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Abstract

A large part of present-day sea-level change is formed by the melt of glaciers and
ice caps (GIC). This study focuses on the uncertainties in the calculation of the GIC
contribution on a century timescale. The model used is based on volume-area scaling,
combined with the mass balance sensitivity of the GIC. We assess different aspects
that contribute to the uncertainty in the prediction of the contribution of GIC to future
sea-level rise, such as (1) the volume-area scaling method (scaling constant), (2) the
choice of glacier inventory, (3) the imbalance of glaciers with climate, (4) the mass
balance sensitivity, and (5) the climate models. Additionally, a comparison of the model
results to the 20th century GIC contribution is presented.

We find that small variations in the scaling constant cause significant variations in the
initial volume of the glaciers, but only limited variations in the glacier volume change.
If two existing glacier inventories are tuned such that the initial volume is the same,
the GIC sea-level contribution over 100 yr differs by 0.027 m. It appears that the mass
balance sensitivity is also important: variations of 20 % in the mass balance sensitivity
have an impact of 17 % on the resulting sea-level projections. Another important factor
is the choice of the climate model, as the GIC contribution to sea-level change largely
depends on the temperature and precipitation taken from climate models. Combining
all the uncertainties examined in this study leads to a total uncertainty of 4.5 cm or 30 %
in the GIC contribution to global mean sea level. Reducing the variance in the climate
models and improving the glacier inventories will significantly reduce the uncertainty
in calculating the GIC contributions, and are therefore crucial actions to improve future
sea-level projections.

1 Introduction

Sea-level change is an important issue in the field of climate change. Currently, the
largest contributions to sea-level change are the addition of mass through land ice melt
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and the thermal expansion of the ocean water (Bindoff et al., 2007). The land ice contri-
bution consists of mass loss from the two large ice sheets (Greenland and Antarctica)
and the glaciers and ice caps (GIC) outside the ice sheets. Both are important contri-
butions and need further consideration for future sea-level predictions. Here we focus
on the contribution of the GIC.

There are several methods to calculate the evolution of glaciers in time and their
response to climatic changes. A physically based approach would be to use flow line
models forced by appropriate mass balance schemes. However, these require detailed
input, such as glacier bed topography, ice thickness and knowledge of the micro cli-
mate, which is available for only a few glaciers around the world. It is therefore not
possible to use this approach on a global scale yet. As an alternative, scaling methods
are used, which are based on relatively simple geometric features of glaciers, such
as the length or the area, and their relation to the volume of the glacier. Examples
are volume-length scaling (Oerlemans et al., 2007; Leclercq et al., 2011), volume-area
scaling (e.g. Bahr et al., 1997; Van de Wal and Wild, 2001), or volume-area-length
scaling (Radi¢ and Hock, 2011). All methods use empirical relations derived for a small
set of glaciers, which are extended to a global scale. Additionally, the required mass
balance changes may be obtained by using seasonal sensitivity characteristics (Oerle-
mans and Reichert, 2000), modelling the changes in mass balance profiles (Raper and
Braithwaite, 2006), or by using a relation between mass balance sensitivity and precipi-
tation (e.g. Gregory and Oerlemans, 1998; Van de Wal and Wild, 2001). An even more
direct way to obtain a global estimate of glacier changes is to use a scaling relation
between global temperature change and total ice volume without area size classes or
latitudinal dependence, as applied in the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4) (see Appendix 10.A.3 in Meehl et al., 2007b).

Over the past few years, several studies have presented estimates for the twenty-
first century GIC sea-level contribution using different methods. IPCC AR4 projected
a contribution of 0.08—0.15m for the A1B scenario (Meehl et al., 2007b), based on a
range of climate models and three different values for the initial volume of all glaciers.
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As a follow-up on IPCC AR4, Meier et al. (2007) estimated a GIC contribution of 0.1—
0.25m by 2100, where the spread originates from the assumption for the acceleration
of ice loss. Another estimate was presented by Pfeffer et al. (2008), who found a GIC
contribution of 0.17-0.55m by 2100, based on kinematically constrained scenarios.
However, none of these studies provide regional estimates of GIC volume changes.
The latter is done in a recent study by Radi¢ and Hock (2011), who find a global mean
contribution of 0.124 £0.037 m. They use volume-area-length scaling to calculate re-
gional glacier mass volume changes in response to climate model projections. Another
study that provides regional estimates is Slangen et al. (2011), who use volume-area
scaling and arrive at a glacier contribution of 0.17 £0.04 m.

The current study does not aim at improving the estimate of the GIC sea-level con-
tribution as most of the above studies do, but at providing insight in the uncertainties of
the GIC contribution. Therefore, this study should be considered as an assessment of
different aspects which contribute to the uncertainty in the prediction of the contribution
of GIC to future sea-level rise, rather than an attempt to improve the best estimate of
the contribution itself.

