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Abstract. A large part of present-day sea-level change isnificantly reduce the uncertainty in calculating the GIC con-
formed by the melt of glaciers and ice caps (GIC). This studytributions, and are therefore crucial actions to improve future
focuses on the uncertainties in the calculation of the GIC consea-level projections.
tribution on a century timescale. The model used is based on
volume-area scaling, combined with the mass balance sensi-
tivity of the GIC. We assess different aspects that contribute )
to the uncertainty in the prediction of the contribution of GiC 1 Introduction
to future sea-level rise, such as (1) the volume-area scalin%
method (scaling factor), (2) the glacier data, (3) the climate
models, and (4) the emission scenario. Additionally, a com-
parison of the model results to the 20th century GIC contri-
bution is presented.

We find that small variations in the scaling factor cause

ea-level change is an important issue in the field of cli-
mate change. Currently, the largest contributions to sea-level
change are the addition of mass through land ice melt and the
thermal expansion of the ocean watBindoff et al, 2007).

The land ice contribution consists of mass loss from the two

significant variations in the initial volume of the glaciers, but 12r9€ ice sheets (Greenland and Antarctica) and the glaciers
only limited variations in the glacier volume change. If two and Ice caps (GIC) outside the ice sheets. ,BOth are important
existing glacier inventories are tuned such that the initial voI-ContrIbUtlonS and need further consideration for future sea-

ume is the same, the GIC sea-level contribution over 100 yIJevel predictions. Here we focus on the contribution of the

differs by 0.027 m or 18 %. It appears that the mass balanc&'C- ]
sensitivity is also important; variations of 20 % in the mass _ 1here are several methods to calculate the evolution of
balance sensitivity have an impact of 17 % on the resulting®!C in time and their response to climatic changes. A physi-
sea-level projections. Another important factor is the choiceC@lly Pased approach would be to use flow line models forced
of the climate model, as the GIC contribution to sea-levelPY @ppropriate mass balance schemes. However, these re-
change largely depends on the temperature and precipitatiodtire detailed input, such as glacier bed topography, ice
taken from climate models. Connected to this is the choicelickness and knowledge of the microclimate, which is avail-
of emission scenario, used to drive the climate models. Com@P!e for only a few glaciers around the world. Itis therefore
bining all the uncertainties examined in this study leads to a0t Possible to use this approach on a global scale yet. As
total uncertainty of 0.052m or 35% in the GIC contribution @n alternative, scaling methods are used, which are based
to global mean sea level. Reducing the variance in the cli-O" relatively simple geometric features of glaciers, such as

mate models and improving the glacier inventories will sig- the 1ength or the area, and their relation to the volume of
the glacier. Examples are volume-length scali@gilemans

et al, 2007, Leclercq et al.2011), volume-area scaling (e.qg.
Correspondence toA. B. A. Slangen Bahr et al, 1997 Van de Wal and Wild2001), or volume-
BY (a.slangen@uu.nl) area-length scalingRadic and Hock2011). These methods
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use empirical relations derived for a small set of glaciers,for the total GIC contribution to sea-level change than in
which are extended to a global scale. This is supported bySlangen et ali2011).
theoretical analyses yahr et al.(1997). Additionally, the Details of the model set-up and the data used in this study
required mass balance changes may be obtained by usirgre presented in Se@. A comparison of the model results
seasonal sensitivity characteristi@eflemans and Reichert for the past GIC contribution and a description of the refer-
2000, by modelling the changes in mass balance profilesence experiment is presented in S&tt.In Sect.4, which
(Raper and Braithwait®0086), by applying a simplified mass forms the core of this paper, the sensitivity studies are de-
balance modelRadit and Hock 2011), or by using a rela-  scribed. We distinguish uncertainties related to the volume-
tion between mass balance sensitivity and precipitation (e.garea scaling method (Sedt.l), the glacier data (Sect..2),
Gregory and Oerleman$998 Van de Wal and Wild2001). the choice of climate model (Seet.3), and the choice of
An even more direct way to obtain a global estimate of GIC emission scenario (Seet.4). Finally, in Sect5, a summary
changes is to use a scaling relation between global temperaf the findings in the previous sections is presented.
ture change and total ice volume without area size classes or
latitudinal dependence, as applied in the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Repoﬁ
(AR4) (see Appendix 10.A.3 iMeehl et gl, 2007h. 21 The volume-area model
Over the past few years, several studies have presented es-

timates for the twenty-first century GIC sea-level contribu- the volume-area scaling method (eBghr et al, 1997 Van

tion using different methods. IPCC AR4 projected a con- 4o \\a| and Wild 2001 assumes that the area of a glacier is
tribution of 0.08-0.15 m sea-level equivalent (SLE) for the proportional to its volume using a power law:

A1B scenario feehl et al, 20078, based on a range of

climate models and three different values for the initial vol- v = A7, (1)
ume of all glaciers. As a follow-up on IPCC AR#jeier

et al.(2007) estimated a GIC contribution of 0.1-0.25 m SLE wherec andy are scaling parameters. For glacigrss set

by 2100, where the range originates from two assumptiongo 1.375 Bahr, 1997 Chen and Ohmural990. Forc, Van

for the acceleration of ice loss. Another estimate was pre-de Wal and Wild(2001) used a value of 0.12¥1%" to ob-
sented byPfeffer et al.(2008, who found a GIC contribu- tain a total GIC volume of 0.50 m sea-level equivalent (SLE)
tion of 0.17-0.55m SLE by 2100, based on kinematically including GIC surrounding Antarctica and GreenlaRédt
constrained scenario®ahr et al.(2009 used the accumu- and Hock(2010 use a value of 0.2055%1% and arrive at
lation area ratio (AAR) and calculated that GIC contribute 0.60 m SLE for their glacier inventory. Here we varyrom
0.18 m SLE before they are in balance with the current cli-0.05 to 0.30 =2 in the sensitivity analysis (Sedt.1.2,
mate. However, none of these studies provide regional estiand use 0.2055#12 as the reference value. For ice caps,
mates of GIC volume changes. The latter is done in a receny is set to 1.25 and to 1.7026 n¥~2”, assuming an ice cap
study byRadit and Hock(2011), who find a global mean with a circular baseRaterson1994 . These ice cap values
contribution of 012440.037 m SLE. They use volume-area- are kept constant throughout the study, because variations in
length scaling to calculate regional glacier mass changes i of £25% were found to lead to very small variations of
response to climate model projections. Another study thatt0.5% in the sea-level contribution.

