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Abstract

Like most ice caps and glaciers worldwide, Icelandic glaciers are retreating in a warming climate.
Here, the evolution of Vatnajokull ice cap, Iceland, from 1980 to 2300 is simulated by forcing the
Parallel Ice Sheet Model (PISM) with output from Regional Climate Models (RCMs). For climate
simulations of the recent past, HARMONIE-AROME reanalysis-forced simulations are used,
while for future climate conditions, high-resolution (5.5km) simulations from the RCM
HIRHAMS are used in addition to available CORDEX simulations (12 km). The glacier evolution
is modelled using the RCP 4.5 and RCP 8.5 scenarios until 2100. To extend the time series, the
2081-2100 climate forcing is repeated until 2300. For RCP 4.5, the ice cap loses 31-64% of its
volume and 13-37% of its area by 2300 depending on the used model forcing. For RCP 8.5,
the volume decrease is 51-94% and the area decrease is 24-80% by 2300. In addition, the effect
of elevation feedbacks is investigated by adding a precipitation and temperature lapse rate to the
HIRHAMS simulations. By 2300, the lapse rate runs have a 9-14% smaller volume and a 9-20%
smaller area than the runs without a lapse rate correction.

1. Introduction

As a response to a globally changing climate, glaciers and ice caps worldwide have been
retreating with increasing speed (e.g. Vaughan and others, 2013; Huss and Hock, 2018).
Future climate change will likely have a significant impact on the dimensions of existing gla-
ciers, which will affect the sea level and climate throughout the world. On regional scales, gla-
cier retreat can affect hydropower production, freshwater availability, infrastructure and
wildlife (e.g. Kaser and others, 2010; Xu and others, 2012). It is therefore important to inves-
tigate the effect of climate change on the cryosphere both on global and regional scales.

In order to asses the large-scale effects of a changing climate, state-of-the-art General
Circulation Models (GCMs) are used internationally to make past and future projections.
The Coupled Model Intercomparison Project (CMIP), for example, provides publicly available
simulations from a large collection of models, with simulations spanning until at least 2100
(Taylor and others, 2012).

However, due to the high computational cost of GCMs, they run with a coarse
(100-200 km) resolution which does not resolve smaller glaciers. Dynamically downscaling
climate projections from GCMs using Regional Climate Models (RCMs) is therefore a useful
method to better resolve specific areas or surface processes. RCMs have been used and eval-
uated in several studies of the surface mass balance (SMB) of glaciers in, for example,
Greenland (e.g. Box and Rinke, 2003; Rae and others, 2012; Fettweis and others, 2016;
Langen and others, 2017), Antarctica (e.g. Lenaerts and Van Den Broeke, 2012; Agosta and
others, 2015) and Iceland (e.g. Schmidt and others, 2017, 2018).

Different RCMs and GCMs can project a highly variable climate response even when the
same initializations and greenhouse gas concentration are used. It is therefore important to
consider the output from several different models in order to sample a comprehensive
range of possible climate trajectories. Therefore, for example, the Coordinated Regional
Downscaling Experiment (CORDEX) (Giorgi and others, 2009) provides a large collection
of publicly available historical and future simulations with different RCMs, driving GCMs
(from CMIP phase 5), domains and initialization.

Most RCMs have a fixed topography, and therefore do not account for feedback caused by
surface elevation changes nor for glacier retreat/advance. Coupling to an ice flow model is
therefore needed in order to simulate a dynamically evolving glacier surface. Using RCMs
to force ice flow models has been attempted in a number of studies (e.g. Adalgeirsdottir
and others, 2011, 2014; Gong and others, 2014), which allows for a dynamically changing
ice cap but does not include feedbacks on precipitation, temperature wind speed, etc., due
to changes in surface elevation. Studies have shown that neglecting these feedbacks can lead
to a significant underestimation in sea level projections (Edwards and others, 2014; Schéfer
and others, 2015). However, as a two-way coupling of climate models with ice flow models
presents substantial computational challenges, fully coupled simulations are rarely performed.
Some studies have attempted to solve this issue by adding an elevation-dependent correction
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Fig. 1. Vatnajokull ice cap. Shown are the loca-
tions of AWS stations (black triangles) and SMB/
surface velocity sites (black dots) used in this
study. The red lines show the ice divides.

to the simulated SMB in order to estimate the effect of the feed-
back (e.g. Edwards and others, 2014; Schifer and others, 2015).

Like most glaciers worldwide, Icelandic glaciers have been
loosing mass since the late 1990s (Bjornsson, 2017). Vatnajokull
ice cap, the largest ice cap in Iceland and the focus of this
study, experienced slightly positive SMB in the 1980s, but SMB
shifted towards negative after the mid-1990s following a sudden
increase in sea-surface temperatures at the South-East coast
(Bjornsson and others, 2013). The RCM HIRHAMS has been
used for studies of the climate of Vatnajokull by Schmidt and
others (2017, 2018). Only reanalysis-driven runs were used for
these studies, and therefore only the reconstruction of the past cli-
mate was evaluated. Several other studies by, e.g. Adalgeirsdottir
and others (2006) and Adalgeirsdottir and others (2011) have
used RCM output for studies of the past and present climate of
the ice cap, but these studies only use the precipitation and tem-
perature fields from the RCMs to simulate the ablation using a
positive degree day model.

In this study, the snow-pack scheme from the RCM
HIRHAMS5 (Langen and others, 2017; Schmidt and others,
2017) is used to simulate the climate of Vatnajokull until 2300,
thus expanding on the work of Schmidt and others (2017). This
is done by forcing the model with EC-EARTH simulations with
a 5.5 km resolution and available CORDEX simulations with a
12 km resolution. The HIRHAMS5-EC-EARTH simulations are
also included within the CORDEX framework, but at a lower spa-
tial resolution. Two greenhouse gas concentration scenarios are
considered, Representative Concentration Pathways (RCP) 4.5
and 8.5. In the RCP 4.5 scenario (Thomson and others), green-
house gas concentration steadily increase until the radiative for-
cing stabilizes at 4.5Wm™> in 2100, where the average
worldwide temperature has increased by ~ 2.4°C. The RCP 8.5
scenario (Riahi and others, 2011) is the RCP scenario with the
highest projected greenhouse gas concentration, as the concentra-
tion increases significantly during the second half of the 21st cen-
tury until the radiative forcing reaches 8.5 Wm™ in 2100. The
radiative forcing does not stabilize in this scenario, and it leads
to an average worldwide temperature increase of ~ 4.7°C.

The RCM simulations are used to force the Parallel Ice Flow
Model (PISM) (Bueler and Brown, 2009) in order to simulate
the changes in glacier volume and area. PISM is one-way coupled
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to the RCMs, which means that any elevation feedback on the
SMB is neglected. In order to estimate the sensitivity of the ice
cap to elevation changes, precipitation and temperature lapse
rates are added to some of the simulations.

This is the first study using PISM and distributed SMB fields
from several RCMs to model the evolution of Vatnajokull
However, simulations of the whole ice cap or selected glacier out-
lets using flow models have been done in studies by, e.g. Bjérnsson
and others (2001), Adalgeirsdéttir (2003), Adalgeirsdéttir and
others (2005, 2006), Adalgeirsdottir and others (2011), Flowers
and others (2003, 2005) and Marshall and others (2005). The
results of these studies will be discussed in the context of the simu-
lations presented in this paper.

2. Study area and observations
2.1. Study area

Vatnajokull ice cap, currently ~ 7800 km?, is the largest temperate
ice cap in Europe and is located close to the southeastern coast of
Iceland (Fig. 1). At the highest areas of the glacier, there are only
10-20 days a year with melting, while at lower elevation the abla-
tion season generally lasts 3-4 months (Bjornsson and Palsson,
2008).