The model used here is based on the volume-area scaling method, which builds
on concepts developed by Bahr et al. (1997) and was applied for sea-level projec-
tions by Van de Wal and Wild (2001) and Slangen et al. (2011). The model uses
the volume-area relation in combination with a relation for the mass balance sensitiv-
ity of the glaciers and the amount of precipitation. The present study uses the same
approach and data as the Slangen et al. (2011)-study, with the only difference that
Antarctic glaciers are excluded here to enable a comparison to the older Van de Wal
and Wild (2001)-data. This leads to a lower value for the total GIC contribution to
sea-level change.

Details of the model set-up and the data used in this study are presented in Sect. 2.
A comparison of the model results for the past GIC contribution and a description of
the reference experiment is presented in Sect. 3. In Sect. 4 the sensitivity studies are
described, which forms the core of this paper. We distinguish uncertainties related
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to the the mass balance sensitivity (Sect. 4.1), the GIC volume-area scaling method
(Sect. 4.2), the imbalance of GIC with climate (Sect. 4.3), the choice of glacier inventory
(Sect. 4.4), and the climate change models (Sect. 4.5). Finally, in Sect. 5, a summary
of the findings in the previous sections is presented.

2 Data and methods
2.1 The volume-area model

The model we use to calculate the GIC contribution to sea-level change is based on
volume-area scaling considerations (e.g., Bahr et al., 1997; Van de Wal and Wild,
2001). The method assumes that the area of a glacier is proportional to its volume
using a power law:

V =cAY, (1)

where ¢ and y are scaling parameters. For glaciers, y is set to 1.375 (Bahr et al.,
1997; Chen and Ohmura, 1990). For ¢, Van de Wal and Wild (2001) used a value of
0.12m>? to obtain a total glacier volume of 0.50 m sea-level equivalent (SLE) includ-
ing GIC surrounding Antarctica and Greenland. Radié¢ and Hock (2010) use a value of
0.2055m>"% and arrive at 0.60 m SLE for their glacier inventory. Here we vary ¢ from
0.05 to 0.30m>"% in the sensitivity analysis (Sect. 4.2). For ice caps, y is set to 1.25
and ¢ to 1.7026 m*~%" as described in Radié¢ and Hock (2010). These values are kept
constant throughout the study.

The specific glacier model used in this study is developed by Van de Wal and Wild
(2001), and it calculates the evolution of GIC in time given a certain initial glacier in-
ventory. The volume change of all GIC is calculated while accounting for the change of
glacier area in time (¢), temperature changes (AT) and precipitation changes (AP), by
applying the following expression:
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In Eq. (2), glacier area A is summed over n regions and m size bins. The mass balance
sensitivity dBp; ;) is a function of the local precipitation P using the relation from Zuo
and Oerlemans (1997) (Z297), and changes due to local summer temperature variations
(dTs) (summer is JJA in Northern Hemisphere, DJF in Southern Hemisphere), as well
as non-summer temperature variations (dT,s) according to:
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Temperature (T) and precipitation (P) are taken from Atmosphere-Ocean coupled Gen-
eral Circulation Models (AOGCM'’s) (Meehl et al., 2007a) using the nearest neighbour
approach. Both T and P are time dependent, which implies that the sensitivity itself
changes over time as well.

All values for initial volume (V) and volume change of the glaciers (6V/) shown in the
next sections are, unless explicitly mentioned, ensemble mean values of calculations
with 12 different temperature and precipitation scenarios, obtained from 12 different
AOGCM’s (Meehl et al., 2007a). The used AOGCM'’s will be more thoroughly described
in Sect. 2.3.

The imbalance of the GIC with climate is accounted for by starting the calculations
in 1865, and applying a global temperature increase of 0.7 °C 100 yr'1 over the period
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1865—1990 (Trenberth et al., 2007). The importance of the imbalance of the GIC with
climate is tested in Sect. 4.3, by applying data of Z97, which cover the period 1865—
1990. For this reason we adopt 1990 as the starting year for the future contribution.
The starting volume and area in 1865 are calculated iteratively, such that the modelled
volume and area in 1990 agree with the glacier inventory. The model calculations
are continued for another 100 yr after 1990, which results in a total of 225 modelled
years. Future volume changes are therefore defined as the difference between 1990
and 2090.

2.2 Two glacier inventories

In this study, two glacier inventories are used. The first and default glacier inventory
is an upscaled version of the WGI-XF (Cogley, 2009a), which has a World Glacier
Inventory core (WG, National Snow and Ice Data Center, 1999, updated 2009), and
is combined with Icelandic and Alaskan data (Radi¢ and Hock, 2010). The GIC are
divided into 19 large regions, of which two are located around Antarctica. As the sec-
ond data set (described below) does not contain any Antarctic data, the two Antarctic
regions of this data set will be excluded from this comparison. We sort the remaining
17 regions into 14 regions as shown in Table 1. Using these 14 regions of Z97 facil-
itates a comparison of Radi¢ and Hock (2010)-data with the second glacier data set.
The total area in the Radi¢ and Hock (2010)-data set is 568 709 km?, and is shown in
Fig. 1a. Each region has a size distribution in 18 size classes, ranging from < 27> km™2
to 232" km™2. We will from now on refer to this data set as R10.