Data and methods

provides regional estimates Blangen et al(2011), who The specific glacier model used in this study is developed
use volume-area scaling and arrive at a GIC contribution ofby Van de Wal and Wild2001), and it calculates the evolu-
0.17+£0.04 m SLE. tion of GIC in time given a certain initial glacier inventory.

The current study does not aim at improving the estimateThe volume change of all GIC is calculated while account-
of the GIC sea-level contribution as most of the above studiedng for the change of glacier area)in time (¢), temperature
do, but at providing insight into the uncertainties of the GIC changes AT) and precipitation changed ), by applying
contribution. the following expression:

The model used here is based on the volume-area nom
scaling method, which builds on concepts developed byd_VZZ AQ k1)

Bahr et al (1997 and was applied for sea-level projections 4t i=lk=1

by Van de Wal and Wild2001) and Slangen et al(2011).

The model uses the volume-area relation in combination With{ ATs(j,1)
a relation for the mass balance sensitivity of the glaciers

and the amount of precipitation. The present study uses thén Eq. ), glacier areaA is summed oven regions and
same approach and data as 8langen et al(201]) study, m size bins. dTs are local summer temperature variations
with the only difference that Antarctic glaciers are excluded (summer is JJA in Northern Hemisphere, DJF in Southern
here to enable a comparison to the older inventory used byHemisphere), and7,,s are non-summer temperature varia-
Van de Wal and Wild(2001). This leads to a lower value tions. The mass balance sensitivity is a function of the local
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Table 1. Regions and initial volume in 1990 (Khused in this study.

This study Region name (R10) Volume Region name, number (WO01) \Volume
(kmd) (kmd)

1 Arctic Canada Arctic Canada 81943 North Canada, 1-6 63149

2 Alaska Alaska/W. Canada/W. US 30519 Alaska/Rocky Mountains, 7-30 21802

3 Iceland Iceland 4558 Iceland, 53-57 2191

4 Svalbard Svalbard 10199 Svalbard, 58 6995

5 Scandinavia Scandinavia 222 Scandinavia, 62—-63 155

6 Russian Arctic Franz Jos./N. Zemlya/S. Zemlya 17658 Franz Josef, 59-61 11134

7 East Russia North and East Asia 168 East Russia, 88-93 351

8 Central Europe  Central Europe 192 Central Europe, 64-65 130

9 South Russia Caucasus 88 South Russia, 66—69 374

10 Central Asia High Mountain Asia 12536 Central Asia, 70-87 24514

11 South America  South America /Il 7570 South America, 31-52 14873

12 Africa - 0 South Africa, 94-96 0.2

13 New Zealand New Zealand 82 New Zealand, 98-100 219

14 Greenland Greenland 16099 Greenland, 101-135 36398

annual precipitatiornP according to the relations froduo 2.2 Two glacier inventories
and Oerlemangl997) (Z97):

aB — _0.259p0427 3) In this study, two glacier inventories are used, in order to
dTs estimate the uncertainty related to the choice of inventory.
The first and default glacier inventory is an extended ver-
dB 0.683 0.427 sion of the WGI-XF Cogley, 20093, which has a World
dThs —0.387P +0.259p ) “) Glacier Inventory core (WGINational Snow and Ice Data

Temperature T) and precipitation ) are taken from Center 1999, updatedv2009and is combined with IceIangiic
Atmosphere-Ocean General Circulation Models (AOGCMs)@nd Alaskan dataRade and Hock 2010. The GIC are di-
(Meehl et al, 20073 using the nearest neighbour approach. vided into 19 large regions, of which two are located around
This introduces an uncertainty in the GIC contribution to sea-~ANtarctica. As the second inventory (described below) does
level change which will be further treated in SettBoth7 ~ NOt contain any Antarctic data, the two Antarctic regions of
and P are time dependent, which implies that the mass balthis |r}v§antory will _be excludgd from this comparison. Oof th(_e
ance sensitivity itself changes over time as well. _remamlng 17 regions, 7 reg|ons' have an mcomplete glacier
All values for initial volume ¢;) and the GIC contribu- inventory. To complete_ these regions, an upscaling procedure
tion to sea-level changss¥) shown in the next sections IS Performed as described Radt and Hock(201Q. Then,
are, unless explicitly mentioned, mean values of calculationd® ©Ptain the new number of glaciers per size bin, we divide
with temperature and precipitation scenarios obtained fronf€ upscaled area by the average area in the size bin before
12 AOGCMs Meehl et al, 20073. The set of AOGCMs upscall'ng. Itis gssumed that the entire upspaled area consists
will be referred to as a model ensemble, and will be more©f glaciers, which slightly changes the ratio of glaciers and
thoroughly described in Se@.3. ice caps. However, tests sh_oyv that this_influ_ence is negligi-
The imbalance of the GIC with climate is accounted for by Ply sSmall. We sort the remaining 17 regions into 14 regions
starting the calculations in 1865, and applying a global tem-8S Shown in Tabld. Using these 14 regions of Z97 facili-
perature increase of 0°C 100yr! over the period 1865— tates a comparison ®adt and Hock(2010 .data leth the
1990 (Trenberth et a).2007). The importance of the imbal- second glacier inventory. The total area in fRadt anq
ance of the GIC with climate is tested in SettL.3 by apply- ~ H0ck (2010 data set is 568 709 kfn Each reglon has_za Siz€
ing data of Z97, which cover the period 1865-1990. For thisd'limkﬁt'on_'zn 18 size classes, ranging fron2™>km~* to
reason we adopt 1990 as the starting year for the future coré —2 KM~ “. We will from now on refer to this glacier in-
tribution. The starting volume and area in 1865 are calculated/eNtory as R10.
iteratively, such that the modelled volume and area in 1990 The second inventory used in this study also has a WGI
agree with the glacier inventory. The model calculations arecore, but uses an older version than the R10 data set. Fur-
continued for another 100 yr after 1990, which results in a to-thermore, the treatment of data-sparse regions differs from
tal of 225 modelled years. Future volume changes are thereR10. This inventory consists of 135 regions, of which 100
fore defined as the difference between 1990 and 2090. regions are the main glaciated regions outside the two major
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1. Arctic Canada

Table 2. CMIP3-Models used in this study.