Vatnajokull partly lies within the active volcanic zone, and
covers several of Iceland’s largest volcanoes where eruptions are
frequent (e.g. Bjornsson and Einarsson, 1990; Gudmundsson
and others, 2012). Western Vatnajokull mainly lies on porous
lava beds, while eastern Vatnajokull lies on impermeable uncon-
solidated till (e.g. Bjérnsson, 1988). Tephra layers in the glacier ice
dominate its spectral properties, and volcanic ash therefore has a
large effect on the melt in the ablation zone (e.g. Larsen and
others, 2016; Gascoin and others, 2017; Schmidt and others,
2017, 2018). Frequent dust storms also occur over the ice cap, dar-
kening the surface and increasing melt (e.g. Dragosics and others,
2016). In addition to surface melting, geothermal activity below
the glacier provides a small contribution to the total melt on aver-
age (Bjornsson and Palsson, 2008).

All the major outlets of Vatnajokull are surge-type, and ~75%
of the ice cap area can be affected by surges (Bjornsson and others,
2003). Recorded surge histories suggest that some outlets surge at
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regular intervals (e.g. Bruarjokull surges every 80-100 years) while
others surge at varying intervals (e.g. Breidamerkurjokull surges
every 6-38 years). In the 1990s, approximately 25% of the ice sur-
plus in the accumulation area of Vatnajokull was transported to
the ablation area by surges (Bjornsson and others, 2003).

2.2. Available observations

Automatic Weather Stations (AWSs) have been operated on
Vatnajokull since 1994, with 1-13 stations measuring on the ice
cap during the summer months (e.g. Oerlemans and others,
1999; Bjornsson and others, 2006; Gudmundsson and others,
2006). Observations from five AWSs, three on Bruarjokull and
two on Tungnadrjokull (Fig. 1), which have been operated at
approximately the same locations since 2001, are used to evaluate
the HIRHAMS5-EC-EARTH simulations.

In situ SMB and surface velocity measurements have been car-
ried out twice a year every glaciological year since 1991-92
(Bjornsson and others, 1998), with an average of 60 measured
locations every year (Fig. 1). The ablation has been observed
using stake measurements, and the location of the stakes has
been measured by GPS in order to estimate the average seasonal
velocity. The uncertainty in the SMB measurements has been esti-
mated to be + 0.3 m water equivalent (w.e.) (Bjornsson and others,
1995, 2013). Stake measurements are used to evaluate the SMB in
HIRHAM5-EC-EARTH and the surface velocities in PISM.

The surface and bedrock topographies are needed as boundary
conditions for PISM. For the surface topography, a surface eleva-
tion map of the ice cap from 2010 is used. The map is based on
images from the Spot5 satellite (Berthier and Toutin, 2008) from
June and September 2010. The uncertainty on the acquisition day
is ~1-2 m. However, due to differences between acquisition days
in the surface elevation due to glacier melt, the uncertainty may
be higher at ~5 m in some areas.

The bedrock topography maps are based on radio echo profiles
from surveys since 1980 (Bjornsson, 1986, 1988). Each pulse from
the radio transmitter illuminates an approximate disc with a
radius of ~100-200 m, thus the received echo is composed of
energy from that area. An attempt to trace the energy to point
sources at the bed is made using migration along the profile; a
detailed description can be found in, e.g. Magnisson and others.
The sounding lines were typically conducted 1 km apart and then
interpolated to create a map using manual interpolation. The
uncertainty along each sounding line is estimated to be ~+15 m
(Bjornsson, 1988, 2000), but due to uncertainty in the interpol-
ation between the survey lines, the uncertainty of the bedrock top-
ography map is estimated to be 20-50 m.

3. Model description
3.1. Regional climate models

HIRHAMS is a hydrostatic RCM which combines the dynamical
core of the HIRLAM?7 numerical forecasting model (Eerola, 2006)
and physics schemes from the ECHAMS5 general circulation
model (Roeckner and others, 2003). The model configuration is
described in detail in Christensen and others (2006). In this
study it is run over a domain containing Greenland and
Iceland, with a horizontal resolution of 0.05° x 0.05° on a rotated-
pole grid. This corresponds to ~5.5 km resolution. The atmos-
pheric model has 31 vertical levels, from the surface to 10 hPa.
The model time step is 90 s. HIRHAM5 model simulations
have been successfully validated over Greenland (e.g. Box and
Rinke, 2003; Stendel and others, 2008; Lucas-Picher and others,
2012; Langen and others, 2015, 2017) and Iceland (Schmidt
and others, 2017) using AWS and ice core data.
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However, when the model is forced by ERA-Interim reanalysis
data (Dee and others, 2011), which is a global atmospheric reanaly-
sis by ECMWF spanning back to 1979, Schmidt and others (2017)
found that there is an overestimation in the winter accumulation
over parts of Vatnajokull which, e.g. affect the simulation of the
albedo. Schmidt and others (2018) found that by using the well-
evaluated snow pack scheme from HIRHAMS, but forcing it
with incoming mass and energy fluxes from the numerical weather
projection model (NWP) HARMONIE-AROME, a better agree-
ment with SMB observations could be achieved.

HARMONIE-AROME is a non-hydrostatic, convection-
permitting model (Bengtsson and others, 2017), which is based
on the AROME-France model (e.g. Seity and others, 2011), but
now differs from the original model in various aspects (Bengtsson
and others, 2017). Details on the model configuration are described
in Bengtsson and others (2017). In autumn 2015, the Icelandic
Meteorological Office started a reanalysis project for Iceland
(ICRA) using the HARMONIE-AROME model (details on the
model setup can be found in Nawri and others (2017)).
ICRA currently spans from 1 September 1979, until 31 December
2017. It is run over a domain containing only Iceland at a horizontal
resolution of 0.025°x0.025°, corresponding to ~2.5km.
HARMONIE-AROME is forced by ERA-Interim reanalysis data at
the lateral boundaries at 6 h intervals. Since HARMONIE-AROME
is non-hydrostatic and calculates precipitation prognostically, it pro-
vides a better representation of the accumulation in areas with high
orographic forcing than HIRHAMS5 (Schmidt and others, 2018).

Due to the better agreement between SMB observations and
simulations when the snow pack scheme from HIRHAMS is
forced by HARMONIE-AROME meteorological forcing, the
SMB from these runs is used for simulations in the reanalysis per-
iod (1980-present). In order to get a more accurate SMB, the pre-
cipitation scaling used by Schmidt and others (2018) is also used
in this study. The method is described in detail in Schmidt and
others (2018), and the details on the snow pack scheme are
described in Langen and others (2017) and Schmidt and
others (2017).

For future simulations, we rely on HIRHAMS5 forced by
EC-EARTH (Hazeleger and others, 2012) at the lateral boundaries
as well as CORDEX simulations. EC-EARTH is based on the
operational seasonal forecast system of the European Centre for
Medium-Range Weather Forecasts (ECMWF). It has a 2°C cold
bias over the Arctic (Koenigk and others, 2013), which leads to
an overestimation of the sea ice extent. However, it performs
well when simulating dynamic variables, as comparison with
other coupled models of similar complexity confirms (Hazeleger
and others, 2012). In the CORDEX simulations, Iceland is repre-
sented both in the Europe and Arctic domains, but the highest
resolution simulation (12km) can be found in the Europe
domain. Simulations which provided the output parameters
needed for this study, have a resolution of 12 km and included
an appropriate snow/ice mask over Vatnajokull were chosen. A
list of the simulations is shown in Table 1.

