model

The time scale of a glaciers length response to volumehas a negligible global mean bias, (i) that the variance of

2.1.10 Bias correction

changeg; is estimated as the measured mass balances is well captured by the modeled
mass balances, and (iii) that there is no temporal trend in the
V() error of the mass balance model. Additionally, the correla-
() = P(r+)sold (14) " tion between modeled and measured mass balances, and the
i,clim model’s skill score should be as high as possible, and the root

following roughly the scaling oflohannesson et a(1989. mean square error as low as possible.

This implies that smaller glaciers react faster, and glaciers, 5 5 Precipitation correction
with higher mass turnover react faster.
There is evidence that precipitation in the CRU data sets un-
2.1.12 Time scale of surface area derestimates precipitation onto glaciers (from observations,
Giesen and Oerlemay012estimate a global median factor
Since the flow of ice of a glacier is mainly along a valley, (corresponding ta in Eq. 2) of 2.55: by optimizing a mass
we assume that changes in a glaciers volume are translatgghjance model similar to the one presented higtarzeion
instantaneously intq changes of_ its width, following the  gpq Nesje 2012 find a mean factor of 2.1 in Central Eu-
slope of the valley sides, and estimate rope and Scandinavia). We therefore repeat the entire cross-
validation procedure (described in Segf.using 1< a < 3.
Talt) =11 (t)m =1 (t)ﬂ. (15)  Figure4 shows the results of this parameter sensitivity study:
L(1) L(1)? while the mean correlation between modeled and observed

The Cryosphere, 6, 12953322 2012 www.the-cryosphere.net/6/1295/2012/
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Fig. 4. Results of the cross-validation for varying the precipitation correctigia) mean correlation between observed and modeled mass
balances(b) mean skill score{c) mean rmsefd) mean model biage) mean quotient of the standard deviations of modeled and observed
mass balancesf) correlation between error and year of the modeled mass balances; vertical lines indicate the finally chosen parameter value;
the other three global parameters (see Sz2}.are set to the values indicated by vertical lines in the following three figures.

mass balances has a maximum for 1.3 (panel a), and  7Prec solid> 2°C (panel a). We seftPrec solid— 30C since the

a maximum model skill is found foz ~ 1.9 (panel b); the mean model bias is smallest here (panel d).

modeled mass balances have a too low variability compared

to observations (panel e) and a spurious trend (panel f) fop.2.5 Temperature threshold for melt

a < 2.5. For this reason, and because mean model bias and

mean root mean square error (rmse) do not depend stronglyhe monthly mean surface air temperature above which melt

Ona, we setla = 2.5. is assumed to occur at the glacier termiffyg; can be as-
sumed to be close to zero. We var2°C < Their < 1.5°C (it

2.2.3 Precipitation lapse rate is problematic to seTmelr > 1.5°C, since there are glaciers
that do not experienc@(r*)}?cr{;’r;]”“5> 1.5°C, implying that

the estimation of their temperature sensitivity becomes im-
possible, see EdQ.3). Figure7 shows that the mean correla-
tion between modeled and observed mass balances tends to
increase with increasin@ye; (panel a). Also, the variance of
rlhe modeled mass balances becomes more realistic (panel e)
and a spurious trend in the modeled mass balances decreases
with increasingTmert (panel f). Since the model skill drops
strongly forTmeit > 1°C (panel b), we sefipeir= 1°C. One
2.2.4 Temperature threshold for solid precipitation could expect that a negati&e; leads to best performance,
because also in months with a monthly mean temperature
The temperature below which precipitation is assumedbelow freezing, melting can occur because of diurnal and
to be solid should be close to°C, but probably posi- intra-monthly variability. Note that the positive value applied
tive. We vary OC < 7Pecsoid< 5°C and show the re- for Tmer here does not imply that ice fails to melt any given
sults in Fig.6. The only strong dependence of model per- month with temperatures above freezing and belp, but
formance on7Prec solidis jn the mean correlation between only that the annually summed monthly mass balance, which
modeled and observed mass balances, which increases fa evaluated here, is captured besti; is positive.

While mean model skill shows a weak decrease with in-
creases of the precipitation lapse rgdgecip (Fig. 5, panel
b), the mean rmse tends to decrease with increagingip
(panel c). Most importantly, the model has a non-zero mea
bias for yprecip S 2%/100m andyprecip 2 4 %/100m. We
therefore seprecip=3 %/100 m.
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1302 B. Marzeion et al.: Sea-level change from glaciers

& 0.36
g 061} & b
o~ 06 ¢ 034
£ 0.59 g
o I
= 058 £ 032
& 057
[}
E 0.3
o 1 2 3 4 5 o 1 2 3 4 5
_ 08 z sof 4
= E
2 0.75 = 0
g <
= 07 =
é ’ § 50
0.65 £
-100
0 1 2 3 4 5 0 1 2 3 4 .
212
Q e 0.15} ¢
¥ _
AE e—6~e_e—~e’9—<5’e © 5\ ;’D 0.1
208 )
E S 005
@ 0.6 s
© = 0
S 04
£ -0.05
0 2 0 3 4 5 0 2 o 3 4 5
Yorecip [%6/100 m] Toregip [%9/100 ]
Fig. 5. As Fig. 4, but for the precipitation lapse raf@recip
3 0.36
% 061} & b
o 06 ? 0.34
£ 0.59 g O~ °
Q I
T 058 2 932
§ 057
[}
E 0.3
0 1 2 3 4 5 0 1 2 3 4 5
— 08r ¢ 1 = 50 d
S £ E/e/e—e—o
2 0.75 { = 0
E ] W
£ 07 | =
qE“i ’ § 50
0.65 ] S
-100
0 1 2 3 4 5 0 1 2 3 4 5
212
Q e 0.15} ¢
¥ 1 _
1 W o000 | P o1
208 £
E S 005
M 06 5
© = 0
S 04
£ -0.05
o 1 2 3 4 5 o 1 2 3 4 5
TPrec solid [DC] hrec solid [oC]

Fig. 6. As Fig.4, but for the temperature threshold of solid precipitatigtiec solid

The Cryosphere, 6, 12953322 2012 www.the-cryosphere.net/6/1295/2012/



B. Marzeion et al.:

Sea-level change from glaciers

3 0.36 —
go61] @ b
£
o 06 > o ® 034
£ 059 g
£ o058 £ 032
§ 057
£ 0.3
-2 -1 0 1 2 -2 -1 0 1 2
— 08r ¢ = 0 d
£ E 0—6—6—o6—o0——¢"°
8 0.75 5 0
E ’\o g
g 07 § -50
g £
0.65
-100
-2 -1 0 1 -2 -1 0 1 2
2
@ 12} o 0.15} ¢
® —
~ 1 >—0 £ 0l
208 »
¢ (M/ 5
g 06 5§ 005
Q 5
©c 04 = 0
=
g 0.2
2 -0.05
-2 -1 0 1 -2 -1 0 1 2
T [C Toei L €l

melt

Fig. 7. As Fig. 4, but for the melt temperature threshdlglgj.