2. Alaska
3. leeland Model name Reference
4. Svalbard .
5. Scandinavial BCCR-BCM2.0 Furevik et al.(2003

CGCM3.1(T47) Flato (2005
ECHAM5/MPI-OM  Jungclaus et a(2006

6. Russian Arctic

7. East Russia

GFDL-CM2.0 Delworth et al (2009
8. Central Europe
o South Russia GFDL-CM2.1 Delwqrth et al.(2006
10, Contral Asia GISS-EH Schm!dt et al(2006
' _ GISS-ER Schmidt et al(2006
11. South America GISS-AOM Lucarini and Russe(2002)
12. Africa MRI-CGCM2.3.2  Yukimoto and Nod42002)
13. New Zealand B R10 MIROC3.2(hires)  K-1 model developer§2004
14. Greenland : ‘ ‘ ‘ I W01 | NCAR-PCM Washington et al2000
0 5 10 15 20 25 UKMO-HadCM3 Gordon et al(2000
Initial area per region (%)
Fig. 1. Relative initial GIC area per region for the two glacier in-
ventories. 2.3 Twelve climate models

The glacier model requires information on atmospheric tem-
ice sheetsQerlemans1993 Z97), and 35 regions are lo- perature and precipitation to calculate the glacier contribu-
cated around the Greenland ice sh&@in(de Wal and Wild  tjon to sea-level change. These values are taken from the
200). The 135 regions are also merged into 14 large regionsyesults of simulations with AOGCMs, of which the names
as shown in Tablé. The total glaciated areain this data setis gnqd references are presented in Tabl@hese models are a
597613 kni. For 41 of the 135 glaciated regions a size dis- sybset of the World Climate Research Programme’s CMIP3
tribution is available in 15 size classes (fromf227°km~?  myitimodel data setMeehl et al, 20073 used for IPCC
to>29km~2). For the 35 regions on Greenland itis assumedaR4. This subset contains 12 models and was also used by
that all glaciers are in the largest possible size class. The regjangen et al(2011). In this study we mainly consider the
maining 59 regions are assigned the average size distributiogmission scenario A1B, as defined in the IPCC Special Re-
of the 41 regions which have a size distribution. From now port on Emission Scenariolékicenove and Swart2000).
on we will refer to this glacier inventory as WO1. In Sect.4.4, the uncertainty resulting from the choice of

As the GIC contribution to sea level is dominated by the emjission scenario will be discussed, by using scenarios B1
large size classes we prefer the R10 data set as the refegnd A2. The ensemble mean global average temperature
ence inventory, since it has a better subdivision of the larggncrease in 2090-2099 w.r.t. 1980—1999+i8.8°C (1.7 to
classes than the W01 data set. Nevertheless, we will alsg 4°C) for the A1B scenario+1.8°C (1.1 to 2.9C) for B1,
use the W01 data to show how differences in the inventory,gnd+3.4°C (2.0 to 5.4C) for A2 (Meehl et al, 2007H.
upscaling and area binning contribute to the uncertainty in - Ag the resolution of the different climate models is highly
the calculation of the GIC sea-level contribution. It also al- ygriable, the data are bilinearly interpolated to one grid to be
lows for a comparison of the recent inventory to earlier re- gpje to construct an ensemble mean. We choose a grid with
sults (Sect4.2.1). 512 longitude points and 256 latitude points, as this is the

In Fig. 1 it can be seen that the division of glacier area grig used in the sea-level model that calculates the sea-level
over the regions is similar for both inventories. However, aspatterns resulting from land ice mass changes.
the volume-area relation is non-linear, the volume also de- |y order to apply the ensemble mean climate forcing to
pends on the size distribution of the glaciers in each regionhe two glacier inventories R10 and W01 we use temperature
and thus the volume will not necessarily be equal for bothang precipitation differences between 1980-2000 and 2090—
data sets. These differences in the initial volume in 198D ( 2099. The values at each of the 135 locations of the W01 data
are a potential source of uncertainty and will be addressed iet gre averaged over the 14 regions as defined in Table
Sect4. These mean values are used as forcing for the volume-area

model. This procedure is necessary as the locations of the
upscaled GIC in R10 are only known by region.

The Cryosphere, 5, 67886, 2011 www.the-cryosphere.net/5/673/2011/
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3 Reference experiment and past sea-level contribution 00—
—Wo1

3.1 Reference experiment g 00 Cogley (2009b) y,

g _ — Leclercq (2011)

A reference experiment is defined for the remainder of this§§,’ o

study, using the R10 glacier inventory. The referemcén gi -0.02}

1990 is calculated using Ed) with c =0.2055n?~2 and ~ ¢§

y = 1.375, which are the values proposed by R10. This re- = %

sults in aV; of 1.8122x 10m3, or 0.50m SLE. Note that  $&

ice caps are included using=1.7026 n%-2 andy =1.25. £

These ice cap values are kept constant throughout this studg £ 008

and variations on model parameters will only be performedz2

on the glacier part, which is the largest contribution: 89%  °*°[

glacier areavs. 11 % ice cap area. The value of 0.50 m SLE is

012 . . . . . . .
1860 1880 1900 1920 1940 1960 1980 2000 2020
Year

lower than the original value by R10 (0.60 m SLE), because
glaciers around Antarctica are excluded as they are not ex-
plicitly located in R10 and only taken into account by a scal- Fig. 2. Global average GIC sea-level contribution (m) relative to
ing consideration in WO1. Using the settings as described irL990.
Sect.2.1, we compute a sea-level contribution for 1990-2090
(8V) of 0.149+0.022 m SLE for the reference experiment.
To compare the results for the two glacier inventories, the
total V; of the W01 inventory is tuned such that it equals
the totalV; of the reference experiment R10, by varying the
scaling factorc in Eq. (1). The value found for WO1 is
¢ =0.144n?~2?, This value forc is slightly larger than the
original value adopted by W01 of 0.12m?”, which would
yield aV; of 0.42 m SLE for all glaciers except the Antarctic
region, and 0.5m SLE including glaciers around Antarctica
and Greenland. With a of 0.144n¥~2” and all other set-