The second data set used in this study also has a WGI core, but uses an older
version than the R10 data set. Furthermore, the treatment of data-sparse regions
differs from R10. This data set consists of 135 regions, of which 100 regions are the
main glaciated regions outside the two major ice sheets (Oerlemans, 1993, Z97), and
35 regions are located around the Greenland ice sheet (Van de Wal and Wild, 2001).
The 135 regions are also divided into 14 large regions, as shown in Table 1. The total
glaciated area in this data set is 597 613km?, presented in Fig. 1b. For 41 of the 135
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glaciated regions a size distribution is available in 15 size classes (from 2% 27%m™2
to > 2° km_z). For the 35 regions on Greenland it is assumed that all glaciers are in the
largest possible size class. The remaining 59 regions are assigned the average size
distribution of the first 41 regions. From now on we will refer to this data set as WO1.

As the GIC contribution to sea level is dominated by the large size classes a detailed
description of those is desirable. For that reason we prefer the R10 data set as the
reference as this data set has a better subdivision of the large classes than the W01
data set. Nevertheless, we will also use the W01 data to show how differences in the
version, upscaling and area binning of the inventory contribute to the uncertainty in the
calculation of the future contribution, and to allow for a comparison of the recent data
to earlier results (Sect. 4.4).

In Fig. 1 it can be seen that the division of glacier area over the regions is almost
similar for both data sets. However, as the volume-area relation is non-linear, the
volume also depends on the size of the glaciers in each region and thus the volume
will not necessarily be equal for both data sets. These differences in the initial volume
in 1990 (V) are a potential source of uncertainty and will be addressed in Sect. 4.

2.3 Twelve climate models

The glacier model requires information on atmospheric temperature and precipitation
to calculate the glacier contribution to sea-level change. These data are taken from the
results of simulations with AOGCM’s, of which the names and references are presented
in Table 2. These models are a subset of the World Climate Research Programme’s
CMIP3 multi-model data set (Meehl et al., 2007a) used for IPCC AR4. This subset
contains 12 models and was also used in Slangen et al. (2011). In this study we only
consider the emission scenario A1B, as defined in the IPCC Special Report on Emis-
sion Scenarios (Nakicenovic and Swart, 2000). The ensemble mean global average
temperature increase in 2090-2099 w.r.t. 1980-1999 is +2.8°C (1.7 to 4.4°C) for this
scenario (Meehl et al., 2007b).
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As the resolution of the different climate models is highly variable, the data are lin-
early interpolated to one grid to be able to construct an ensemble mean. We choose
a grid with 512 longitude points and 256 latitude points, as this is the grid used in
the sea-level model that calculates the sea-level patterns resulting from land ice mass
changes.

In order to apply the ensemble mean climate forcing to the two data sets R10 and
WO01 we use temperature and precipitation differences between 1980-2000 and 2090—
2099. The values at each of the 135 locations of the W01 data set are averaged
over the 14 regions as defined in Table 1. These mean values are used as forcing for
the volume-area model. This procedure is necessary as locations of the GIC are not
specified for the R10 data set.

3 Reference experiment and past sea-level contribution
3.1 Reference experiment

A reference experiment is defined for the remainder of this study, using the R10 glacier
inventory. The reference V in 1990 is calculated using Eq. (1), with ¢ =0.2055 m3-2Y
and y = 1.375, which are the values proposed by R10. This results in a V| of
1.8122x 10" m?®, or 0.50 m sea-level equivalent (SLE). Note that ice caps are included
using ¢ =1.7026 m®>~% and y =1.25. These values are kept constant throughout this
study, and variations on model parameters will only be performed on the glacier part,
which is by far the largest contribution (90 %). The value of 0.50 m SLE is lower than the
original value by R10 (0.60 m SLE), because glaciers around Antarctica are excluded
as they are not explicitly located in R10 and only taken into account by a scaling con-
sideration in W01. Using the settings as described in Sect. 2.1, we compute a sea-level
contribution for 1990-2090 (6V) 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 data
set is tuned such that it equals the total V; of the reference experiment R10, by varying
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the parameter ¢ in Eq. (1). The value found for W01 is ¢ =0.144 m3~%. This value
for ¢ is slightly larger than the original value adopted by W01 of 0.12m* %, which
would yield a I, of 0.42 m SLE for all glaciers except the Antarctic region, and 0.5 m SLE
including glaciers around Antarctica and Greenland. With a ¢ of 0.144 m>~2" and all
other settings as in the reference experiment, we find for the W01 glacier inventory a
6V of 0.176 £0.025m SLE.