Two greenhouse gas concentration scenarios are considered,
RCP4.5 and 8.5. Due to the high computational cost of the
HIRHAMS5-EC-EARTH simulations, they are only available in
three 20-year time slices: a historical period from 1991 to 2010
and two future periods from 2031 to 2050 and 2081 to 2100.
CORDEX simulations are available for the full period.

3.2. SMB modelling

In this study, the snow pack scheme from HIRHAMS5, run offline
from the atmospheric component, is used to simulate the SMB.
The scheme has 25 subsurface layers, and includes a dynamic sur-
face scheme that explicitly calculates the surface mass budget,
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Table 1. CORDEX simulations used in this study

Louise Steffensen Schmidt and others

RCM GCM Ensemble RCP 4.5 RCP 8.5 Reference

HIRHAMS5 ICHEC-EC-EARTH r3ilpl X X Christensen and others (2006)
HIRHAM5 MOHC-HadGEM2-ES rlilpl X Christensen and others (2006)
HIRHAMS NCC-NorESM1-M rlilpl X X Christensen and others (2006)
CCLM4-8-1 CCCma-CanESM2 rlilpl X Rockel and others (2008)
CCLM4-8-1 MIROC-MIROC5 rlilpl X Rockel and others (2008)
RACMO22E ICHEC-EC-EARTH r12ilpl X X Van Meijgaard and others (2008)
RACMO22E ICHEC-EC-EARTH rlilpl X X Van Meijgaard and others (2008)
RACMO22E MOHC-HadGEM2-ES rlilpl X X Van Meijgaard and others (2008)
RCA4 ICHEC-EC-EARTH r12ilpl X X Samuelsson and others (2011)
RCA4 CNRM-CERFACS-CNRM-CM5 rlilpl X X Samuelsson and others (2011)
RCA4 IPSL-IPSL-CM5A-MR rlilpl X X Samuelsson and others (2011)
RCA4 MOHC-HadGEM2-ES rlilpl X X Samuelsson and others (2011)
RCA4 MPI-M-MPI-ESM-LR rlilpl X X Samuelsson and others (2011)
RCA4 NCC-NorESM1-M rlilpl X Samuelsson and others (2011)
WRF331F IPSL-IPSL-CM5A-MR rlilpl X X Hines and others (2008)

accounts for the melting of snow and bare ice, and resolves the
retention and refreezing of liquid water in the snow pack
(Langen and others, 2015, 2017). This scheme only runs for desig-
nated glacier gridpoints, and it is run offline forced by 6 h surface
energy (incoming shortwave (SW|]) and longwave (LW|) radi-
ation and turbulent fluxes) and mass fluxes (snow, rain, evapor-
ation and sublimation) from a previous HIRHAMS5 simulation.
While a fully coupled, high-resolution HIRHAMS5 run is compu-
tationally very expensive, this offline model offers a quicker
alternative to test new model implementations.

This snow pack scheme has previously been evaluated for
Vatnajokull by Schmidt and others (2017). The authors used an
updated snow albedo scheme, which was tuned to better fit
with observations from AWSs operated on Vatnajokull. In add-
ition, the albedo of the ice that emerges as the snow melts away
in the ablation zone, was improved by using a background map
based on MODIS observations (Gascoin and others, 2017;
Schmidt and others, 2017). This version of the model is used in
this study.

The offline model can be forced by incoming energy and mass
components from another climate model, although then add-
itional missing feedbacks have to be taken into considerations.
Schmidt and others (2018) used the model forced with energy
and mass fluxes from the NWP HARMONIE-AROME, and
achieved improved simulations of the SMB compared to using
HIRHAMS5 forcing. A similar approach will be used in this
study, as the CORDEX simulations will all be used to force the
snow pack scheme. This is done in order to get the most similar
conditions for the climate runs, and the differences in SMB are
not due to, e.g. different complexities of the albedo parameteriza-
tion. The way the output from RCMs can be used to force the
HIRHAMS5 snow pack scheme is described in detail in Schmidt
and others (2018).

RCM output
SW{

The calculated monthly SMB fields are used to force the ice
flow model PISM (Bueler and Brown, 2009), in order to get an
estimate of the future volume and area change of the ice cap.
Since this is a one-way coupling, the elevation-SMB feedback is
not taken into account. To assess the importance of this feedback,
a set of model runs where a lapse-rate correction is added to the
precipitation and temperature are also conducted. A lapse rate of
SP/8hs=0.00176 a* is used following Flowers and others (2005),
where P is the precipitation and hg is the surface elevation in
metres, and a temperature lapse rate of 8T/8hs=0.006 K/m
following Gudmundsson and others (2006) is used to correct
the incoming longwave radiation and the sensible heat flux, as
these fluxes can both be parameterized as a function of the air
temperature. The effect on the latent heat flux is assumed negli-
gible. If the temperature at 2 m above the surface becomes warmer
than 2°C, snowfall is transformed into rain. A schematic of how
the models are coupled for these runs is shown in Figure 2.
Feedbacks due to changes in humidity and wind speed have
been assumed negligible for these runs.

3.3. PISM

PISM (Bueler and Brown, 2009) is an open-source, 3-D, thermo-
mechanically coupled ice-sheet model which has been applied in
various studies of the Antarctic and Greenland ice sheets (e.g.
Winkelmann and others, 2011; Aschwanden and others, 2013,
2016; Adalgeirsdottir and others, 2014). PISM numerically solves
the shallow ice and shallow shelf approximations (SIA and SSA)
in parallel. The SIA is solved with a non-sliding base, and the SSA
can be used to estimate basal sliding (Bueler and Brown, 2009). In
this study, both the SIA and the combined SIA+SSA schemes are
investigated for Vatnajokull using PISM version 1.0.

PISM state file

Latent HF

HIRHAMS snow
pack scheme

Bilinear inter- PISM
7| polation tion

Monthly mean simula-

SMB

Evaporation

LW,
Sensible HF Temperature

correction

Surface ele-

. Volume /area
vation

Bilinear inter-

Rainfall

Snowfall

Fig. 2. The setup of the model coupling. The precipi-
tation and temperature lapse rate corrections are
only added for the elevation feedback experiments.

https://doi.org/10.1017/jog.2019.90 Published online by Cambridge University Press

Precipitation
lapse rate

polation



https://doi.org/10.1017/jog.2019.90

Journal of Glaciology

3.3.1. Sliding and deformation

Basal sliding in PISM can be estimated using a fully plastic or
pseudo-plastic law. In the case of a pseudo-plastic power law, it
relates bed-parallel shear stress, 7y, to the basal velocity
(Bueler and Brown, 2009)

. i
T = —Tc

0

q -
Uprreshold | Wb

where 7. is the yield stress, which represents the strength of the
glacier till, tipreshola is @ threshold speed, and ¢ is the pseudo-
plastic exponent. Setting q =0 gives the fully plastic case. Sliding
is likely to occur if the driving stress is larger than the yield stress.
The vyield stress can either be considered constant or calculated
dynamically by relating the till material properties, i.e. the till fric-
tion angle ¢, and the effective pressure on the till, Ny;;, using the
Mohr-Coulomb criterion:

T. = co+tan ¢ - Ny 2

where c is called the till cohesion and is generally set to zero. The
effective pressure on the till is determined by The PISM
authors (2018)

o\ Vi Vi
Ny = min{ P,, N0<N ) 100/ CA=Wan/ W) (3)

0

where P, is the ice overburden pressure, determined entirely by
the ice thickness, density and the gravitational acceleration, and
Wy is the effective thickness of water in the till computed in
the model. The remaining variables are constants which describe
the till mechanics: Ny = 1000 Pa is the reference effective pressure
of the till, § is the effective fraction overburden, e, = 0.69 is the ref-
erence void ratio, C. =0.12 is the compressibility coefficient and
W™ = 2 m is the maximum water thickness allowed in the till
(Tulaczyk and others, 2000; Bueler and van Pelt, 2015).