tings as in the reference experiment, we find for the W01 ) .
glacier inventory @V of 0.176+0.025 m SLE. wards. In Fig.2 the Cogley data shows pentadal variabil-

Using the two glacier inventories thus leads to a difference'ty’ which is not present in WO1 and R10 because a uniform

of 0.027 m SLE insV, which is quite large: 18 % difference temperature increase was applied. The model results_ are also
. . compared to the values dfclercq et al(2011), who find

with respect to the R10 reference inventory. The reason for, ibut f for th od
this difference will be analysed in Sedt2.1 a contribution of 0078+ 0.022 m or the period 1865-1990.

' R10 and W01 show a smaller increase for the 1865-1925 pe-
riod thanLeclercq et al(2011), which is probably caused by
a different history before 1865. The volume-area model as-
The model is set up such that a steady state with the prevai|§umes all glaciers to be in balance with climate before 1865,

ing climate is assumed before 1865, after which a tempera\_/vhereas thd.eclercq et al.data are already in imbalance in

ture perturbation of @°C 100yr 1 is applied for the period 186.5 Leclercq et al. 201], their F|g.' 6). Neverthelessz thg
1865-1990. By imposing this temperature perturbation it isp.e”.Od after 1925 shows a cumulgtlvg sea-level contrlbutlon
ensured that GIC are not in a steady state in 1990, which i§|m|lar to our experlmentsl, which indicates that applylng the
very important for future projections (Z9¥an de Wal and |mbal_ance of 07°C 100 yr for the 1{365._1990 period is ap-
Wild, 2007. Other methods to account for the imbalance propriate when calculating the contribution from 1990-2090.

with climate are for instance by modelling the accumula-

tion area ratio (e.gBahr et al, 2009 or the equilibrium-line 4 gensitivity experiments

altitude (e.g.Raper and Braithwait€2006. The influence

of the choice of temperature perturbation will be shown in A set of sensitivity experiments is described in this section.

Sect.4.1.3 First, the model set-up is investigated, by varying some of
For the reference experiment, the 1865-1990 GIC seathe model parameters. The three experiments that will be dis-

level contribution is 0.057 m for the R10 data and 0.064 m forcussed are the mass balance sensitivity (8ettl), the scal-

the W01 data. In Fig2 the modelled sea-level contributions ing factorc in Eq. (1) (Sect.4.1.2 and the imbalance histo-

of R10 and W01 (blue and red line, respectively) are com-ries (Sect4.1.3. Next, the input of the model, i.e. the glacier

pared to the pentadal mass balance seri€zogfey(2009H data, is discussed in Seet.2 Finally, the twelve climate

(green line) and the estimated GIC contributiorLetlercq
et al.(201] (black line). The latter is a global reconstruction
of glacier length records back to 1800 using volume-length
scaling Bahr et al, 1997 Oerlemans et 312007). Note that
the total area differs between the data s€egley(2009h
uses 785000kA; Leclercq et al.(2011) use 704000 krh
(both include Antarctic glaciers), W01 has a surface area of
597 613 knd and R10 is the smallest with 568 709 kiiboth
R10 and WO01 exclude Antarctic glaciers).

The data ofCogley (20098 are available from 1950 on-

3.2 Past sea-level contribution

www.the-cryosphere.net/5/673/2011/ The Cryosphere, 5,688@32011
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Fig. 3. Initial GIC volume (;) relative toV; .—g 20, and 1990-2090
GIC sea-level contributiors¢’) relative tosV,._g 20.

models (Sect4.3) and the influence of different emission
scenarios are discussed (Séct).
4.1 Glaciological analytical uncertainty

4.1.1 Mass balance sensitivity

A. B. A. Slangen and R. S. W. van de Wal: Uncertainties in glacier contribution to sea level change

less important than variations in the mass balance sensitiv-
ity itself given a range of variation of 20%. With respect
to the reference experiment, varying the mass balance sensi-
tivity by +20% leads to a deviation of 0.026 m SLE in the
projected sea-level change.

4.1.2 Scaling factorc

In this second sensitivity experiment, the scaling factor
Eq. (1) is varied by a range of 0.05 to 0.3¢nf”. This in-
fluences not only the 1990-2090 contribution of GIC to sea-
level changedV), but also the initial volume in 1990V(),
because both are calculated by applying the volume-area re-
lation (EqQ.1) to the glacier data.

The results in terms of; andsV for variations in the scal-
ing factorc are shown in Fig3. In this figure, the values ob-
tained forV; andsV with ¢ =0.20 n®~2” are taken as refer-
ence values, and the quantities showngrandsV relative

to these reference values for a range of values ofﬁm

and 5. Figure3 shows that the scaled increases lin-
early W|thc for both the RO1 and the W01 glacier inventory.
However, the scaledlV shows a different, less sensitive, re-
sponse than the scalddl to an increase im. If values for

¢ are varied by+0.05mP~2" (25%), V; changes by 25 %,
while 8V varies by only 9% (0.014 m SLE). This means that
small deviations irc will not have a large influence on the
modelled contribution of GIC to sea-level change. This is
encouraging sinceis poorly constrained and may therefore