Using the two glacier inventories thus leads to a difference of 0.027 m SLE, which is
quite large: 18 % difference with respect to the R10 reference inventory. The reason
for this difference will be analysed in Sect. 4.4.

3.2 Past sea-level contribution

The model is set up such that a steady state with the prevailing climate is assumed
before 1865, after which a temperature perturbation of 0.7°C 100 yr‘1 is applied for the
period 1865-1990. By imposing this temperature perturbation it is ensured that GIC
are not in a steady state in 1990, which is very important for future projections (297,
Van de Wal and Wild, 2001). The influence of the choice of temperature perturbation
will be shown in Sect. 4.3.

For the reference experiment, the 1865—1990 GIC sea-level contribution is 5.7 cm for
the R10 data and 6.4 cm for the W01 data. In Fig. 2 the modelled sea-level contributions
of R10 and W01 (blue and red line, respectively) are compared to the pentadal mass
balance series of Cogley (2009b) (green line) and the estimated GIC contribution of
Leclercq et al. (2011) (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 al.,
2007). Note that the total area differs between the data sets: Cogley (2009b) and
Leclercq et al. (2011) use 785 000 km? (including Antarctic glaciers), W01 has a surface
area of 597 613 km? and R10 is the smallest with 568 709 km?, as both R10 and W01
exclude Antarctic glaciers.
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The data of Cogley (2009b) are available from 1950 onwards. In Fig. 2 the Cogley
data shows pentadal variability, which is not present in W01 and R10 because a uniform
temperature increase was applied. The higher variability might also explain the larger
increase in mass loss in the Cogley (2009b)-data after 2000, which is not captured
by the model. Around 1990, the slopes of R10 and W01 are quite similar to Cogley
(2009b), which implies that the imbalance applied in the model in 1990 is similar to the
observed imbalance of Cogley.

The model results are also compared to the values of Leclercq et al. (2011), who
find a contribution of 7.8 +2.2cm for the period 1865-1990. Our model results fall
in their range, but at the lower end. R10 and W01 show a smaller increase for the
1865—1925 period, which is caused by a difference in history, i.e. the imbalance before
1865. The model assumes all glaciers to be in balance with climate before 1865,
whereas the Leclercq et al.-data are already in imbalance in 1865 (Leclercq et al.,
2011, their Figure 6). Nevertheless, the period after 1925 shows a increase in sea-level
contribution similar to our experiments, which indicates that applying the imbalance of
0.7°C100 yr‘1 is appropriate for future calculations starting in 1990.

4 Sensitivity experiments

Five sensitivity experiments are described in this section. First, the model set-up is
investigated, by varying some of the model parameters. The two parameters that will
be discussed are the mass balance sensitivity (Sect. 4.1) and the scaling constant ¢ in
Eq. (1) (Sect. 4.2). Second, the influence of varying the input data is tested, by using
several imbalance histories (Sect. 4.3), two glacier data sets (Sect. 4.4), and twelve
climate models (Sect. 4.5).
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4.1 Mass balance sensitivity

The mass balance sensitivity of a glacier indicates how the mass balance responds
to changes in temperature and precipitation. Oerlemans and Fortuin (1992) found
that it strongly depends on the amount of precipitation the glacier receives in a year.
We therefore use Egs. (3) and (4) to relate precipitation to mass balance sensitivity, as
proposed by Z97. This mass balance sensitivity relation is a parameterisation based on
mass balance observations on 12 glaciers described in Oerlemans and Fortuin (1992)
and Oerlemans (1994), and has been confirmed by Braithwaite and Raper (2002).
However, the mass balance sensitivity may vary between different climate zones, and
those 12 glaciers possibly are not representative for the entire distribution of GIC on
Earth. Hence, we study the effect of the uncertainty in the mass balance sensitivity.

To test the consequences of variations in the mass balance sensitivity for the future
scenarios, we apply a variation of 20 %, which is considered a fair estimate of the
uncertainty due to the limited data set used to derive the sensitivity. Additionally, the
precipitation used to calculate the mass balance sensitivity is varied with 20 %.

Varying the total mass balance sensitivity with 20 % leads to a deviation of 17 % in the
future sea-level contribution. Varying the precipitation rate with 20 % leads to smaller
changes, of 12 % in the future V. Thus, differences in precipitation rate appear to be
less important than variations in the mass balance sensitivity itself given a range of
variation of 20 %. With respect to the reference experiment, varying the mass balance
sensitivity with 20 % leads to an average deviation of 0.026 m SLE.