Table 1. Summary of the results of the cross-validation of the reconstructed mass balances. All numbers given are the means of the values
and their standard deviations, calculated over the glaciers within each region.

Region rmse [mmw.e.] bias [mmw.e.] r SS No. No. MB
glaciers  obs.
Global 7364+ 1006 5+ 695 0.60£0.39 0.34+-0.27 255 3997
1 Alaska 638414 —78+412 0.29-0.56 0.24+0.28 18 276
2 Western Canada & US 1011030 —111+1275 0.5A40.41 0.28:0.19 39 682
3 Arctic Canada (North) 302 126 —98+189 0.68:0.13 0.28+-0.34 6 186
4 Arctic Canada (South) 282145 —6+196 0.59+0.67 0.5740.32 8 33
5 Greenland 633 357 248+ 299 0.54£0.56 0.30+0.52 3 23
6 Iceland 719134 —53+443 0.50£0.41 0.23-0.20 11 159
7 Svalbard 372178 —47+311 0.50£0.60 0.25+0.26 17 213
8 Scandinavia 653 261 40+ 356 0.80£0.14 0.46:0.24 52 767
9 Russian Arctic 342118 —289+59 0.82+-0.26 0.31+0.15 2 13
10 North Asia 473238 25+131 0.53:0.40 0.4740.25 12 215
11 Central Europe 664 241 —13+ 366 0.66:0.29 0.39+0.29 38 835
12 Caucasus and Middle East 58400 68+ 307 0.55+0.18 0.25+0.31 11 155
13 Central Asia (North) 334110 58+ 152 0.66:0.25 0.3%-0.26 12 202
14 Central Asia (West) 426202 —25+179 0.53£0.30 0.20+0.16 4 33
15 Central Asia (South) 370162 604341 0.16£0.51 0.09+0.14 7 46
16 Low latitudes 37634099 571+ 2233 0.68-0.21 0.10+0.16 8 83
17 Southern Andes 838435 44+ 311 0.43£0.55 0.30+0.20 5 64
18 New Zealand 1264539 490+ 1287 0.54-0.03 0.33:0.20 2 12
19 Antarctic and Subantarctic +— -+ - -+ - -+ - 0 0

www.the-cryosphere.net/6/1295/2012/
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region. In the case of Scandinavia, it is not the mean of the

N=3997 . . biases (40 mmve.yr—1), but kurtosis and a slight skewness

r=060 . " of the distribution that are detected by the test. There is no
S spurious trend in the modeled mass balances (Hig.

The model error does not depend on glacier surface area
or the number of mass balance measurements available for
the cross-validated glacier (Fid2, panels a and b). This
indicates that the model is robust, and any potential unrep-
resentativeness of the sampled glaciers does not affect the
model’s performance. Perhaps not surprisingly, there is a de-
pendence of the root mean square error and magnitude of the

-5 0 5 bias on the remoteness of the glacier, i.e. on the mean dis-

observed mass balance [m] tance to the ten closest measured glaciers that were used to

determine™* (note that this indicates that, particularly for re-

Fig. 8. Cross-validation results; observed versus modeled mass bamote glaciers, the cross-validation probably underestimates
ances;_numbers indicate cor_relatlon (significant above 95 % confiyha model’s performance, as it artificially increases the re-
dence interval) and sample size. moteness of the glaciers in the region that is being tested).
However, that dependence (particularly of the bias) is sur-
prisingly weak (Fig12, panels ¢ and d).

All these metrics of the model’s performance proved to be
We perform a leave-one-glacier-out cross-validation relatively insensitive to parameter choices such as changing

(Michaelsen1987 Hofer et al, 2010 of the entire modeling  he number of closest giaciers used to deterlm_fmweight—
procedure, i.e. for each of the 255 glaciers with measured"d the interpolation of* by the inverse off™ instead of
mass balances, we reconstruct its mass balance for the yedfi€ distance, or weighting by a combination of distance and
of measured mass balance under the assumption of ndt » etc. Butincreasing the number of required mass balance
having any information besides location, surface area (andh€asurements for a glacier to be included in the network of
year of surface area measurement), and elevation range GHaciers used to interpolaté (see Sect2.1.9, and thereby
that glacier, and gain a total set of 3997 pairs of annua|reducmg the number of glaciers in that network, substantially

modeled and measured mass balances, each of the modelli§réased the root mean square error of the modeled mass

mass balances being derived independently of its measuregplances.

counterpart. Tablé gives a summary of the model’s perfor-

mance measured by the mean root mean square error (rmse),

model bias, correlation between observed and modeled Treatment of uncertainty

mass balances, and skill scor@Vilks, 2006 Marzeion

et al, 20123, Fig. 8 shows modeled versus observed massyncertainty enters the mode_l in sevgral place_s: (i) uncertainty

balances, and Fi@ shows the distributions of model error of the mass balance model itself, (ii) uncertainty of the forc-

and model bias. ing of the mass balance model, (iii) uncertainty in the surface
The performance on the global scale give confidence thafiféa measurement and in the measured maximum and termi-

the model can be expected to reconstruct annual mass ballus elevations, (iv) uncertainty in the scaling relationships

ances of unmeasured glaciers to a reasonable accuracy. (b@lating glacier surface area to glacier volume and length,

the regional level, however, large discrepancies in perfor-a”d (v) uncertainty in the representation of dynamic glacier

mance become apparent. Most importantly, the mean bias desponse to volume changes, i.e. in the response time scales.