The mass balance sensitivity of a glacier indicates how thesary between glaciers and regions, which is reflected by the
mass balance responds to changes in temperature and precififferent values that can be found in the literature (Bajr,

itation. Oerlemans and Fortuif1992 found that it strongly

1997 Chen and Ohmurd 990.

depends on the amount of precipitation the glacier receives The cause of the different responselofands V to varia-

in a year. We therefore use EQg8) @nd @) to relate mass

tions inc can be explained by the fact that GIC in a chang-

balance sensitivity to precipitation, as proposed by Z97. Theing climate generally do not reach a new equilibrium state
mass balance sensitivity relation is a parameterisation baseig 100 yr time, except smaller glaciers, which may disappear
on mass balance observations on 12 glaciers described isompletely. This is illustrated in Figt, where the volume

Oerlemans and Fortuif1 992 andOerlemang1994), which
has been confirmed yraithwaite and RapgR002. How-

evolution in time for a few glacier size classes is shown. The
figure also shows that the GIC in the larger size classes are

ever, the mass balance sensitivity may vary between differengtill in the transition phase of adjusting to climate change. In
climate zones, and those 12 glaciers possibly are not reprahe volume-area approach, GIC can only reach a new equi-
sentative for the entire distribution of GIC on Earth. Hence, librium by disappearing, unlike the methods Réper and

we study the effect of the uncertainty in the mass balanceBraithwaite (2006 or Radi and Hock(2011), which can

sensitivity.

reach a new equilibrium over time. However, these methods

To test the consequences of variations in the mass balana@quire more information on the GICs hypsometry, which is

sensitivity, we apply a variation a£20 %, which is consid-

not available for all glaciers. Additionally, larger glaciers

ered a fair estimate of the uncertainty due to the limited datawill not reach an intermediate equilibrium within 100 yr, and
set used to derive the sensitivity. Additionally, the precipita- therefore the volume-area method provides sufficient results
tion used to calculate the mass balance sensitivity is variedor this period.

by +20 %.
Varying the total mass balance sensitivity 20 % leads

Figure4 suggests that the volume evolution in time can be
described by amrccotanfunction. This is the case for all

to a deviation of 17 % in the future sea-level contribution. glacier size classes separately, but also for the total GIC vol-

Varying the precipitation rate by-20% leads to smaller

ume. Hence, the evolution of volume with tinre 1, =1865)

changes I8V of 12 %, since variations in precipitation rate can be written as:
are related to variations in mass balance sensitivity through

b4 t-D
Egs. B) and @). Thus, differences in precipitation rate are V= E+arccotan?,
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Fig. 4. Volume evolution (m) in time fofa) every second size class
for reference experiment R10 aflg) close-up of the smallest 5 size
classes ir(a).

where V* is % D is the year wheréd/; is 0, andE is a

Table 3. Results of fits on the evolution f (Eq.5) for 3 values of

¢ (Eq.1), using the R10 dataV,_qyr represents the 1865 volume,
Vi=125yr the 1990 volumey;_225yr the 2090 volumeD and E

are fitted constants in yr. Sea-level equivalent (SLE) is calculated
assuming an ocean area 063x 108 km?.

SmallV; MediumV; LargeV;
c=0.1 c=0.15 c=0.2

Vi—oyr (SLEm) 0.33 0.44 0.54
Vi—oyr (10°kmd) 1.22 1.58 1.97
Vi—125yr (10°km3) 0.99 1.39 1.78
Vi—225yr (10°km3) 0.61 0.95 1.30
D (yr) 338 402 454
E (yr) 204 240 270
DIE 1.66 1.68 1.68
Volume loss(10°km3) ~ 0.38 0.44 0.48

with ¢, being ¢-D)/E. As E ranges from 200 to 270, this
implies that for the first 200 yr differences in the volume loss
over time are small. We indeed see that whes varied by
+25 %, thes V* between 125 and 225 yr varies by only 10 %.
As a consequence, the exact value: @ not that important
within the time frame considered.

We have performed a similar sensitivity study on the other
parameter in Eq.1), y. Available estimates foy are 1.375
(Bahr, 1997, used in this study, and 1.3B&hr et al, 1997).
The range over whicly is tested is based on the differ-
ence between the two estimates: 1.345 to 1.405 with steps
of 0.015. From this we also find th&} is more sensitive to
the choice of the scaling exponenthansV, which is fairly
insensitive to variations ip.

4.1.3 Imbalance in 1990

Throughout this study, the 1990 imbalance of the GIC is sim-
ulated by imposing a temperature change .@*C 100 yr 1

for the period 1865-1990, which is in line with the IPCC
AR4 estimate (see Table 3.2Tmenberth et a).2007). How-
ever, in this section we will impose a range of different op-
tions for the imbalance on the R10 data to quantify their in-
fluence on the future sea-level change.

mathematical constant describing the fit without any specific The first option we explore is to calculate the GIC contri-

physical interpretation. EquatioB)(is only valid forz < D.

bution without an imbalance. This means that the glacier

As an example, fits have been made for the R10 data set ahodel starts its calculations in 1990, which clearly influ-
the total modelled GIC volume for 18652090, for different ences the resulting contribution (F#g. light blue line) with
values ofc. The parameters resulting from the fits are showna difference as large as 39 % from the reference experiment

in Table3. From the Table it appears that, while and E
both increase for largeV;, D/E is more or less constant.
The derivative of Eq.5) reads:

sV* 1

- 6
st 14142 ©

www.the-cryosphere.net/5/673/2011/

(0.7°C 100yr 1, black line). However, it is not very realis-
tic to assume that GIC are currently in balance with climate,
and this option shows how important it is to include an im-
balance, as it has a large influence on the future sea-level
contribution (compare e.g. Z97).