The till friction angle ¢ is a measure of the ability of the till to
withstand a shear stress and can either be set as a constant or
determined as a linear function of the bedrock elevation. The ele-
vation dependence is expressed as follows

‘f)mins
_ 1. Pma—bmin ; )
¢>(x,)’) = d’min + (b(xs)’) bmin bmaxfbmin>’ if bmin < b(x, ¥ < bmax
Dmax if b(x, y) > bmax

if b(xvy) < bmin

where bpin, Dmaxo @min @and @i are chosen constraints on the bed
elevation and till friction angle, respectively.

While till deformation plays a major role in the ice flow of
parts of, e.g. Greenland, till deformation may not be the main rea-
son for basal sliding beneath Vatnajokull. Therefore, we do not
claim that the sliding model in PISM describes the physics of
basal sliding beneath Vatnajokull, but by tuning the parameters
of the till model, basal sliding which is in accord with the
observed velocities may be simulated.

PISM is highly customizable, for example, including a hier-
archy of flow laws with different complexities. In this study,
tests are conducted using the isothermal Glen’s flow law, where
the ice softness A is constant but can be determined manually.

Previous studies have determined what the optimal parameters
are for the ice sheets on Greenland (e.g. Aschwanden and others,
2013) and Antarctica (e.g. Winkelmann and others, 2011). A simi-
lar determination of parameters is conducted for Vatnajokull
before the model is used for coupled simulations.
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3.3.2. PISM boundary conditions

To simulate the ice flow with PISM, the model needs the follow-
ing boundary conditions; the bedrock elevation, an initial ice
thickness estimate, a geothermal heat flux map, the monthly
mean SMB and the monthly mean ice surface temperatures.
The bed elevation and initial ice thickness maps have a resolution
of 0.5x 0.5 km and are based on observations.

When using a SMB field to force PISM, the ice temperature,
i.e. the temperature below snow and firn processes, is required
as model input. Icelandic glaciers are temperate (Bjornsson and
Pélsson, 2008), and while a winter cold wave is observed in the
glacier snow, it generally does not reach deep into the underlying
ice. Using HARMONIE-HIRHAMS5 climate forcing, a 1000-year
equilibrium run with an active enthalphy model produce that
80% of the ice cap is temperate. For example, the ablation zones
of Brajokull and Dyngjujokull show cold bases below pressure
melting. Based on field observations, this is not realistic. We
therefore decided to rather prescribe a constant ice temperature
of 0°C for all of Vatnajokull, ensuring temperate ice everywhere

Several simulated SMB fields are used in this study, as
described above. If the flow model is run at the resolution of
the RCMs, ie. with a grid size >2.5km, high velocity areas
occur due to the large topographic gradients between grid points
at this resolution. The SMB fields are therefore interpolated onto
the 500 m grid of the bedrock and surface maps using bi-linear
interpolation, which results in a more accurate representation of
the surface velocities.

An important source of meltwater beneath Vatnajokull is due
to geothermal heat flux. A NW-SE heat-flux gradient surrounds
Vatnajokull, with maximum heat fluxes of 0.25 Wm™ above
the active rift zone (Flovenz and Saemundsson, 1993). Some
central volcanoes have much higher localized values of up to
50 Wm™>. The basal water computed in PISM is important, e.g.
for determining the saturation of the till. In the absence of a
map of geothermal heat fluxes, the method used by Flowers
and others (2003) is used to estimate the background fluxes.
The eastern sector of Vatnajokull is assigned a value of
0.18 Wm ™2, while the western sector is assigned no heat flux
since the subsurface hydrothermal circulation is assumed to be
sufficiently strong to prevent heat from reaching the ice. Active
geothermal areas at Grimsvotn and the Skaftd cauldrons are
assigned a heat flux of 50 Wm™ following the suggestion of
Bjornsson (1988).

4, Experimental setup

Before projections of the future evolution of Vatnajokull can be
conducted, the coupled RCM-ice flow model needs to be initia-
lized to represent the present state of the glacier, as the starting
model state strongly influences the short-term trajectory of pro-
jections (e.g. Adalgeirsdottir and others, 2014).

In this study, a constant climate spin-up is conducted using a
constant ice temperature. The simulated climate from 1980 to
1999 is used for a 1000-year spin-up, as Vatnajokull was approxi-
mately in balance during this period. After the spin-up, the model
is forced until 2010 for comparisons with the observed geometry
of that year.

It is important to note that Vatnajokull is most likely not in a
steady state; previous studies have shown that the current shape
can be best represented by an ice cap that is not in equilibrium
with the current climate (e.g. Adalgeirsdottir and others, 2005;
Marshall and others, 2005). One of the explanations for a
non-equilibrium ice cap is that most of the outlets of Vatnajokull
are surge-type. Surges have a major effect on the shape and SMB
of Icelandic glaciers, with ~25% of the surplus in the accumulation
area of Vatnajokull being transported down-glacier by surges in the
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1990s (Bjornsson and others, 2003). Performing a spin-up without
surges is therefore expected to produce an ice cap with a too large
volume and too small area. Since PISM does not include physics to
initiate surges, it is not possible to have dynamically occurring
surges in the model.

The final spin-up state is then used for both equilibrium and
continuous simulations. For the equilibrium simulations, the
climate from the EC-Earth time slices are repeated until a steady
state is reached in order to determine the response time of
Vatnajokull to different changes in climate.

The continuous runs use the climate forcing from
HARMONIE-AROME, EC-EARTH and CORDEX to simulate
the climate until 2100. After 2100, the climate from 2081 to 2100
is assumed to continue until 2300. While CORDEX simulations
are continuous until 2100, the high resolution of the 5.5km
EC-EARTH runs mean that only 20-year time slices are available.
In between the time slices, the SMB is simulated by adding a linear
trend between the time slices with the variability from the previous
period added to the trend.

Since the SMB simulations from CORDEX and HIRHAMS5 are
forced by freely running GCMs, significant biases may be present.
As an example, the temperature of HIRHAMS5 forced by
EC-EARTH is compared to observations from five AWSs in
Figure 3. The climate of EC-EARTH has (as any freely running
GCM) a variability that is out of phase with reality, and compari-
son with observations is therefore best done using a statistical
method.

Figure 3 therefore shows quantile-quantile plots of the mod-
elled and observed monthly mean temperatures. Both the
EC-EARTH and ERA-Interim forced simulations are compared
to the temperatures measured at five AWSs from 2001 to 2010
(locations marked in Fig. 1). The figures show that statistically
the EC-EARTH and ERA-Interim forced simulations are from a
similar distribution as the observations, as all the results lie on
an approximately straight line (shown in red) except at low tem-
peratures. However, there is a clear temperature bias in the
EC-EARTH runs. EC-EARTH has a 1.9°C cold bias over
Vatnajokull, which is consistent with the general 2°C cold bias
found over the Arctic in EC-EARTH (Koenigk and others,
2013). In comparison, ERA-Interim forced HIRHAMS5 simula-
tions have a cold bias of 0.4°C over Vatnajokull (Schmidt and
others, 2017).