4.2 Model parameter ¢

In this second sensitivity experiment, the model parameter ¢ in Eq. (1) is varied within
a range of 0.05 to 0.30 m>~?_ This influences not only the 1990-2090 contribution of
GIC to sea-level change (6V), but also the initial volume in 1990 (V), because both are
calculated by applying the volume-area relation (Eqg. 1) to the glacier data.
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The results in terms of I and &V for variations in the parameter ¢ are shown in Fig. 3.
In this figure, the values obtained for V; and 6V with ¢ =0.20 m>~2 are taken as refer-
ence values, and the quantities shown are 1 and 6V relative to these reference values

for a range of values of c: Vi:io — and GVSZ) s Figure 3 shows that V increases linearly
with ¢, for both the R01 and the W01 data set. However, 6§V shows a different, less
sensitive, response than I/ to an increase in c. If values for ¢ are varied +£0.05 mo-2¥
(25 %), V; changes by 25 %, while 6V varies with only 9% (0.014 m SLE). This means
that small deviations in the parameter ¢ will not have a large influence on the modelled
contribution of GIC to sea-level change. This is encouraging since c¢ is poorly con-
strained and may therefore vary between glaciers and regions, which is reflected by
the different values that can be found in literature (e.g., Bahr, 1997; Chen and Ohmura,
1990).

The cause of the different response of I, and 6V to variations in ¢ can be explained
by the fact that GIC in a changing climate generally do not reach a new equilibrium state
in 100yr time. The time scale for a transition between an initial and final equilibrium
state is estimated to be several hundreds of years. Smaller glaciers adjust quicker than
larger glaciers, which is illustrated in Fig. 4, where the volume evolution in time for a
few size classes is shown. While the smaller size classes reach a new equilibrium
before 2100, the larger size classes are still in a transition phase. The same holds for
the entire GIC data set: if the initial total volume is larger, it will take longer to reach an
equilibrium state.

Figure 4 suggests that the volume evolution in time can be described by an arccotan
function. This is the case for all glacier size classes separately, but also for the total
GIC volume. Hence, the evolution of volume (V) with time (¢) can be written as:

t-D w
V; = arccotan — + —, 5

f =+ (5)
where D and E are mathematical constants describing the fit without any specific phys-
ical interpretation. Figure 4 implies that £ increases for larger V. As an example, fits
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have been made for the R10 data set of the total modelled volume loss pattern over
time for different values of c. The parameters resulting from the fits are shown in Ta-
ble 3. From the Table it appears that D/E is more or less constant. The derivative of
Eq. (5) reads:

sV 1
8t 1442

(6)

with £, being (t-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. So if ¢ is varied with £25 %, the 6V
between 125 and 225 yr varies with only 10 %. This implies that within the time frame
considered in this study the precise value of c is not that important.

Radic¢ et al. (2007) performed a sensitivity study on the other parameter in Eq. (1),
y. They concluded that V is also very sensitive to the choice of the scaling exponent y,
and that 6V is fairly insensitive.

4.3 Imbalance in 1990

Throughout this study, the 1990 imbalance of the GIC is simulated by imposing a tem-
perature change of 0.7°C 100 yr"1 for the period 1865—1990, which is in line with the
IPCC AR4 estimate (see Table 3.2 in Trenberth et al., 2007). However, in this section
we willimpose a range of different options for the imbalance on the R10 data to quantify
their influence on the future sea-level change.

The first option we explore is the GIC contribution without an imbalance effect. This
means that the glacier model starts its calculations in 1990, which clearly influences
the resulting contribution (Fig. 5, light blue line) with a difference as large as 30 % from
the reference experiment (0.7 °C 100 yr‘1, green dashed line). However, it is not very
realistic to assume that GIC are currently in balance with climate, and this option shows
how important it is to include an imbalance, as it has a large influence on the future
sea-level contribution.
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As a second test, the rate of temperature change for 1865-1990 is varied:
0.6°C 100 yr'1 (Fig. 5, magenta line) and 0.8°C 100yr~" (black line). For the sea-level
contribution before 1990 this results in a deviation of about 1 cm from the reference in
1865. However, looking at the future sea-level contribution, the differences are in the
order of 0.5cm, which is about 4 %. This indicates that the exact value of the rate of
temperature change is not a large source of uncertainty, as long as the value chosen
is close to the observations.

Another factor that influences the volume change is the precipitation. Increasing
the initial precipitation amount in 1990 leads to a larger contribution from the GIC to
sea-level change, because the mass-balance sensitivity highly depends on the precip-
itation and will consequently increase. This makes GIC more sensitive to temperature
changes. An increase of 10 % in the precipitation in 1990 combined with a temperature
change of 0.6°C 100 yr'1 for the imbalance leads to a similar sea-level contribution in
2100 as a temperature increase of 0.7 °C 100 yr'1. The same holds for a temperature
change of 0.8°C 100 yr'1 combined with a precipitation decrease of 10 %.

To test the influence of regional variations, we now prescribe a temperature change
for each region separately, similar to the way the future climate changes are used for
the 1990-2090 period (see Sect. 2.3). We test two options: for the first we use a
compilation of historical temperatures from Z97 (Fig. 5, dark blue line); for the second
we take the regional temperatures from the 20th century climate model runs 20C3M
(Fig. 5, red line). Figure 5 shows that for the 1990—-2090 contribution the Z97-data
are very close to the 0.7°C 100yr_1 option and the 20C3M-data result in a slightly
smaller contribution. For the 1865—1990 contribution, the difference is larger, 1 cm for
Z97 and 2 cm for the climate models. This indicates that taking regional values for the
temperature change over the past, despite having influence on the past contribution,
does not have a large impact on the future contribution.