As a second test, the rate of temperature change for 1865—
1990 is varied: 6°C100yr! (Fig. 5, magenta line) and

The Cryosphere, 5,@862011
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Fig. 5. GIC sea-level contribution (m) for different imbalance op- Fig. 6. Initial GIC volume per region relative t¢; for the two
tions, R10 glacier inventory. inventories ¥i r10= Vi,wod-

0.8°C100yr? (green line). For the sea-level contribution fluence on the past contribution, does not have a large impact
before 1990 this results in deviations of abei®t.01 m from  on the future contribution.
the reference in 1865. However, for the future sea-level con- As can be seen in Fid, the different options for the im-
tribution the differences are in the order80.005 m, which ~ balance show larger deviations in the past volume change
is about 4 %. This indicates that the exact value of the ratehan in the future contribution. The past contribution acts as
of temperature change is not a large source of uncertainty foa spin-up period, and starts with all glaciers in balance with
the future contribution, as long as the value chosen is closelimate. Depending on the prescribed climate, the glaciers
to the observations. are brought in imbalance with climate, leading to relatively

Another factor that influences the volume change is thelarge deviations from the reference run. For the future con-
precipitation. Increasing the initial precipitation rate in 1990 tribution however, the climate is taken from the AOGCMs,
leads to a |arger contribution from the GIC to sea-level SO the only difference is the initial imbalance in 1990. It
change, because the mass-balance sensitivity highly depen@®pears that this leads to differences in the past being more
on the precipitation rate and will consequently increase. Thigeronounced than in the future contribution.
makes GIC more sensitive to temperature changes. We find Summarising, we find that if an imbalance is included
that an increase of 10 % in the precipitation rate in 1990 com+{all options except “no imbalance”), the average deviation
bined with a temperature change 060C 100yr® for the  in the future contribution is 0.009 m SLE, provided that
imbalance leads to a similar sea-level contribution by 2090the temperature increase between 1865 and 1990 is around
as a temperature increase of 6C 100yr-. The same holds  0.7°C 100yr .
for a temperature change of8®C 100 yr1 combined with
a precipitation decrease of 10 %. 4.2 Glaciological data uncertainty

To test the influence of regional variations, we now pre-
scribe a temperature change for each region separately, sird-2.1 Choice of inventory
ilar to the way the modeled climate changes are used for
the 1990-2090 period (see Se2it3). We test two options: In this section we consider the importance of the geometri-
for the first we use a compilation of historical temperaturescal input to the model and its influence on the resulting GIC
from Z97 (Fig.5, dark blue line); for the second we take the sea-level contributions(/). We compare the two glacier in-
regional temperatures from the 20th century climate modelentories using the reference experiment settings as defined
runs (20C3M, Fig.5, red line). Figure5 shows that for in Sect.3.1 As mentioned before, the initial area per region
the 1990-2090 contribution the Z97 data are very close tqFig. 1) is quite similar for both glacier inventories. Further-
the Q7°C 100yr ! option and the 20C3M data result in a more, since the experiment considered here is the reference
slightly smaller contribution. For the 1865-1990 contribu- experiment, alsd/; is similar. However,V; is not divided
tion, the difference is larger, 0.01 m for Z97 and 0.02 m for equally over the different regions. In Fi@.it can be seen
the climate models. This indicates that taking regional valueghat there are substantial differences between the two inven-
for the temperature change over the past, despite having irtories. In Central Asia, South America and Greenland the
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Area bin n (2"-2""" km’) (@  Fig. 8. GIC sea-level contribution per region relative to totl.

12

Fig. 7b. In this case, W01 classifies more GIC into the largest
1or i size bin than R10, which leads to a highgrfor the W01
data. Hence, differences I per region are often caused by
differences in the classification of GIC in size bins. These
classification differences are not only the result of the in-
creased number of glaciers in the R10 data set, but also due
to the division of large ice bodies into smaller glaciers.
al | The R10 reference experiment yieldss& of 0.149
+0.022mSLE, while using WO01 results in. 106+
0.025 m SLE, which is a difference of 0.027 m SLE. The un-
2r i certainty represents omeuncertainty among the 12 climate
I I I I I I models, and will be further discussed in Set¢i3. Fig-
0 ure 8 shows the ensemble med# per region relative td;
oo e (zf-z"” :mz) o 13 b) for both glacier inventories. The larger differencesl @)
between the two inventories are in regions with significant
Fig. 7. Initial (1990) GIC area (ki) per size bin for(a) Arctic contributions; Arctic Canada, Alaska, Svalbard, the Russian
Canada angb) Central Asia. R10 uses size bins (all GIC with Arctic, Central Asia, South America and Greenland. So, al-
area< 2-2km?) to 14 (> 214km?), WO1 uses size bins5 (< though theV; is the same, the regional contributions WGf
2=4km?) to 9 (> 27 km?). andsV differ significantly. This is important when local sea-
level change is the key interest rather than the global average
sea-level change.
regionalV; in R10 is smaller than th&; in W01, while the The relative values in Fig§ and 8 show how the mass
opposite is true for Canada, Alaska and the Russian Arctic. change is divided over the regions, but not how this relates to
To explain the cause of these differences, we focus on Arcthe V; per region. Therefordy; and the GIC volume change
tic Canada and Central Asia. Arctic Canada occupies 25 %are presented in m SLE per region in F&. This immedi-
of the initial area in both data sets, but thediffers substan-  ately shows the largest glaciated regions and the regions with
tially (10% more in R10). Figur&@a shows how the total the highest mass loss. Theof R10 is clearly larger in Arc-
area is divided over the size bins: the largest W01 size birtic Canada, Alaska, Iceland, Svalbard and the Russian Arctic,
(> 2°km?) contains most of the W01 area, where the R10while W01 shows larger values in Central Asia, South Amer-
size bins (until> 214km?) allow for a more precise classi- ica and Greenland. The totaV is larger for the W01 data,
fication of these larger GIC. To calculate the volume of thewhich is mainly caused by differences in Central Asia, South
GIC, the average area in the size bins is used. In the volumeAmerica and Greenland. This can again be explained by the
area relation, volume increases with the 1.375 power of thevay GIC are classified into size classes in the two invento-
area, which means that the larger size bins of R10 result in aies.
larger volume, explaining the differemt for this region. As For each of the two data sets, the sea-level change pat-
a second example, the size bins for Central Asia are shown itern resulting from the ice mass changes is computed with

@
T
I

Total area in bin (kmz)
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a sea-level modelSchotman2008. This model calculates
a gravitationally consistent field of sea-level change while |
accounting for rotational processes. For more information
on the model, the reader is referred3fangen et al(2011).