some regions does not seem to be small (seelBigwhich

indicates that accumulating modeled mass balances forwarfi-1  Mass balance

in time may be problematic. But this issue is most likely the . ) , )

result of too small sample sizes. For only one of the regioné,n p””c'l?'e' the errors_ assoc;lated with uncertainty ;ources

(Scandinavia) does a Kolmogorov-Smirnov goodness-of-fit(l) @nd (ii) are determined directly by the cross-validation

test reject (at the 95 % confidence level) the null hypothesidOUtiné. However, the periods during which mass balance

that the bias values within the region are drawn from a nor-Méasurements are available are short (mean length of ob-

mal distribution with zero mean and the standard deviationS€"vation~15yr) compared to the period over which the
equal to the standard deviation of the model biases in thaf0de! is applied & 100yr for reconstructions with CRU
data, and> 200 yr for projections with the GCMs). Changes
3In this case, the skill score is a measure of correlation betweerdn & glaci_er’s terminus elevation, WhiCh_ affect the tempera-
modeled and observed values, with penalties for bias and under- (diure that it experiences, act on longer time scales, so model

over-) estimation of the variance. uncertainties related to uncertainty in terminus elevation is

6]

o

modeled mass balance [m]

|
6]

3 Cross-validation of mass balance model
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Fig. 9. Cross-validation resultga) distribution of the errors of the modeled mass balan@@sjistribution of the model bias; vertical lines
indicate the 2nd and 98th percentiles (light gray), 15th and 85th percentiles (dark gray), and median (black).
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Fig. 11. Cross-validation results; errors of the modeled mass bal-
ances as a function of time, and number of observed mass balances
as a function of time; the number in the upper right indicates cor-
relation (not significant above 95 % confidence interval); gray bars
indicate the number of MB measurements per year (right axis).

probably underestimated by the cross-validation. We there-
fore treat this source of uncertainty separately, by first trans—4 2 Volume
lating the uncertainty in glacier length into uncertainty '

in terminus elevatiornzerminus and subsequently into un-
certainty in temperaturg®™"US by using the tempera-
ture lapse rateyemp determined for that glacier as de-
scribed above. For each of themonths with temperatures ¢ (v) = eyp - (c4 - AY) (17)
above Tmelt at zterminus this translates into an uncertainty

of u*. e(T'®™INUS “wheree (7MUY js the uncertainty in  whereeya is the relative uncertainty assigned to the volume-
TMINUS Eor any single year, the total uncertainty of the area scaling, estimated to 4d%Before and after the year

Fig. 10. Cross-validation results; regional mean model bias as
a function of the number of glaciers situated in the region; black
dot indicates the global mean.

In the year of the surface area measurement, uncertainty of
the volumeg(V), is estimated as

modeled mass balane€Bmodeled then is given by of the surface area measurement, all errors are propagated
through the entire model, assuming a normal distribution,
€ (Bmodeled = \/We’- +n- (p* .E(Tterminua)z. (16)  and no temporal correlation of the model errors (as indicated

by the results of the cross-validation, see Big.
Note that while this implies that the uncertainty of the mod-

eled mass balance generally grows over time both before
and after the date of measurement of the glacier's surface
area, the fact that climate variability changes the number
of monthsn with temperatures aboVBnert at zterminus Will

4This error was estimated by separately modeling the glaciers

lead to interannual variability ia(Bmodeled, and a trend im in Farinotti et al.(2009, and then adjusting the error such that the
(e.g. following anthropogenic warming) will lead to a trend “true” error distribution was captured by the propagated error dis-
in E(Bmode|e(). tribution.
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4.3 Surface area 4.5 Time scales of glacier response

The uncertainty of the surface area measurement is generallyhe relative uncertainty of the response time scale of
assumed to be small. However, because no exact date of sug-glacier’s surface area and length to changes in volume is
face area measurement is given with the RGI data, we estiestimated high at 500 %, following the analysis of explic-
mated dates from the description of the RGI data set, and s&fly modeled response times of the glaciers, integrating an
the uncertainty of the measured surface area to 5%, in ordgte dynamics model of a glacierized mountain range over
to include a potential error caused by mis-dating the surface. 1000 yr @arosch and Marzeior2012. Even so, the un-
area measurement. Before and after the year of the surfacgertainty that enters our model through the time scales of
area measurement, all errors are propagated through the egtacier response is small compared to those entering through
tire model, under the same assumptions as above (&&ct.  the mass balance, and the volume-area and volume-length
scaling.
4.4 Length

In the year of the surface area measurement, the uncertaint‘i'/'6 Unquantified errors

of the glacier lengtla (L) is estimated as Uncertainty in the measured maximum and terminus eleva-

1 tions was ignored, as it is negligible compared to the other
e(L) = ey - (K) ! (18) sources of uncertainty. More importantly, there is probably
€L unquantifiable uncertainty due to sampling issues: generally

whereey is the relative uncertainty assigned to the volume-speakmg’ the regional density of mass-balance observations

length scaling, estimated to be 100 %. Before and after thxiS V\Slgllycg;r;::telicviv:rz wi(tahdnﬁgzgybgra\:']vg:ai;(s)srseen%a:tzn:re
year of the surface area measurement, all errors are prop siuate; inthe ?e ions Scandinavia, Western Canada and US
gated through the entire model, under the same assumptions 9 : ! . . '

and Central Europe, which all have a relatively high den-
as above (Sect.2). . X :

sity of meteorological stations). Therefore, we can assume
that the uncertainty in the forcing of the model is on average
lower at the glaciers with mass balance measurements than at

The Cryosphere, 6, 12953322 2012 www.the-cryosphere.net/6/1295/2012/
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Fig. 13. Validation of modeled, temporally integrated changes of volume and surface area, and of the propagated model error, using Hin-
tereisferner as an exampl@) observed (green) and modeled (black) mass balarfbsnodeled, accumulated (black) and geodetically
observed (red) volume change, model in forecast m@@enodeled, accumulated (black) and geodetically observed (red) volume change,
model in hindcast modéd) modeled (black) and geodetically observed (red) surface area, model in forecas{enatmieled (black) and
geodetically observed (red) surface area, model in hindcast mode; dark (light) shading indicates 1 (2) standard errors; vertical lines indicate
years of surface area measurement.