As can be seen in Fig. 5, the different options for the imbalance show larger devia-
tions in the past volume change than in the future contribution. The past contribution
is a spin-up period, which starts with all glaciers in balance with climate. Depending
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on the prescribed climate, the glaciers are brought in imbalance with climate, leading
to relatively large deviations from the reference run. For the future contribution how-
ever, the climate is the same, the only difference is the initial imbalance in 1990. It
appears that this leads to differences in the past being more pronounced than in the
future contribution.

We find that if an imbalance is included (all options except “no imbalance”), the aver-
age deviation in the future contribution is 0.009 m SLE, provided that the temperature
increase between 1865 and 1990 is around 0.7°C 100 yr‘1.

4.4 Choice of inventory

In this section we consider the importance of the geometrical input to the model and its
influence on the resulting sea-level contribution (6V). We compare the two glacier data
sets using the reference experiment settings as defined in Sect. 3.1. As mentioned
before, the initial area per region (Fig. 1) is quite similar for both glacier inventories.
Furthermore, since the experiment considered here is the reference experiment, also
V is similar. However, V is not divided equally over the different regions. In Fig. 6 it can
be seen that there are substantial differences between the two data sets. In Central
Asia, South America and Greenland the regional V; in R10 is smaller than the V in W01,
while the opposite is true for Canada, Alaska and Franz Jozef.

To establish the cause of these differences, we focus on Arctic Canada and Central
Asia. Arctic Canada occupies 25 % of the initial area in both data sets, but the V; differs
substantially (10 % more in R10). Figure 7a shows how the total area is divided over
the size bins: the largest W01 size bin (> 2° km2) contains most of the W01 area, where
the R10 size bins (until > o™ km2) allow for a more precise classification of these larger
GIC. To calculate the volume according to the volume-area relation, the average area
in the size bins is used. As the volume-area relation gives an exponential increase
in volume for an increasing area, this means that the larger size bins of R10 result in
a larger volume, explaining the different V for this region. As a second example, the
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size bins for Central Asia are shown in Fig. 7b. In this case, W01 classifies more GIC
into the largest size bin than R10, which leads to a higher V; for the W01 data. Hence,
differences in V 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 increased
amount of glaciers in the R10 data set, but also due to the division of large ice bodies
into smaller glaciers.

The R10 reference experiment yields a 6V for 1990-2090 of 0.149+0.022 m SLE,
and W01 0.176 £ 0.025 m SLE, which is a difference of 0.027 m SLE. The uncertainty
represents one o uncertainty among the 12 climate model ensemble members, and
will be further discussed in the next section (Sect. 4.5). Figure 8 shows the ensemble
mean relative 8V per region for both data sets, including the ensemble standard de-
viation. The larger differences (>1 %) between the two data sets are in regions with
significant contributions; Arctic Canada, Alaska, Svalbard, Franz Jozef, Central Asia,
South America and Greenland. So, although the V is the same, the regional contribu-
tions of V and &V differ significantly. This is important when local sea-level change is
the key interest rather than the global average sea-level change.

The relative values (Figs. 6 and 8) show how the mass change is divided over the
regions, but not how this relates to the I per region. Therefore, in Fig. 9 V and 6V
(1990—2090) are presented in m SLE per region. This immediately shows the largest
glaciated regions and the regions with the highest mass loss. The V; of R10 is clearly
larger in Arctic Canada, Alaska, Iceland, Svalbard and Franz Jozef, while W01 shows
larger values in Central Asia, South America and Greenland. The total §V is larger for
the W01 data, which is mainly caused by a difference in the amount of melt in Central
Asia, South America and Greenland. This can again be explained by the way GIC are
classified into size classes in the two inventories.

For each of the two data sets, the sea-level change pattern resulting from the ice
mass changes is computed with a sea-level model (Schotman, 2008). 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 referred to
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Slangen et al. (2011). In Fig. 10a the sea-level change is shown relative to the global
mean sea-level change for R10. Thus, the percentage presented is 6/5& -100 %.

global mean

In the figure, values below zero imply a sea-level drop, values between 0 and 100 %
imply a sea-level rise below the R10 global average, and values above 100 % indicate
a sea-level rise larger than the global average. The figure shows that the Southern
Hemisphere will experience a sea-level rise, while the Arctic region will experience a
sea-level drop from the contribution of GIC. This is because most glaciers are situated
around the Arctic, and where the largest decrease in ice mass will be. Melt in the
Arctic leads to a sea-level drop in the Northern Hemisphere and sea-level rise above
the global average in the Southern Hemisphere. Differences further inland, such as in
Central Asia, only have a minor effect.