The model results are shown in Fiida, where the percent-

age presented i%ﬂ- 100 %, which is the local sea-

level change due to GIC relative to the global mean sea—leve}:ig_ 10. (a)Local sea-level change (1990-2090) relative to the

change due to GIC. In the figure, values below zero imply agnsemble global mean sea-level change (%) (R10, global average
sea-level drop, values between 0 and 100 % imply a sea-leve.149 m). (b) Difference in relative sea-level change (%) (R10—
rise below the R10 global average, and values above 100 %v01).

indicate a sea-level rise larger than the global average. Fig-

ure1l0a shows that, except for Patagonia, the Southern Hemi-

sphere will experience a sea-level rise greater than averagd,;2.2 Data uncertainty

the Northern Hemisphere a rise less than average and parit/?/h_l in th i i ) )
of the Arctic region will even experience a sea-level drop '€ IN the previous section two inventories were com-

from the contribution of GIC. This is because most g|(,chi(_}rspared, this section will consider the measurement uncertain-

are situated around the Arctic, where the largest decrease iHES Of €ach of the glacier inventories. These uncertainties

ice mass will be and thus the largest changes in the graviare for instance due to the data being obtained from various

ational field. Differences further inland, such as in Central SOUrces, or not all regions being complete. To show how this
Asia, only have a minor effect. influences the GIC sea-level contribution, we vary the initial

In Fig. 10b the differences in the sea-level change patternC!C area by an arbitrarily chose10%. For R10, this re-

between R10 and WO1 are shown in percentages. A posi§ults in variations in the GIC contribution ¢f0.017 m, while

tive value indicates that R10 has a larger relative sea-levefo” W01 itis£0.019m. This is a deviation of 11 % with re-

change, while a negative value implies a larger relative segSPectto the reference value, which is substantial. This shows

level change for WO1. Regions with substantial differencestnat it is of great impprtance tha_t the glacier inventories are
completed with the highest possible accuracy.

between the two inventories are Patagonia and the high Arc
tic, where the largest differences in sea-level pattern can b%f
found close to the largest melt sources. This is a consequence
of the non-linear pattern of the gravitational adjustment with The ensemble mean sea-level change (1990-2090) calcu-
a strong response close to the source of mass change andfe( for the reference experiment i¢49+0.022 m SLE for
gradual transition in the far field. Consequently, further awayr 10 and 0176+ 0.025 m SLE for WO1. These uncertainties
from the melting ice the patterns of R10 and WO1 are Veryare pased on the spread in the climate models used for the
similar. calculations (Sec®2.3). In this section we consider thd/

for the twelve climate models individually. In Fig1, §V is

shown for each climate model and both glacier inventories

(®)

3 Climate model uncertainty
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BCCR-BCM2.0 : [ AOM are not available, Iea_ding to a.ensemble size .of 10
i ;I wo1 models. For B1, GISS-EH is not available, thus leading to
CGCM3.1(T47) 1 . .
SFDL-CM2.0 : : | an ensemble size of 11 models. The resulting GIC con-
' ; tribution to sea-level change, using the R10 inventory, is
GFDL-CM2.1 ;

: , ] 0.16840.021 m SLE for A2 and @28+ 0.018 m SLE for
ECHAM/MPI-OM 7 B1. Itis not surprising that the warmer A2 scenario yields a
MRI-CGCM2.3.2 8 higher GIC contribution than the cooler B1 scenario. These
GISS-EH 1 results show that the choice of emission scenario is an im-
GISS-AOM i portant factor, as the deviation from the A1B scenario is on
average 0.020 m SLE or 13 %.

GISS-ER

NCAR-PCM

MIROC3.2(hires) i x 1 5 Conclusions

UKMO-HadCM3 i i 1
0.00 0.05 0.10 015 0.20 This study examined sources of uncertainty in the computa-
GIC sea-level contribution (m) . . . . .
tion of the future sea-level contribution of melting GIC with a

Fig. 11. GIC sea-level contribution (m) for the 12 climate models yolume-area model. Four sources of uncertainty were exam-

and the two glacier inventories (1990-2090). Dashed lines represerdf'®d in Sect4, being the analytical uncertainty (Seétl),
model mean contribution for each inventory. the data uncertainty (Seet.2), the choice of climate model

(Sect.4.3), and the choice of emission scenario (Sdc).

The results of the sensitivity studies are summarised in Ta-
separately. The dashed line indicates the ensemble med¥e 4, which shows the applied variations and the resulting
value of each inventory. The figure shows that there are larg€nsemble mean deviations from the reference experiment for
differences among the climate models, yielding GIC contri-3V'.
butions in the range of 0.12 to 0.22 m SLE. These differences In Sect.4.1.1 the mass balance sensitivity was varied by
are caused by variations in temperature and precipitation pat=20 %, which led to a variation a£17 % or 0.026 m SLE in
terns of the climate models. All models consistently presentthe GIC contribution to sea-level change. Thus, variations in
larger contributions for the W01 data set than for R10, duemass balance sensitivity have a notable effect on the GIC sea-
to differences in the classification of the GIC in size bins. level contribution. This means that if the applied sensitivity
The difference between the highest and the lowest climatds not representative for a global approach, it will introduce a
model is 0.065m (R10) and 0.079 m (W01), the largest ab-significant error in the calculated sea-level contribution.
solute deviation from the ensemble mean is 0.034m (R10) The influence of changes in scaling factawas examined
and 0.042 m (WO01). The average absolute deviation from thén Sect4.1.2 It appeared that small variationsdcause sig-
ensemble mean for both data sets combined is 0.018 m ohificant variations in thé/j in 1990 (25 %), but only limited
12 %. Clearly, the choice of climate model has a significantchanges in the future contribution to sea-level change. For a
impact on the resulting GIC contribution. It is therefore im- range of+0.05 =27, §V varied by only+9 % or 0.014 m.
portant to use a large ensemble and not to rely on a singld he remarkable difference in sensitivity betwelérandsV
climate model as long as we cannot prove one to be superiotan be explained by considering the time scale of interest