glacier sites in general. Similarly, most of the mass balanceglaciers, and each of the geodetic volume change measure-
measurements were made in the second half of the 20th cemnents, we then determine the difference between the mod-
tury, when the density of weather stations was higher than ireled volume change and observed volume change, and be-
the first half of the 20th century. Therefore, it is likely that tween modeled surface area change and observed surface
the cross-validation underestimates the model error, but it imrea change. We divide these differences by the propagated
not practicable to quantify these sources of error. Note how-model error in order to obtain the relative model error. Over
ever that the validation of the integrated modeled volume andall the modeled volume changes and surface area changes,
surface area changes (see SBdndicates that these sources the relative error should have a mean of zero and a stan-
of error are probably small. dard deviation of one if the modeled volume and surface area
changes, and the propagated model errors, are correct.
Figurel4 shows the distributions of the relative errors. For
5 Validation of 20th century model results non-calving glaciers, the mean (0.14) and median (0.12) of
the relative volume error are reasonably small. Positive val-
In order to validate the modeled, temporally integratedues indicate that the glaciers were losing more volume (or
changes of glacier volume and surface area, as well as theurface area) than predicted by the model, or gaining less vol-
propagated model errors, we model each of the glaciers fronyme (or surface area) than predicted by the model. Since the
Cogley (2009 for which geodetic volume change measure- mean bias of the modeled surface mass balance is very close
ments exist, for which all necessary metadata are availablel0 zero (see SecB), this indicates that internal or subglacial
and which are covered by CRU data (see Seé&for how processes are responsible for this mass loss. The mean of the
data gaps are treated in general). Altogether, there are 34tlative volume error can be brought very close to zero by
such glaciers (green markers in Fifj. with 756 geodeti-  artificially subtracting 70 mmw.e. from the annual mass bal-
cally measured volume changes. We model each of thesance of each glacier every year, giving an indication of the
volume change measurements twice: once using the surfaggagnitude of the volume loss through internal or basal melt
area measurement of the glacier from the starting date of th@rocesses.
volume change measurement, i.e. running the model in fore- The 15th and 85th percentiles of the relative volume error
cast mode; and once using the surface area measurement li within —1 to 1, indicating that the propagated model er-
the glacier from the ending date of the volume change mea¥or is slightly larger than justified by the comparison with the
surement, i.e. running the model in hindcast mode. Fig@re geodetic volume changes. While the 2nd percentile is greater
shows the results for one geodetic volume change measuréhan—2, a skewness of the distribution (caused exclusively
ment from Hintereisferner as an example. For each of théby glaciers in the Southern Andes and Alaska) causes the
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Fig. 14. Validation of temporally integrated modeled volume changes and surface areas, and propagated modgl) efisirfution of
relative volume errors of non-calving glacie¢s) distribution of relative volume errors of calving glaciefs) distribution of relative surface

area errors of non-calving glacie(st) distribution of relative surface area errors of calving glaciers; vertical lines indicate the 2nd and 98th
percentiles (light gray), 15th and 85th percentiles (dark gray), and median (black); numbers indicate sample sizes.

98th percentile to be greater than 2. For calving glaciers, thecalving and non-calving glaciers (Fi@5), but this correla-
skewness is even more pronounced, the mean (0.74) and méen disappears in hindcast mode for non-calving glaciers.
dian (0.35) values of the relative volume error are more posi-Similarly, the overestimation of surface area loss leads to
tive, and the distribution of the relative volume error is wider. a weak (but in the case of non-calving glaciers significant)
This was to be expected, since the model ignores solid icanti-correlation of the relative surface area change error with
discharge, which contributes to the volume changes of theséhe time span covered by the geodetic volume change mea-
glaciers. surement. However, as already indicated by the results of the
The model slightly overestimates surface area lossescross validation (Sec8), Fig. 16 shows that there is no corre-
The mean {0.98 for non-calving, and-0.07 for calving lation between volume change or surface area change errors
glaciers) and median{0.11 for non-calving, ané-0.10 for  and the glacier surface area (implying that any potential un-
calving glaciers) relative errors are negative. The distributionrepresentativeness of the sampled glaciers does not matter).
for non-calving glaciers has long tails, which causes the 2ndAlso the remoteness of the glacier has only weak influence
percentile to be smaller than2, and the 98th percentile to on the model error — the only significant correlation is be-
be larger than 2. tween relative surface area change error and mean distance
All in all, this implies that the modeled surface area to the 10 closest sampled glaciers for calving glaciers.
changes are less reliable than modeled volume changes. It
also implies that the propagated errors of the model for both
volume and surface area changes overestimate the model u- Forcing data and treatment of data gaps
certainty at one standard error, and underestimate the model
uncertainty at two standard errors —i.e. there is excess kurtd®.1  Applied climate models
sis in the error distribution. S . ]
Because of the slight underestimation of volume lossesVe apply the model for all individual glaciers, first us-
there is a weak but significant correlation between the relai"d CRU precipitation and temperature, and then using out-
tive volume change error and the length of the time span coyPut from 15 CMIPS models as driving data set. Talle

ered by the geodetic volume change measurement for botgives an overview of the applied climate models and scenar-
ios (Representative Concentration Pathways, RCPs), and the
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Fig. 15. Validation of temporally integrated modeled volume changes and surface areas, and propagated model) eelatse volume

errors of non-calving glaciers as a function of time covered by geodetical measurement, negative indicates model in hindcast mode, positive
in forecast mode(b) relative volume errors of calving glaciers as a function of time covered by geodetical measuKejretdtive surface

area errors of non-calving glaciers as a function of time covered by geodetical measur@hegigtive surface area errors of calving

glaciers as a function of time covered by geodetical measurement; numbers indicate correlations (gray/black: below/above 95 % confidence
interval).

respective periods. The RCPs are named after the likely an6.2.2 Other regions

thropogenic radiative forcing of the atmosphere they repre-

sent in the year 2100, ranging from 2.6 to 8.5 ¥/ f®eevan In each region, there are glaciers that either cannot be mod-

Vuuren et al, 2011, for an overview). eled by our model because (i) there are data gaps in the digital
For each of the models, and each of the scenarios, anom#levation model, making the determination of eitpgfasured

lies of precipitation and temperature were calculated, relativedr zmax impossible, or (i) there are no CRU data available at

to the 1961 to 1990 mean. The anomalies from the model gridhe glacier’s location (this is the case for some glaciers near

point closest to the g|acier were then added to the precipilhe coast line, and on small islands). Additionally, the itera-

tation and temperature climatologies obtained of the closestive process used to estimate the glacier's surface area at the

CRU CL 2.0 grid point to force the mass balance model. All beginning of the integration sometimes fails (see S&dt3.

other mass balance model parameters were obtained as deor these glaciers, the annual, regional-mean rates of surface

scribed in Sect2, and errors were propagated as describedarea and volume change were applied to estimate the region’s

in Sect.4. total volume and glacier surface area change. Talsleows
the percentages of glacier surface affected by data gaps or
6.2 Treatment of data gaps model failure for each region for the case of using CRU data
as forcing. Numbers are very similar for the climate model-
6.2.1 Peripheral glaciers in Antarctica forced runs.