In Fig. 10b the differences in the sea-level change pattern between R10 and W01
are shown in percentages. A positive value indicates that R10 has a larger relative
contribution, while a negative value implies a larger relative contribution for W01. Lo-
cations with large differences are for instance India, South America, Greenland, Alaska
and Franz Jozef. Thus, the largest differences in sea-level pattern can be found close
to the large melt sources, such as in the Arctic Ocean or the tip of South America. This
is a consequence of the non-linear pattern of the gravitational adjustment with a strong
response close to the source of mass change and a gradual transition in the far field.
Consequently, further away from the melting ice the patterns of R10 and W01 are very
similar.

4.5 Choice of climate model

The ensemble mean sea-level change (1990-2090) calculated for the reference ex-
periment is 0.149 +£0.022m SLE for R10 and 0.176 £ 0.025m SLE for W01. These
uncertainties are based on the spread in the climate models used for the calculations
(Sect. 2.3). In this section we consider the 6V for the twelve climate models individually.
In Fig. 11, 6V is shown for each climate model and both glacier inventories separately.
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The dashed line indicates the ensemble mean value of each data set. The figure shows
that there are large differences among the climate models, yielding values in the range
of 12 to 22 cm SLE volume loss. These differences are caused by variations in temper-
ature and precipitation patterns of the climate models. All models consistently present
larger contributions for the W01 data set than for R10, due to differences in the clas-
sification of the GIC in size bins. The difference between the highest and the lowest
climate model is 0.065m (R10) and 0.079m (WO01), the maximum deviation from the
ensemble mean is 0.034m (R10) and 0.042m (WO01). The average deviation from the
ensemble mean for both data sets combined is 0.018 m. Clearly, the choice of climate
model has a significant impact on the resulting GIC contribution. It is therefore impor-
tant to use a large ensemble and not to rely on a single climate model as long as we
cannot prove one to be superior to the others.

5 Conclusions

This study examined sources of uncertainty in the computation of the future sea-level
contribution of melting GIC with a volume-area model. Five sources of uncertainty
were examined, being the volume-area parameter ¢, the mass balance sensitivity, the
initial imbalance of glaciers with climate, the glacier inventory and the climate model.
Of these five, two are model parameters and the other three are model input. The
results of the sensitivity studies are summarised in Table 4, which shows the applied
variations and the resulting ensemble mean deviations from the reference experiment
for global &V.

In Sect. 4.1, the mass balance sensitivity was varied with 20 %, which led to a vari-
ation of 17 % or 0.026 m SLE in the contribution to sea-level change. This means that
variations in mass balance sensitivity have a notable effect on the contribution. Thus,
if the applied sensitivity is not representative for a global approach, it will introduce a
significant error in the calculated sea-level contribution.
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The influence of changes in parameter ¢ was examined in Sect. 4.2. It appeared that
small variations in ¢ cause significant variations in the I/ in 1990 (25 %), but only limited
changes in the future contribution to sea-level change. For a range of £0.05 m>~% 6V
varied with only 9% or 0.014m. The remarkable difference in sensitivity between ¥
and &V can be explained by considering the time scale of interest (100yr) and the
response time of a glacier to a changing climate.

As glaciers are currently not in balance with climate, a temperature history has to be
prescribed, for which several options were explored in Sect. 4.3. It appeared that it is
important to include an imbalance, as excluding it leads to a systematic underestima-
tion of the future sea-level contribution. The various options for a temperature history
for the period 1865—1990 did not result in large deviations; the average difference is
only 0.009 m SLE for the future contribution.

If the two glacier inventories sets are tuned such that the V; is the same, the 6V over
100 yr differs by 0.027m. An important difference between the two data sets is the
way the area is divided into size bins, which leads to differences in the contribution of
some regions. As R10 has a more complete inventory in for instance Central Asia and
Greenland, where differences between W01 and R10 are the largest, R10 probably
gives a better indication of the GIC contribution than the older W01 data. The differ-
ences between these data sets indicate that it is very important to obtain information
on the missing glaciers in the glacier inventories, especially in underrepresented but
largely glaciated areas, such as Alaska, Arctic Canada and Antarctica.

Despite the differences in global mean values and among the different regions, we
found that for the majority of the ocean surface there are only minor differences in the
sea-level change patterns between the two glacier inventories (Fig. 10b). The largest
differences in the pattern occur close to the melt areas, such as in the Arctic region.
Further away from the GIC, the sea-level change is above the global average due to the
self-gravitation effect, and differences between results obtained with the two inventories
are small.
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Section 4.5 and Table 4 show that the choice of global climate model can lead to
large differences. It is best to use an ensemble where possible, as this will reduce
the influence of outliers in the climate models. Another way to reduce the uncertainty
due to climate models would be to use a smaller grid, such that smaller glacierised
areas will be better represented in the climate model, because currently the grid size
of the climate model is often larger than the size of the glacierised area (Randall et al.,
2007). Additionally, glaciers are found in mountainous areas, which are poorly resolved
by climate models. Therefore, the climate model yields a temperature and precipita-
tion change that is possibly not representative for the glacierised area. Improving the
climate models will significantly reduce the uncertainty in calculating the GIC contribu-
tions and is therefore a crucial action for the future.