to the others. (100yr) and the response time of a glacier to a changing cli-
mate.
4.4 Emission scenario uncertainty As glaciers are currently not in balance with climate, a

temperature history has to be prescribed, for which several
Closely connected to the choice of climate model is theoptions were explored in Sect.1.3 It appeared that it is
emission scenario that is chosen to drive the climate modelimportant to include an imbalance, as excluding it leads to a
Throughout this study, the A1B scenario has been usedsystematic underestimation of the future sea-level contribu-
However, depending on the socio-economic developmentsion. The various options for a temperature history for the pe-
in the next century, the actual emissions might be higherriod 1865-1990 did not result in large deviations; the average
or lower than in the A1B scenario, which will of course difference is only 0.009 m SLE for the future contribution.
influence the temperature change and the amount of GIC If the two glacier inventories are tuned such that the
melt and thus the sea-level contribution. Therefore, we alsas the same, théV over 100 yr differs by 0.027 m. An im-
show the GIC sea-level contribution resulting from calcula- portant difference between the two data sets is the way the
tions with the A2 and B1 scenarioNl§kicenovt and Swart  area is divided into size bins, which leads to differences in
2000. The A2 and B1 model ensembles are slightly smallerthe contribution of some regions. As R10 has a more com-
than the A1B scenario, as not all AOGCMs are available forplete inventory in for instance Central Asia and Greenland,
these scenarios. In the A2 ensemble, GISS-EH and GISSwhere differences between W01 and R10 are the largest, R10
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Table 4. Summary of the differences #V found with the sensitivity studies.

Sensitivity test Section  Variation Difference (m) Difference (%)
Mass balance sensitivity 411 +20% 0.026 17

Scaling factor 412 1+25% 0.014 9
Imbalance in 1990 4.1.3 5options 0.009 5

Choice of inventory 42.1 2datasets 0.027 18

Data uncertainty 422 +10% 0.017 11

Choice of climate model 4.3 12 models 0.018 12
Choice of emission scenario 4.4 3 scenarios 0.020 13

Total uncertainty 0.052 35

No Imbalance 4.1.3 noimbalance 0.058 39

probably gives a better indication of the GIC contribution To simulate how the climate change depends on socio-
than the older W01 data. The differences between these dateconomic developments in the future, various emission sce-
sets indicate that it is very important to obtain information on narios have been developedakicenovt and Swart2000.

the missing glaciers in the glacier inventories, especially inin Sect.4.4a few of these scenarios were tested to determine
underrepresented but largely glaciated areas, such as Alasktie influence on calculations of the GIC contribution. It was
Arctic Canada and Antarctica. found that the emission scenario uncertainty is of the same

Despite the differences in global mean values and amongrder as the climate model uncertainty.
the different regions, we found that for the majority of the  An example of an uncertainty that could not be ac-
ocean surface there are only minor differences in the modeounted for is the response of calving glaciers and tide-
elled sea-level change patterns between the two glacier inwater glaciers to a warming climate. As indicated by
ventories (Fig.10b). The largest differences in the pattern Radi and Hock(2011) and references therein, the scarcity
occur close to the melt areas, such as in the Arctic regionof estimates and complexity of the mechanisms do not allow
Further away from the GIC, the sea-level change is above théor a good estimate of the contribution of these glaciers on a
global average due to the self-gravitation effect, and differ-global scale. Therefore, the uncertainties presented here only
ences between results obtained with the two inventories areoncern the contribution to sea-level change as a response to
small. surface mass balance changes.

Due to the partially incomplete inventories and the vari- Combining the uncertainties obtained with the sensitivity
ous data sources that contribute to the inventories, there is axperiments in this study, we arrive at a total uncertainty of
measurement uncertainty. Sectiér2.2 showed that varia- 0.052 m on a contribution of 0.149 m when using the volume-
tions of £10 % in the initial area lead to changesb11%  area approach, which is 35%. The sea-level rise estimates
in the GIC contribution to sea-level change. This high sen-of Meehl et al.(2007}), Meier et al.(2007), Pfeffer et al.
sitivity indicates that it is very important that the data in the (2008 and Radic and Hock(2011) mentioned in the intro-
inventories is as accurate as possible. duction all fall at least partly within this range. Théeehl

Sectiord.3showed that the choice of global climate model et al.(2007h estimate is slightly lower than our contribution,
can lead to large differences in the GIC contribution. Itis bestwhich might be caused by our initial GIC volume estimate
to use an ensemble where possible, as this will reduce the inbeing higher than their highest volume estimate: 0.50 m SLE
fluence of outliers in the climate models. Another way to vs. 0.37 m SLERadit and Hock(2011) use the same data
reduce the uncertainty due to climate models would be to usaet as in this study (R10), but find a lower contribution while
AOGCMs with a smaller grid, such that smaller glacierised they include Antarctica. They perform a different evalu-
areas will be better represented in the climate model, becausation of the volume changes, because instead of grouping
currently the grid size of the climate model is often larger the glaciers into 14 regions, each glacier is modelled sep-
than the size of the glacierised ardadall et al. 2007). arately. Also, they use a volume-area-length approach in-
Additionally, glaciers are found in mountainous areas, whichstead of volume-area scaling. The difference between their
are poorly resolved by climate models. Therefore, the cli-result and this study is therefore also an illustration of the
mate model yields a temperature and precipitation changencertainty due to differences of analytical method. How-
that is possibly not representative for the glacierised areaever, the main uncertainties in their method are the same
Improving the climate models with an elevation-dependentas those described in this study: a mass balance sensitivity
correction will significantly reduce the uncertainty in calcu- based on few glaciers, an incomplete glacier database and
lating the GIC contributions and is therefore a crucial actionthe use of global climate models for temperature and precip-
for future work. itation. These points should therefore be the targets when
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