Since Antarctica is not covered by the CRU data sets, it is not
possible to model peripheral glaciers in Antarctica using our
model. Mass and surface area changes of peripheral glaciers
in Antarctica were estimated by applying annually the mod-
eled global mean specific rates of volume and surface area
change.
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Table 2. Percentages of glacier surface area affected by data gaps @ low of around 0.5 mm SLE y# during the 1970s, and since
model failure for each region for the CRU-forced model (numbersthen have been gaining speed again to currently approxi-

very similar for the model forced by CMIP5-data). mately 1.0 mmSLEyr!. This reconstructed history is sim-
ilar to the estimate o€ogley(2009, but shows higher vari-
Region Surface area not modeled [%]  ability, higher mass loss rates during the first half of the 20th
1 Alaska 0.14 century, and consequently a higher total reconstructed mass
2 Western Canada and US 0.02 loss tharLeclercq et al(201]). Table3 shows the regional,
3 Arctic Canada (North) 3.07 modeled surface areas and volumes in 1901 and 2009.
4 Arctic Canada (South) 0.65
5 Greenland 20.48 7.2 Results from the model driven by data from the
6 Iceland 0.00 “historical” CMIP5 experiments
7 Svalbard 52.21
8 Scandinavia 6.16 The mass losses reconstructed using the “historical” CMIP5
9 Russian Arctic 20.11 data are very similar to the mass losses reconstructed from
10 North Asia 2.47 . .
11 Central Europe 123 the CRU data. Even on a regional basis, the range of mass
12 Caucasus and Middle East 0.00 losses from the CMIP5 models captures the results from
13 Central Asia (North) 1.18 CRU data very well, with a few exceptions (see Fli§):
14 Central Asia (West) 0.60 most notably, there is only one CMIP5 ensemble member
15 Central Asia (South) 0.70 (CNRM-CM5) that produces similarly high mass losses from
16 Low latitudes 17.80 Greenland. Also, there is no CMIP5 ensemble member that
17 Southern Andes 0.87 produces as high mass losses from the low latitudes and from
18 New Zealand 3.84 New Zealand as the CRU data (see also S@ctConse-
19 Antarctic and Subantarctic 100 quently, the CMIP5 ensemble mean total mass loss estimate
Global 30.67 during the CRU period is 21 mm SLE lower than the mass
loss estimate from the CRU data (FRp), even though the
CRU estimate lies within the range of the CMIP5 reconstruc-
tions, both regarding the cumulative global total, as well as
7 Results

the rates. Tabl® gives the global total mass losses for each
of the ensemble members, including the propagated model
errors, during the period covered by the “historical” experi-
ments.

7.1 Results from CRU-driven model

Figure 17 shows the accumulated surface mass balance
of the 18 regions which are directly modeled (i.e. exclud-
ing peripheral glaciers in Antarctica), converted to mm sea-
level equivalent (SLE) by assuming an ocean area & 8

10 m?. All regions experienced a mass loss during theF. 21 sh th acted ional | for th
20th century, with peripheral glaciers in Greenland being Igure 21 SNows the projected regional mass losses for the

the strongest contributor to sea-level rise with almost 20 mmRCPZG’ RCPAS, .RCP6O anql RCP85 expenm_ents until the
contribution. Remarkably, most of the mass loss here is reyear 2100. All regions are projected to lose glacier mass con-
’ tinuously throughout the 21st century, and in all regions, the

constructed to have occurred during the 1930s, with an al- L D
most balanced mass budget until recently. The global, tota nsemble range of mass losses within one RCP scenario is at
mass loss of glaciers from 1902 to 2009 is reconstr’ucte east of the same order of magnitude as the difference in the

to be 114+ 5mmSLE (Fig.18)5. Rates of mass loss dur- means of different RCP scenarios, and in most regions, larger

ing the 20th century were characterized by generally fasteFhan the propagated model errors (not shown). This implies

mass loss of approximately 1.5 mm SLE yrduring the first that ghmate model uncertainty, as opposed.to scenario un-
certainty and mass balance model uncertainty, is the most

half of the century, caused by Greenland in the 1930s, Arc- . .
tic Canada in the 1950s to early 1960s, and the Russiaanortam source of uncertainty for the regional (and global)

Arctic in the late 1950s and 1960s. Rates then dropped tgurface mass balance of glaciers in the 21st century. How-
ever, there are substantial differences between the regions in

22 and24 include the upscaled mass balance of peripheral glacierg ) 9 Y. ysp 9. reg .
contain many small glaciers (such as Central Europe with

in Antarctica. Since these glaciers were not modeled directly, we ; i 2
do not have any estimate of their volume, and the right axis of thesé® Mean glacier surface area= 0.31 knr, Western Canada

plots therefore excludes the volume of peripheral glaciers in Antarc-f'in_d us @_= 1.03kn?), Scandinavia £ =0.69 kn?), low
tica. Because of this, losses of more than 100% of the indicatedatitudes @ = 0.27 kn?) and New ZealandA = 0.19 kn¥))
volume may occur. experience higher fractional mass losses than regions that

7.3 Results from the model driven by RCP scenario
experiments
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Table 3. Reconstructed surface areas and ice volumes in 1901 and 2010, compared to measured surface areas. Note that the measuremel
contained inArendt et al.(2012 span several years, and regional sums therefore cannot be assigned to a specific year.