Since a temperature bias was found for the EC-EARTH simula-
tions, the SMB is generally overestimated in these runs. If the SMB
fields were used directly to force the ice flow model, large biases
would be introduced into the volume calculations. Therefore, instead
of using the absolute values computed by the offline model, the flow
model can be forced with SMB anomaly fields. These are computed
by subtracting the projections for each year from the mean of
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Fig. 3. Quantile-quantile plots of the monthly mean temperatures from five AWSs
compared to (a) EC-EARTH forced simulations and (b) ERA-Interim forced simula-
tions. Red line shows the straight line the quantiles follow and the black line
shows a one-to-one line.
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the historical period. The anomaly is then added to the
average HARMONIE-HIRHAMS5 simulated SMB from 1991 to
2010. This is done by interpolating the anomaly map onto the
HIRHAMS5-HARMONIE coordinates. Therefore, anomaly cor-
rected SMB fields are used to force the ice flow model. The specific
SMB of the corrected fields are shown in Figure 4. Although the
anomaly corrected simulations still do not capture the yearly vari-
ability, the average mass balance for the period 1991-2010 is similar.

EC-EARTH simulations are not the only ones with large
biases, and the average CORDEX SMB values differ from the
observations by —1 to 2ma~'. We therefore also apply the
above anomaly approach to the CORDEX projections.

Although this method does correct some of the biases from the
RCMs, it does not change the ratio of rainfall versus snowfall. In
climate models where the temperature is too cold, like e.g.
EC-EARTH, this ratio will most likely be underestimated. In add-
ition, since melt does not increase linearly with temperature, the
melt increase is likely also underestimated. Thus the anomalies
computed over a too cold climate are likely underestimated com-
pared to anomalies computed with a more accurate climate.

5. Results

5.1. Determining optimal flow law and sliding parameters in
PISM

A series of simulations are performed to assess the optimal para-
meters for simulating the flow of Vatnajokull. First, a 1000-year
fixed geometry spin-up is conducted until the glacier ice and
till are in a steady state. Then, a 1-year simulation with changing
geometry is conducted to slightly smooth the surface but still
retain the present day geometry. This method has previously
been used by, e.g. Adalgeirsdottir and others (2005). The 1-year
ice surface velocities are then compared to available observations.

First, we determine if the observed ice velocities can be simu-
lated without sliding (i.e. SIA only). We find that while the mea-
sured velocities can be simulated without sliding, different
viscosities are needed for each outlet. A better model choice is
to choose a softness that simulates the lowest measured velocities,
which can be assumed to be due to deformation only, and add
sliding to the simulations. The closest fit to the minimum
observed velocity (assumed to be the deformation velocity) is
achieved using isothermal Glen’s flow law with A=24.
107**s7'Pa™ (see Fig. 5), which is the value suggested for tem-
perate ice by Cuffey and Paterson (2010).

The estimation of sliding, when using SSA, shows the best fits
with observations when a pseudo-plastic flow law with a till fric-
tion angle ¢ that is linearly dependent on the bedrock elevation is
used. However, a large velocity mismatch arises for points near
the outlet terminus. The only way to counter this effect and still
allow sliding in other areas is to add a large till cohesion ¢, of
~125 kPa. The changes from the default PISM settings are sum-
marized in Table 2. These settings were found by slowly varying
each of the parameters and comparing the resulting velocities to
observations. A full list of all PISM parameters can be found in
The PISM authors (2018).

The simulated velocities with the PISM setup described in
Table 2 are shown along eight flow lines in Figure 5. The modelled
velocities of Braarjokull and Koldukvislarjokull have the best fit with
the average observations. Breidamerkurjokull has the largest devi-
ation, but the simulated velocities are still mostly within the range
of the observations. Eyjabakkajokull is the only outlet which signifi-
cantly deviates from the observations, which suggest that generally
very little sliding occurs along this outlet. Braarjokull, Sidujokull,
Breidamerkurjokull and part of Dyngjujokull are most affected
by sliding.
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5.2. Model spin-up using 1980-99 climate

The results of the constant climate spin-up are shown in
Figures 6a, b. As expected, the equilibrium state has a smaller
area (by 2.5%) and a larger volume (by 3.5%) compared to the pre-
sent day reference geometry, which is partly due to the lack of surges
in the model. Dyngjujokull has the largest deviation in thickness,
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which could be due to the short surge cycle (~20 years) of this out-
let. The flow of the glacier is not large enough to transport the accu-
mulated mass down to the ablation area, and thus the glacier
thickens and prepares for a surge. Braarjokull, on the other hand,
has a long surge cycle of 80 years. The simulated outlet is still
thicker and shorter than the current geometry, but the thickness
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Table 2. Model choices changed from the PISM default settings

Parameter value
Flow law Isothermal Glen’s
Sliding law Pseudo-plastic
A 2.4-107 Pa’s~!
q 0.5

o 125 kPa

b in 700 m a.s.l.

bnax 1000 m a.s.l.
¢min 10°

¢max 650

S 0.05

is generally overestimated by less than 50 m, whereas Dyngjujokull
is overestimated by between 50 and 150 m. The thickness of
the south-facing outlets is underestimated in the ablation
zone and overestimated in the accumulation zone, which
could partly be attributed to the fact that there are no surges
in the model to bring excess mass from the accumulation
zone down to the ablation zone.

As previously mentioned, the present day ice cap is most likely
not in equilibrium with the current climate and thus an equilib-
rium ice cap will not capture the present day geometry even if
surge dynamics are included. A non-equilibrium present day
geometry, e.g. explains the thin ice at the terminus of several out-
lets which disappear during the constant climate spin-up. Errors
in the reanalysis forcing and the bedrock topography also affect
the spin-up geometry.

Figures 6¢-h show the profiles of six outlets along a flowline
both for the observed 2010 geometry and for the simulated geom-
etry. As previously mentioned, Bruarjokull and Dyngjujokull are
the outlets with the largest differences between the spin-up

Louise Steffensen Schmidt and others

geometry and the observed geometry. After the spin-up,
Braarjokull is ~7.5 km shorter in the simulation. Therefore, it is
the outlet whose extent is the furthest from the observed. The simu-

lated Dyngjujokull is 2km shorter, while the simulated
Skeidararjokull and Tungnaarjokull are ~3km shorter.

Hoffellsjokull and Breidamerkurjokull have the same extent in
the simulations as observed.

Due to these changes in area and thickness, the simulated vel-
ocities for this geometry do not fit as well with the observations as
in the 1-year geometry run. The root mean square error (rmse) of
the difference between observed and simulated surface velocities
at the end of the spin-up are given in Table 3. A main reason
for the bigger errors is that the edges of the ice cap have become
steeper compared to the 1-year run, hence the velocities become
higher near the outlet terminus. Especially Dyngjuj6kull, which
has the highest deviation in thickness in the steady-state simula-
tions, reaches velocities much higher than those simulated with
the current geometry (see Table 3).

5.3. Reanalysis simulations from 1980 to 2016

The simulated changes in SMB, volume and area of Vatnajokull
during the period 1980-2016 are shown in Figure 7. The mea-
sured change in volume from the 1991-92 glaciological year
until 2014-15 is ~3% (Palsson and others, 2015). In the model
simulations, the volume loss is approximately half of the observed:
1.7% since 1991-92. This is due to an overestimation of the net
balance from 1995 to 2000 (see Fig. 7a), as well as the effect of
volcanic eruptions on the albedo and thus the surface ablation.
The glacier surface was affected by tephra from eruptions occur-
ring in 1996, 1998, 2004, 2010 and 2011. The facts that parts of
the ablation zone disappeared during spin-up, and that surges
occurred in 1991, 1994 and 2000 in western and north-western
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Table 3. The mean root-mean-square error between average observed and simulated surface velocities for all measurement sites.

Bruarj. Koldukvislarj. Tungnadrj. Siduj. Dyngjuj. Breidamerkurj. Eyjabakkaj.
lyr[ma™] 7.0 7.9 21.2 9.6 8.8 55.0 19.0
CC spin-up [ma™}] 135 259 19.8 30.0 44.5 78.9 52.9

Note: The 1-year velocities are modelled using the observed 2010 outlet geometry, while CC spin-up velocities are taken at the end of a constant climate spin-up

outlets, which transported additional mass down to the ablation
zone, also contribute to the difference in volume loss.