It should be noted that this uncertainty assessment holds only for the assumption
of climate change following the A1B scenario. Depending on socio-economic devel-
opments in the next century, the actual climate might be warmer of cooler, which of
course also influences the amount of GIC melt and thus their sea-level contribution.
Using the same glacier model and data, Slangen et al. (2011) found that the sea-level
contribution for the A1B scenario differed 0.03 m and 0.02m from respectively the B1
and A2 scenario.

An example of an uncertainty that could not be accounted for is the response of
calving glaciers and tide-water glaciers to a warming climate. As indicated by Radi¢
and Hock (2011) and references therein, the scarcity of estimates and complexity of the
mechanisms do not allow for a good estimate of the contribution of these glaciers on a
global scale. Therefore, the uncertainties presented here only concern the contribution
to sea-level change as a response to surface mass balance changes.

Combining the uncertainties obtained with the sensitivity experiments in this
study, we arrive at a total uncertainty of 4.5cm on a contribution of 14.9cm when
using the volume-area approach, which is 30%. The sea-level rise estimates of
Meehl et al. (2007b); Meier et al. (2007); Pfeffer et al. (2008); Radi¢ and Hock (2011),
mentioned in the introduction, all fall at least partly within this range. The Meehl
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et al. (2007b) estimate is slightly lower than our contribution, which might be caused
by our initial GIC volume estimate being higher than their highest volume estimate:
0.50mSLE vs. 0.37mSLE. Radi¢ and Hock (2011) use the same data set as in
this study (R10), but find a lower contribution while they include Antarctica. They
perform a different evaluation of the volume changes, because instead of grouping
the glaciers into 14 regions, each glacier is modelled separately. Also, they use a
volume-area-length approach instead of volume-area scaling. The difference between
their result and this study is therefore also an illustration of the uncertainty for using
different methods. However, the main uncertainties in their method are the same
as those described in this study: a mass balance sensitivity based on few glaciers,
an incomplete glacier database and the use of global climate models. These points
should therefore be the focal points when aiming at improving the estimate of GIC
contribution to sea-level change.
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Table 1. Regions and initial volume in 1990 (km3) used in this study.

This study Region name (R10) Volume Region name, number (WO01) Volume
(km®) (km?)

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 Franz Jozef Franz Joz./N. Zemlya/S. Zemlya 17658  Franz Jozef, 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 I/ll 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

1681

Table 2. CMIP3-Models used in this study.

Model name Reference

BCCR-BCM2.0 Furevik et al. (2003)
CGCM3.1(T47) Flato (2005)
ECHAMS5/MPI-OM  Jungclaus et al. (2006)

GFDL-CM2.0 Delworth et al. (2006)
GFDL-CM2.1 Delworth et al. (2006)
GISS-EH Schmidt et al. (2006)
GISS-ER Schmidt et al. (2006)
GISS-AOM Lucarini and Russell (2002)

MRI-CGCM2.3.2 Yukimoto and Noda (2002)
MIROC3.2(hires) K-1 model developers (2004)
NCAR-PCM Washington et al. (2000)
UKMO-HadCM3 Gordon et al. (2000)
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Table 3. Results of fits on the evolution of I/ (Eq. 5) for 3 values of ¢ (Eq. 1), using the R10
data. V;_q,, represents the 1865 volume, V;_,55,, the 1990 volume, V;_55,, the 2090 volume.

Sea-level equivalent (SLE) is calculated assuming an ocean area of 3.62 x 10% km?.

Small i Medium lf Large V,
c=01 c=015 ¢=02

Vi—oyr (SLEm) 0.33 0.44 0.54
Vi—oyr (10°km®) 1.22 1.58 1.97
V_125,r (10°km®) 0.99 1.39 1.78
Vi—z25yr (10°km®) 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°km®)  0.38 0.44 0.48
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Table 4. Summary of the differences in 6V found with the sensitivity studies.

Sensitivity test Section Variation Difference
Mass balance sensitivity 41 +20% 0.026
Model parameter ¢ 4.2 +25% 0.014
Imbalance 1865—-1990 4.3 5 options 0.009
Choice of inventory 4.4 2 datasets 0.027

Choice of climate model 45 12 models 0.018

Total uncertainty 0.045
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Fig. 2. Glacier sea-level contribution 1865-2005 (cm SLE) relative to 1990.
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Fig. 9. Glacier initial volume (/) and volume change (6V) per region (m SLE).
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(b)

Fig. 10. (a) Local sea-level change (1990-2090) relative to the ensemble global mean sea-
level change (%) (R10, global average 0.149 m). (b) Difference in relative sea-level change (%)
(R10-W01).
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