Region Surface area [$&m?] Volume [mm SLE]
Modeled 1901 Modeled 2009 Arendt et al(2012 Modeled 1901 Modeled 2009
1 Alaska 102.50.5 90.2£0.5 90.6 85.5-6.8 77.3:6.8
2 Western Canada and US 2491 14.1+0.0 14.5 5.8£0.2 3.1+0.2
3 Arctic Canada (North) 10921.1 104.3+1.0 105.0 110.213.4 103.6:13.4
4 Arctic Canada (South) 4840.2 40.4+:0.2 40.9 24 #1.5 20.8£1.5
5 Greenland 118.40.8 86.1+0.1 87.8 49.2:4.1 27.6£4.4
6 Iceland 11.2-0.4 11.0+0.4 11.1 13.6:4.4 12.8+4.4
7 Svalbard 42.£0.7 33.2£0.2 33.8 32.9:1.6 22.1+1.6
8 Scandinavia 3.80.0 2.7+£0.0 2.8 0.8:0.0 0.6+0.0
9 Russian Arctic 57.%#2.9 51.4+£1.0 51.8 74.810.1 58.6+10.0
10 North Asia 3.5:0.0 2.7+0.0 2.8 0.6:0.1 0.6+0.1
11 Central Europe 320.0 1.8+£0.0 2.1 0.5£0.0 0.3£0.0
12 Caucasus and Middle East *®.0 1.0+£0.0 1.1 0.2:0.0 0.2+0.0
13 Central Asia (North) 86.20.2 61.1+0.1 64.5 24.2£0.3 15.6+0.3
14 Central Asia (West) 56:80.2 31.8£0.1 33.9 16.6:0.6 9.5+ 0.6
15 Central Asia (South) 3480.1 20.6+:0.0 21.8 7.5:0.1 3.8+£0.1
16 Low latitudes 20.60.4 4.2+0.1 5.0 5.4£0.0 0.6+0.0
17 Southern Andes 4890.1 33.4£0.1 32.2 16.5-0.4 12.8+0.4
18 New Zealand 410.0 0.8+£0.0 1.2 0.A0.1 0.2+£0.0
Global (without peripheral 779.6+3.4 590.9+ 1.6 602.3 469.4-19.3 370.4-18.7

Antarctic and Subantarctic)
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Fig. 17.Cumulative regional surface mass balances (black line) relative to the 1986—2005 mean, and standard errors (light gray shading: two
standard errors; dark gray shading: one standard error), from the CRU-forced model.
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contain many big glaciers (such as Alaskia=£ 3.68 knt) enough to reach a balanced mass budget even under the in-
and Arctic CanadaA = 6.86 kn¥)), in some cases reach- creased temperatures. The projected global, total mass loss
ing nearly complete regional deglaciation by 2100. Svalbard until 2300 ranges from 17 2mm SLE (RCP26, MPI-ESM-
even though characterized by big glaciess=¢ 21.70 kn?), LR) to 459+ 22 mm SLE (RCP85, CSIRO-Mk3-6-0, see Ta-

is projected to experience a high fractional mass loss as welble 5).

However, the large mass losses are subject to very large un-

certainty within each RCP ensemble. Similarly, the projec- . )

tions for the Russian Arctic, Greenland, and particularly Ice-8 ~ Discussion

land are characterized by large ensemble uncertainty, prob- . .

ably in connection to uncertainty in the projected tempera—Our model neglects resolving any particular process of the
tures caused by uncertainty of future oceanic heat transpor?urfa(.:e mass and energy balance of Fhe glaciers, in favor of
into the region. The global, total mass loss projections spar?pply_mg a bulk estimate of the s_p_emflc mass balance, de-
the range of 822 mmSLE to 287 10mmSLE (Fig.22 pendmg on temperature and preC|_p|tat|on alone_. But nt_aglect-
and Tableb). The differences between the RCP scenarios be!NY to resolve processes does ngt '”.‘p'y qeglectlng the impact
come more obvious in the rates of mass loss towards the en(af these processes. E.g. refreezing is an |r_’nportant component
of the 21st century. While the mean of the RCP26 and RCP4§f the surface mass ba}lance of some 9.'a°'efs- Our quel does
ensembles indicates the onset of a stabilization by slowly de-nOt_ resolve th_'s’ but since our model is calibrated W'th’ and
clining mass loss rates from the mid 21st century onwardsva“dated against mass balance measurements that include ef-

the mass loss rates of the RCP60 and RCP85 projections aJSCtS of rgfreezing, the impact it has on Fhe mass b_alance_ Is
higher and stable approaching 2100 (%8). included in our model. To some extend, it may be hidden in

A few of the CMIP5 models continue the projections for €.9. the optimal parameter values7dt*® so[idand Tmet, but
the RCP26, RCP45 and RCP85 scenarios up to the yedf will a_lso be rgpresented by the mod_els error. The same
2300 (see Tabld). In these long-term projections, most re- reasoning applies to other processes impacting the surface
gions face nearly complete deglaciation in the case of thénas\s/vtﬁa?ﬁe’ Sl:%h ?s agollan S?O\tN tr?r?s:oort and zvalanch—
RCP85 scenarios, and most regions retain glacier ice in th 9. While the vaidation demonstrates that we can be con-
cases of RCP26 and RCP45 (FRB). The rates of mass _|den.t in the ’T‘Ode! rgsults, thereforg note,. th_at' the model
loss approach zero towards the end of the 23rd century folS suitable for identifying the contribution of individual pro-
all scenarios (Fig24), indicating that the glacier ice re- ©©33€5 to the overall mass balance.

tained in the RCP26 and RCP45 is found at altitudes high While the procedure of the leave-one-glacier-out cross-
validation (Sect.3) in principle is designed to provide an

www.the-cryosphere.net/6/1295/2012/ The Cryosphere, 6, 1295322 2012
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Table 4. Data and models used for forcing.