The simulated change in area is also shown in Figure 7c. Only
very small changes are simulated during the reference period:
1.2% from 1991-92 to 2014-15. This small change is because
the spin-up state is in balance with the 1980-1999 climate, and
that the thinnest parts of the ablation zone disappeared during
the model spin-up.

5.4. Equilibrium decline

5.4.1. Step-wise ice cap decline

To estimate the response of the ice cap to a sudden climate
change, the flow model is first forced with the climate forcing
for each of the HARMONIE-EC-EARTH time slices. Starting
from the spin-up state, the model is run for 2000 years recycling
the anomaly of the forcing from 2031 to 2050 and 2081 to 2100
for the RCP 4.5 scenario, and 2081 to 2100 for the RCP 8.5 scen-
ario. This corresponds to a sudden temperature change of 1.5, 3.0
and 4.7°C over Iceland. The resulting changes in area and volume
are shown in Figure 8a—c.

For the 2031-2050 RCP 4.5 scenario (1.5°C warming) the ice
cap stabilizes at a volume and area that are 30 and 16% smaller
than the starting value, respectively. For the 2081-2100 RCP 4.5
scenario (3.0°C warming) the ice cap takes longer to reach a
steady state than the other two scenarios, but the volume and
area eventually stabilize at a 66% smaller volume and a 40% smal-
ler area. For the last scenario, 2081-2100 RCP 8.5 with 4.7°C
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warming, only the highest points of the ice cap (eg.
Oreefajokull and Birdarbunga) stay glacierized. Here, 97% of
the volume and 92% of the area have disappeared. The current
glaciation limit for southern Iceland is 1100 m (Bjornsson and
Pélsson, 2008), so if the ice cap disappears, it may not grow
back during the current climatic conditions. However, because
there is no elevation feedback in these runs, the ice cap will
rebuild until it reaches the spin-up state if the climate is returned
to that of 1980-99 in these simulations.

When adding a precipitation and temperature lapse rate to the
forcing, to estimate the effect of elevation feedback on the SMB,
the response of the ice cap is slightly faster (Figs 8d-f). After
200 years, the lapse rate runs have volumes and areas that are
5-11 and 3-18% smaller than the runs without a lapse rate cor-
rection, respectively. Initially, the RCP 8.5 run has the largest sen-
sitivity to the lapse rate correction, but since the ice cap almost
disappears even in the run without the lapse rate correction,
there is not a large difference between the steady-state configura-
tions. Once the ice cap reaches a steady state, the lapse rate simu-
lation projects a volume and area that are only 2 and 4% smaller
than the simulations without the correction. The two more mod-
erate warming scenarios (1.5 and 3.0°C warming) are more sensi-
tive to the elevation-dependent feedback. After ~300 years, the
volume and area drop below those found without the lapse rate
correction and keep decreasing for the rest of the run. At the
end of the 2000-year run, the simulation with a 1.5°C temperature
increase has a volume and area that are 46% and 36% smaller than
the no feedback simulations, while the 3°C temperature increase
has a volume and area that are 24% and 35% smaller than the
no feedback simulations.

It is important to note that the lapse rate correction does not
account for changes in the precipitation pattern as the glacier
geometry changes. The SMB-elevation feedback estimates are
therefore still subject to large uncertainties and is only a rough
estimate of the effect.

5.5. Future projections with HIRHAM5-EC-EARTH

For these simulations, the ERA-Interim forced HARMONIE-
HIRHAMS output is used for the period 1980-2016, after which
the SMB anomalies between the future and reference period in
the EC-EARTH forced HIRHAM5 simulations are used. After
2100, the climate from 2081 to 2100 is repeated for another
200 years.

The results from these simulations are shown in Figure 9. The
relative volume loss happens more rapidly than the relative area
loss in both scenarios. Without any precipitation and temperature
lapse rate correction, the ice cap volume decreases by 17% for
RCP 4.5 and 34% for RCP 8.5 by 2100, while the area decreases
with 9% for RCP 4.5 and 19% for RCP 8.5 by 2100. By 2300,
the volume decreases with 44% for RCP 4.5 and 85% for RCP
8.5, while the area decreases with 23% for RCP 4.5 and 65% for
RCP 8.5.

Figure 9 also shows the response of the outlets to the climate
scenarios. The low elevation southern outlets Skeidararjokull
and Breidamerkurjokull are the most sensitive to an increase in
warming. To estimate the retreat of specific outlets, the elevation
change along flow lines on six outlets is investigated: south-facing
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Breidamerkurjokull and Skeidardrjokull, south-west facing
Tungnadrjokull, north-facing Braarjokull and Dyngjujokull, and
south-east facing Hoffellsjokull. Table 4 gives the retreat along
the flowlines for both scenarios, while Figure 10 shows the retreat
for the RCP 8.5 scenario.

The retreat of most of the outlets significantly speeds up
between 2100 and 2200, which is due to the increased ablation
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imposed in this period by repeating the high forcing from 2081
to 2100. In the RCP 4.5 scenario, most of the outlet retreat begins
slowing down after 2200, in some cases reaching an almost steady
state (e.g. Hoffellsjokull). In the RCP 8.5 scenario, outlet retreat
continues rapidly except in cases where the outlet has almost dis-
appeared by 2200. Especially Tungnadrjokull has a rapid increase
in outlet retreat between 2200 and 2300.


https://doi.org/10.1017/jog.2019.90

Journal of Glaciology

Table 4. The amount of retreat of select outlets in km/percentage along the
flowlines shown in Figure 6 in scenarios conducted with EC-EARTH forced

climate
Outlet Scenario  0-100 years 0-200 years  0-300 years
Bruarjokull RCP 45 15km/5% 5.0km/20% 8.5 km/30%
RCP 8.5 3.0km/10% 14.0 km/50%  24.0 km/90%
Dyngjujokull RCP 45 1.0km/5% 3.0 km/10% 3.5 km/15%
RCP 85 2.0km/5%  6.5km/20%  12.0 km/40%
Tungnaarjokull RCP 45 2.0km/5% 4.5 km/10% 5.0 km/15%
RCP 8.5 3.5km/10% 10.5 km/30% 35.5 km/100%
Skeidararjokull RCP 45 3.5km/10% 8.0 km/20%  13.5 km/35%
RCP 8.5 4.0 km/10% 23.0 km/55%  31.0 km/75%
Breidamerkurjokull RCP 45 4.5km/10% 11.0 km/30% 13.0 km/35%
RCP 8.5 6.5km/20% 24.0 km/65% 36.0 km/100%
Hoffellsjokull RCP 45 2.5km/15% 5.5 km/30% 5.5 km/30%
RCP 85 5.5km/30% 16.0 km/90% 17.5 km/100%

Note: Distances are rounded to the nearest 0.5 km and the nearest 5%. The retreat under the
RCP 8.5 scenario is also shown in Figure 10

The retreats shown in Table 4 are relative to the spin-up geom-
etry, which significantly differs from the current geometry (Fig. 6).
The retreat of both Bruarjokull and Dyngjujokull thus may be
underestimated in these simulations, as the spin-up areas of these
outlets are smaller than present day while the simulated ice thick-
ness is larger. One of the reasons for the deviations between the
spin-up and present day geometries is that surges are not simu-
lated. Surges make it difficult to relate the simulated and actual
retreat of the outlet front, since they speed up volume response
but slow down initial areal response. The spin-up geometry was
created using the flow law parameters which simulated velocities
that fit the best with velocity observations, but that the spin-up vol-
ume and area are fairly close (~3%) to the current geometry even
without surges suggests that there may be an overestimation in the
velocities. This is partly due to the thickening of the outlet during
spin-up. The simulated outlet retreat is therefore probably too slow
during normal flow periods and too fast during surges.