CRU 1901-2009

Models Historical RCP26 RCP45 RCP60 RCP85
bcc-csml-1 1850-2005 2006-2300 2006-2300 2006-2100 2006-2300
CanESM2 1850-2005 2006-2300 2006-2300 -— 2006-2100
CCsm4 1850-2005 2006-2100 2006-2100 2006-2100 2006-2100
CNRM-CM5 1850-2005 2006-2100 2006-2300 - 2006-2300
CSIRO-Mk3-6-0 1850-2005 2006-2100 2006-2300 2006-2100 2006—2300
GFDL-CM3 1860-2005 2006-2100 2006-2100 2006-2100 2006-2100
GISS-E2-R 1850-2005 - 2006-2300 2006-2100 2006-2300
HadGEM2-ES 1860-2005 2006-2300 2006-2300 2006-2099 2006-2300
inmcm4 1850-2005 - 2006-2100 - 2006-2100
IPSL-CM5A-LR  1850-2005 2006-2300 2006-2300 2006-2100 2006—-2300
MIROC5 1850-2005 2006-2100 1850-2100 2006-2100 2006-2100
MIROC-ESM 1850-2005 2006-2100 2006-2100 2006-2100 2006-2100
MPI-ESM-LR 1850-2005 2006-2300 2006-2300 - 2006-2300
MRI-CGCM3 1850-2005 2006-2100 2006-2100 2006-2100 2006-2100
NorESM1-M 1850-2005 2006-2100 2006-2300 2006-2100 2006-2100

Table 5. Cumulative global sea-level equivalent mass losses in mm, relative to the 1986—2005 mean. Given errors for CMIP5-forced model
runs are the propagated errors, for mean of CMIP5-forced model runs standard deviation between different runs.

Historical RCP26 RCP45 RCP60 RCP85

1850 2100 2300 2100 2300 2100 2100 2300
CRU —101+ 5 (1902) - - - - - - -
bcc-csmil-1 —-110+13 138+1 209+ 2 169+1 29542 175+ 3 215+6 446+ 16
CanESM2 —-171+13 1744+1 263+ 2 19742 34143 - 257+ 2 -
CCsSMm4 —-121+11 142+1 - 168+1 - 182+1 228+5 -
CNRM-CM5 —222+15 140+ 1 - 170+ 2 291+3 - 223+7 437+20
CSIRO-Mk3-6-0 —138+7 95+ 1 - 1214+1 292+ 2 111+1 172+3 459422
GFDL-CM3 —133+5(1860) 208t1 - 235+ 2 - 233+5 277+ 8 -
GISS-E2-R —-114+6 - - 131+1 230+2 137+2 163+2 340+ 3
HadGEM2-ES —1434+8(1860) 1892 349+ 3 226+5 41146 2314+5 287410 458+19
inmcm4 —-119+9 - - 82+ 2 - - 116+3 -
IPSL-CM5A-LR —-126+11 160+ 1 246+ 2 185+ 2 333+3 192+ 3 238+ 6 447+ 16
MIROC5 —-137+6 155+ 1 - 185+5 - 180+5 251+5 -
MIROC-ESM —-115+10 170+1 - 200+ 2 - 1994+-4 258+ 4 -
MPI-ESM-LR —73+6 116+ 1 175+ 2 139+ 2 284+ 3 - 186+ 4 379+ 5
MRI-CGCM3 —203+24 82+1 - 11541 - 11941 176+5 -
NorESM1-M —140+ 10 150+ 1 - 17442 338+ 3 16942 22042 -
Mean —138+37 148+35 2484+66 166+42 313+:50 175+40 217+47 424446

independent measure of model skill, it is not strictly inde- glacier can be expected to have a negative impact on the mea-
pendent as applied here, as we use it to determine the optimaured model skill. This degradation of measured model skill
values of the four global model parameters (S2&). How- may be the reason why the model performs slightly better
ever, the impact of optimizing four parameters using nearlythan indicated by the propagated model error in the second,
4000 mass balance measurements on the measured modaily independent validation against geodetically measured
skill is probably small. Most likely, it is smaller than the de- volume and surface area changes (Sect.

grading effect the cross-validation has on measured model In principle, it would be possible to completely automate
skill by withholding information from the model; particularly the parameter optimization process, by maximizing the skill
in regions with few mass balance measurements, the removaicore of the model during the cross-validation. This would
of information about one glacier (i.e. withholding the infor- be possible since the skill score unifies different measures
mation ont*) for the sake of evaluating the model at that of model performance (i.e. correlation, bias, and variance).
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However, we prefer to assign subjective weights to differ- the optimization of more than one parameter. The advantage
ent measures: because of the cumulative nature of the supf the model design therefore only becomes apparent in the
face mass balance, we deem a negligible bias to be moshdependent validation: here, the greater data-to-parameter
important. Since we apply our model to projected climateratio actually leads to a decrease of model uncertainty. It is
change, it is then important to correctly translate changes intherefore important to keep in mind that a model as simple as
temperature and precipitation into mass gain or loss of thehis may work comparatively well when applied to glaciers
glaciers, which implies that the temperature and precipita-with very limited data availability, but that for glaciers for
tion sensitivities of the model need to reproduce the observedvhich more information is available, more complex models,
variance of the surface mass balance when subjected to olpotentially resolving the energy balance of the ice surface,
served, monthly temperature and precipitation variability. Fi- will be more appropriate and successful.
nally, we need to make sure that there is no temporal trend in We find the results obtained by the model driven with CRU
the model’s error, which is not measured by skill score at all.data in the regions low latitudes and New Zealand, i.e. the
In our model validation, we completely neglect uncer- extremely high reconstructed mass losses, questionable. The
tainty in the measured surface mass balance values, as welhlidation results in Tablé indicate that in these regions the
as in the geodetically determined volume and surface areanodel performance is particularly poor compared to all the
change measurements. This implies that the uncertainty esther regions (but there are too few validation points avail-
timates we obtain during the cross-validation, and the vali-able in these regions to allow for a statistically meaning-
dation using the geodetic measurements, will rather be estiful evaluation). In the low latitudes, a poor performance of
mated too high than too low. the model can be expected, since the temperature index melt
Our model has only one glacier-specific parametethat model applied here does not capture well the processes (e.qg.
is not either given externally (such as surface area, mini-sublimation) that typically are important for the surface mass
mum and maximum elevation, and location) or determinedbalance of tropical glacierdMolg and Hardy 2004 Mdlg
from climate data (such as temperature lapse rate). The oket al, 2008 Sicart et al. 2008 Winkler et al, 2009. In the
vious disadvantage of limiting the model to only one such case of New Zealand, the remoteness of the glaciers in terms
glacier specific parameter is the relatively poor performanceof nearby sampled glaciers may be the cause of the weak
of the model on the glaciers on which it can be evaluated, i.emodel performance (see Fifj2 panels ¢ and d). However,
glaciers that typically have more data available to allow for we find it remarkable that these two regions are the only ones
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Fig. 21. Cumulative regional surface mass balances relative to the 1986—2005 mean from the model forced with CMIP5 projections, up to
the year 2100. Light colored lines: model forced by individual CMIP5 ensemble members, solid lines: means of light colored lines. Crosses
on the left indicate mean and range of ensemble for each RCP scenario in the year 2100.