An important factor for the ice cap retreat is calving of outlets
that terminate into proglacial lakes. The two outlets that are
affected most by this are south-flowing Skeidararjokull and
Breidamerkurjokull, which both terminate into a proglacial lake
for parts of the runs due to an over-deepening of the bedrock.
These simulations do not include ice calving, and therefore the
retreat of these outlets is most likely underestimated.
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5.5.1. Effect of lapse rate correction

When adding precipitation and temperature lapse rates, in the
same manner as was done in the step-wise climate simulations,
the response of the ice cap is quicker. By 2300, the volume of
whoe Vatnajokull is 9-14% smaller than in the runs with no feed-
back, while the area is 9-20% smaller. The retreats of Braarjokull
and Dyngjujokull are especially affected by the precipitation lapse
rate correction. In the RCP 4.5 scenario, Dyngjujokull and
Bruarjokull have retreated ~100 and 75% further than in the no
feedback simulation, respectively. In the RCP 8.5 simulation, a
similar trend is observed, with Braarjokull completely disappear-
ing by 2300 and Dyngjujokull has retreated 125% further by 2300
than in runs with no elevation feedback.

Looking at the changes in SMB due to the elevation feedback,
we found that for the RCP 4.5 scenario, the SMB decreased by an
additional 9% in 2100 and by 15% in 2200 and 2300 compared to
the simulation without feedback. The RCP 8.5 is more sensitive to
the elevation feedback, as the SMB decreased by an additional 9%
in 2100, by 21% in 2200 and by 28% in 2300 compared to the
simulation without feedback.

5.6. CORDEX simulations

A comparison of the range in temperature and precipitation
changes in the selected CORDEX simulations (Table 1) with
those in the HIRHAMS5-EC-EARTH (5.5km) simulation is
shown in Table 5. These simulations are compared without a
lapse rate correction. While all the models have a consistent upward
trend in temperature, they do not show a consistent trend in the
change of precipitation; some models project a decrease, although
most simulations project an increase. The HIRHAMS5-EC-EARTH
(5.5 km) runs project one of the highest increases in temperature
and precipitation compared to the other CORDEX simulations.
The meteorological parameters from the CORDEX runs (daily
values of incoming radiation, turbulent fluxes and incoming mass
fluxes) are used to force the HIRHAMS5 subsurface scheme. The
CORDEX simulations provide continuous forcing for the period
1991-2100. The changes in simulated SMB between the reference
period and 2081-2100 are very variable for each of the models (see
Table 5). The SMB for these runs is calculated without a lapse-rate
correction. Under the RCP 4.5 scenario, RACMO-EC-EARTH
simulates the largest changes in SMB while the RCA4-CNRM-
CM5 simulates the smallest change. Under the RCP 8.5 scenario,
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Table 5. The change in temperature, precipitation and SMB between the reference
period (1991-2010) and the end of the century (2081-2100) in the 5.5 km HIRHAM5
simulations, and the increase in the CORDEX runs for the same period, given as
min/max (mean)

ASMB
Simulations Scenario AT [K] AP [%] [m w.e.]
HIRHAMS5-EC-EARTH  RCP 4.5 3.0 8.3 -17
(5.5 km)
RCP 8.5 4.7 12.8 —4.2
CORDEX RCP 4.5 1.3/35(2.4) 0.5/145(6.8) —0.5/—2.7 (-1.5)
RCP 85 2.7/51 (3.5) -2.5/16.8 (6.4) —1.5/-3.8(-2.2)

the maximum change in SMB for the CORDEX models is simu-
lated by HIRHAMS5-EC-EARTH while the minimum change is
simulated using RCA4-CNRM-CERFACS-CNRM-CM5. The
HIRHAMS5-EC-EARTH (5.5 km) simulated SMB under RCP 8.5
is beyond the range of the CORDEX results. This is most likely
due to the higher resolution of the simulations, which means
that changes in the ablation area are better resolved than in the
lower resolution CORDEX simulations.

The simulated SMB fields are subsequently used to force PISM
in the same way as the 5.5 km resolution runs, and a wide range of
future volumes and areas are found (Fig. 11). The largest change
in area and volume by 2300 for the RCP 4.5 scenario is simulated
using RACMO22E-EC-EARTH-r12, where the area decreases by
37% and the volume decreased by 64%. The smallest change in
area and volume is simulated using RCA4-CNRM-CERFACS-
CNRM-CM5, where the area decreases by 13% and the volume
by 31%. The mean reduction in area for all the runs is 24%,
while the mean reduction in volume is 46%.

For the RCP 8.5 scenario, the largest change in area and vol-
ume by 2300 is found using RACMO22E-MOHC-HadGEM2-
ES, where the area decreases by 80% and the volume by
94%. The smallest change in area and volume is found using
CCLM4-8-1-CCCma-CanESM2, where the area decreases by
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24% and the volume by 51%. The mean change in area for
all the runs is 49%, while the mean change in volume is 74%.

Using HIRHAMS5-EC-EARTH at a 5.5 km resolution under
RCP 8.5, 65 and 85% area and volume changes were simulated,
respectively (Fig. 9). When comparing to the retreat using
HIRHAMS5-EC-EARTH at a 12 km resolution, similar results
are found: 64% area and 83% volume reduction. The bilinearly
interpolated 12 km forcing thus provides as accurate simulations
as the 5.5 km runs, at least when no elevation feedback is taken
into account.

6. Discussion
6.1. Simulation of the glacier till

As previously mentioned, till deformation may not be the main
reason for basal sliding below Vatnajokull. In the beginning of
the ablation season, the water pressure increases at the base of
the glaciers as surface melt water reaches the glacier bed. This is
expected to lead to lifting of part of the glacier thus causing a
basal sliding event. These events are repeated over the ablation sea-
son, and most of the outlets of Vatnajokull therefore do not experi-
ence steady continuous sliding. The till deformation model used in
this study is adapted from PISM to induce basal flow, but we do not
expect the model to describe the physical properties of sliding
below Vatnajokull. For example, in these simulations a low till
friction angle of 10° is used for Breidamerkurjokull. However,
observations from Breidamerkurjokull show much higher till
friction angles of 27-48° (Derbyshire and others, 1981; Cuffey
and Paterson, 2010). The used till friction angle therefore does
not reflect the actual properties of the till, but is determined in
order to provide the best fit with available velocity measurements.

In this study, the till friction angle depends on the elevation of
the bedrock topography. This is an heuristic approach, but it has
been proven to be an effective way to simulate sliding for, e.g.
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Greenland (Aschwanden and others, 2013) and Antarctica
(Winkelmann and others, 2011). For Greenland and Antarctica,
the reasoning behind using this elevation dependence is that bed-
rock with a marine history is expected to be weak. The reason why
this assumption of an elevation-dependent till friction angle
works for Vatnajokull is also because of the hydrological proper-
ties of the bedrock, but not because of till deformation. The bed-
rock with low elevation and low till friction angle in the
simulations coincide well with areas with older, impermeable bed-
rock where water is more likely to pool beneath the glacier, caus-
ing it to slide more readily. The bedrock under, e.g. Bruarjokull,
Skeidararjokull and Breidamerkurjokull is impermeable, and
hydrological modelling of Vatnajokull by Flowers and
others (2003) showed that the ice cap is most likely to slide in
these areas. The high-elevation bedrock areas which are assigned
high till friction angles in the simulations coincide well with
younger, permeable bedrock areas on which the ice cap is less
likely to slide.