www.the-cryosphere.net/6/1295/2012/ The Cryosphere, 6, 129322 2012



1318 B. Marzeion et al.: Sea-level change from glaciers

300 F 420

2

250 <

40 2

200 2

w o

? 150 60 3

£ £

€ 100 E
80 &

50 £

2

<)

0 100 2

| | | | 1 1 1 1 1 1 >

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090
RCP26 RCP45 RCP60 RCP85 ensemble members
— RCP26 — RCP45 — RCP60 — RCP85 ensemble mean

-
s

ar 41 2

s

- 3 2
I o Q.
> 5
w aQ
® 2 5
£ | g
£ 1y H
00— >

I I I I I I I I I I i

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 >

year

Fig. 22. Cumulative global surface mass balances relative to the 1986—2005 mean (upper panel), and rates (lower panel) from the model
forced with CMIP5 projections, up to the year 2100. Light colored lines: model forced by individual CMIP5 ensemble members, solid lines:

means of light colored lines. Crosses on the left (upper panel) indicate mean and range of ensemble for each RCP scenario in the year 210(
Rates have been filtered with a 5yr low pass filter for clarity.

where the surface mass balance of the CRU-driven modeice sheet, strongly negative mass balances prevailed in 1923—
clearly lies outside the range of the model driven by “his- 1933, andBjgrk et al. (2012 report that many glaciers in
torical” CMIP5 reconstructions, particularly during the first Southern Greenland in the 1930s underwent a more rapid re-
half of the 20th century (Fidl9). This may indicate that not treat than in recent years. Sinteclercq et al(2011) have
only our model, but also potential problems in the CRU data,no length records available from the Russian and Canadian
contribute to the weak performance. Arctic on which to base volume change reconstructions, this
A somewhat surprising result from our reconstruction of may also explain why, in comparison, our reconstructed past
the 20th century surface mass balance is that the rates of massntribution of glaciers to sea-level rise is higher. It is nev-
loss have decreased throughout most of the 20th century, akrtheless questionable whether the exceptionally high mass
ter a peak around the 1930s, until very recently (Hi§). losses reconstructed from peripheral Greenland, the Cana-
But high rates of glacier mass loss during the first half of dian and Russian Arctic are real. Much of the mass loss re-
the 20th century have been reported before: Zdganowicz  constructed in these regions comes from marine-terminating
et al. (2012 document high melt rates in the Canadian Arc- glaciers, whose size is probably dynamically limited. More-
ticin the 1950s, comparable to the melt rates observed duringver, volume changes of floating glacier ice do not affect sea
the most recent years. Whiteeberg and Formg2007) find level. Since our model neither captures the ice dynamics of
a strong retreat of glaciers in the Russian Arctic occurring be-these glaciers, nor is able to distinguish between mass loss
fore 1954, they reconstruct a strongly negative surface masgom ice that is afloat and land-based ice, it is very possi-
balance for the Shokal'ski Glacier around 1960, coincidingble that the sea-level contributions from marine-terminating
with the negative surface mass balances in our reconstructioglaciers are overestimated in the past. In fact, Eitp indi-
for the Russian Arctic. FinallyChylek et al.(2006 find that  cates that our model not only underestimates volume changes
the warming in Greenland between 1920 and 1930 was obf calving glaciers, but that the error distribution is wider for
similar magnitude to that during 1995 to 2005, but at a highercalving glaciers than for non-calving glaciers on both sides.
rate,Box et al.(2009 conclude that even the magnitude was This implies that there are calving glaciers which have lost
33 % bigger than that of the warming observed from 1994 toconsiderably less mass in the past than reconstructed from
2007, Fettweis et al(2008 estimate that the surface mass our model, and the lack of an adequate representation of ice
loss rates of the Greenland ice sheet in the 1930s were whatynamics in our model, as described above, may be the rea-
can be expected again only around 210@ke et al (2009 son.
conclude that, particularly in the periphery of the Greenland
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Fig. 23. Cumulative regional surface mass balances relative to the 1986—2005 mean from the model forced with CMIP5 projections, up to
the year 2300. Light colored lines: model forced by individual CMIP5 ensemble members, solid lines: means of light colored lines. Crosses
on the left indicate mean and range of ensemble for each RCP scenario in the year 2300.
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Fig. 24. Cumulative global surface mass balances relative to the 1986—-2005 mean (upper panel), and rates (lower panel) from the model
forced with CMIP5 projections, up to the year 2300. Light colored lines: model forced by individual CMIP5 ensemble members, solid lines:
means of light colored lines. Crosses on the left (upper panel) indicate mean and range of ensemble for each RCP scenario in the year 230(
Rates have been filtered with a 5yr low pass filter for clarity.

Finally, our approach to obtain a global estimate by assum2100 (RCP85 scenario). Independent of scenario, a new equi-
ing that Antarctic peripheral glaciers behave similar to thelibrium is approached towards the end of the 23rd century,
global mean is hard to justify, and it introduces uncertainty but with substantial differences between the different sce-
that is hard to quantify. Upcoming studies may shed morenarios in the amount of ice retained — reaching from nearly
light on the behavior of Antarctic glaciers, and may allow for complete deglaciation in some of the RCP85 scenarios (cor-
better approaches to reconstructing and projecting the masgsponding to> 450 mm SLE mass loss) to less than 50 %
balance of the Antarctic glaciers in the future. Until then, global ice mass loss in some of the RCP26 scenarios. Up to
our estimates including upscaled mass changes from Antarc2100, ensemble spread tends to be the largest source of un-
tic glaciers (i.e., the global sums) should be interpreted withcertainty. Towards 2300, scenario uncertainty becomes more
caution. important.

9 Conclusions Supplementary material related to this article is

available online at: http://www.the-cryosphere.net/6/
We have presented the construction, validation and applicai 295/2012/tc-6-1295-2012-supplement.zip

tion of a model of the global surface mass balance of glaciers
from 1850 to 2300, based on observed climate data, climate-
model based reconstructions of past climate, and projections
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