6.2. Flow law sensitivity tests

In order to assess the sensitivity of the results in this study to the
chosen flow parameters, sensitivity tests were conducted by vary-
ing several of the parameters by +20%. The results of these tests
are summarized in Table 6.

Even with a fairly large variation of 20%, the change in the
2300 ice cap volumes and area is only on the order of 1-4%.
The results are therefore more sensitive to the changes in the
mass balance than to the flow law parameters.

6.3. Elevation feedback

Previous studies have shown a strong coupling between the SMB of
Vatnajokull and the ice elevation. Adalgeirsdéttir and others (2005)
used an empirical parameterization to model the present SMB dis-
tribution; it had a piece wise linear elevation-dependent SMB with
a variable ELA. The authors found that the ice cap does not reach
an equilibrium similar in size as the present day ice cap with the
used SMB parameterization. Instead it was either considerably
smaller or expanded well beyond the current margins of
Vatnajokull due to a strong feedback between elevation and
SMB. Similar results were found by Hubbard (2006).

As previously mentioned, PISM is not two-way coupled with
HIRHAMS in this study. In order to estimate the effect of elevation
changes on the ice cap response time, precipitation and tempera-
ture lapse rates were added to some of the simulations. This simu-
lation is up to eight times more computationally expensive than the
ones without feedback, as the meteorological parameters are cor-
rected and created every year, and therefore not all experiments
are conducted using this method. It is a simple way to estimate
the effect of elevation feedback, demonstrating the importance of
including the feedback. The north-facing Braarjokull and
Dyngjujokull are especially sensitive to the lapse rate correction.

Table 6. Sensitivity analysis of the projected area and volume to the flow law
parameters. Each parameter is varied by +20% and the maximum absolute
differences are given

Parameter Az100 V2100 A2300 V2300
A 0% 1% 1% 3%
q 0% 1% 1% 4%
c0 0% 1% 1% 2%
by 0% 0% 1% 3%
b,y 0% 0% 1% 3%
¢min 0% 0% 0% 0%
¢max 0% 0% 0% 1%
5 0% 0% 1% 2%
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This is in agreement with the findings by Schmidt and
others (2018), who found that the SMB of these two outlets is espe-
cially sensitive to variations in snow thickness. In addition,
Bruarjokull often experiences snowfall during the summer, which
raises the albedo and therefore decreases the melt. A decrease in
the amount of summer snow as the surface elevation decreases
therefore also contributes to this sensitivity.

The lapse rate correction only gives an estimate of the possible
precipitation and temperature elevation feedback, as a fully
coupled simulation is needed to more accurately investigate the
effects of the elevation changes. The whole micro-climate is chan-
ged as the ice disappears, as e.g. the surface characteristics and
precipitation patterns change. An example of a feedback which
is not taken into account when using the lapse rate correction
is the increase in temperature when the ice disappears in a grid
cell, as there is no melting surface to dampen the temperature.
Including this effect could increase the fraction of precipitation
falling as rain.

Since the precipitation is overestimated by HIRHAMS5-
EC-EARTH, some of the albedo feedback due to a decrease in
precipitation may not be captured in these simulations. This
would most likely remain an issue even in coupled simulations.

6.4. Comparison to previous studies

One important distinction between this study and previous studies
of Vatnajokull is that a realistic present day spin-up of the ice cap is
achieved using the climatic conditions from the end of the
20th century. Using simulations of the present day SMB,
Adalgeirsdottir and others (2005) found that the ice cap reached
a size that was either smaller or grew much beyond the reference
ice cap, while Marshall and others (2005) and Flowers and
others (2005) found that the ice cap almost completely disappeared
within 1500 years when forced by the climate of 1961-1990, and
Hubbard (2006) simulated an ice cap with a significantly underes-
timated extent of the ablation area. Unlike this study, all these pre-
vious studies used empirical models to estimate the SMB. The SMB
in Adalgeirsdottir and others (2005) is simulated as a piece wise
linear elevation-dependent SMB, and in the other two studies a
positive degree day model was used. All these models had a strong
elevation-dependant feedback on at least one of the components
controlling the mass balance. The reason a steady-state ice cap is
achieved in this study could therefore be that elevation feedbacks
are not taken into account during the spin-up.

Marshall and others (2005) and Flowers and others (2005)
achieved a steady-state ice cap which was close to the current geom-
etry by lowering the 1961-1990 temperature by 1.5°C. The geom-
etry is comparable to the one found in this study, with an area
and volume ~+3% of the observed. However, the deviations in
ice thickness are spatially different from our study. While we simu-
lated an ice thickness which is overestimated across Dyngjujokull
and underestimated in the ablation zones of Skeidararjokull and
Breidarmerkurjokull, Flowers and others (2005) simulated the
most accurate ice thickness across Dyngjujokull and overestima-
tions for the low-elevation southern outlets. These differences are
most likely a result of the different SMB schemes used in the mod-
els. Flowers and others (2005) also found that the ice cap geometry
could be better simulated by a non-steady-state ice cap, which is
consistent with the results in this study.

Future projections of the ice cap geometry have previously
been done by Flowers and others (2005), who simulated a faster
response of the ice cap to climate change than those found in
this study. For a temperature increase of 3°C per century, which
is similar to the RCP 4.5 scenario, the authors found that the
ice cap would lose ~30% of its volume and 20% of its area after
100 years. For all the RCP 4.5 scenario in our study, the ice cap


https://doi.org/10.1017/jog.2019.90

110

looses a maximum of 18% of its volume and 9% of its area. The
closest temperature increase to the RCP 8.5 scenario in that study
is a 4°C per century warming, and for this scenario the ice cap
would lose ~45% of its volume and 25% of its area after 100
years. In our study, the volume decreases by a maximum of
34% and the area decreases by a maximum of 17% for a 4.7°C
warming under RCP 8.5. Several factors contribute to this differ-
ence, most importantly the different approaches to calculating the
SMB. Differences in the rate of change of temperature and pre-
cipitation, the chosen flow parameters and the model spin-up
all also contribute to the differences. When adding the tempera-
ture and precipitation lapse rate to our simulations, the decrease
in volume and area is only an additional 1-3% by 2100, and there-
fore neglected temperature and precipitation feedbacks do not
appear to be the source of the difference.

The response of the south-eastern outlet Hoffellsjokull to an
~2°C warming by 2100 was investigated by Adalgeirsdéttir and
others (2011) using the temperature and precipitation from several
RCMs. The authors found that the outlet would almost completely
disappear by 2100, which is a much quicker retreat than in our
simulations. One reason could be that the outlet is not very well
resolved at resolutions of >2.5 km, and the SMB for this outlet is
therefore overestimated. A more accurate representation of the smal-
ler outlets could possibly be achieved by using the vertical weighting
interpolation method introduced in Franco and others (2012)

7. Conclusions

In this study, the future evolution of the geometry of Vatnajokull ice
cap is simulated under the RCP 4.5 and RCP 8.5 scenarios using an
ensemble of CORDEX simulations (12 x 12 km) and high-resolution
HIRHAMS5-EC-EARTH simulations (5.5 x 5.5 km). The simula-
tions are conducted starting from a realistic present day spin-up
state, which was created using the climatic conditions from the
end of the 20th century. Continuous forcings are used from
1980 to 2100, after which the run is continued until 2300 by
repeating the 2081-2100. By 2100, we expect a volume loss of
around 20%. On this short timescale, the ensemble spread is
mostly explained by the climate sensitivity of the individual
GCM/RCM ensemble member and not by the climate scenario.
On the longer timescale, until 2300, the used climate scenarios
control whether more than 30% or more than 60% of the ice
cap volume will disappear.

The simulations conducted in this study also reveal that the
SMB-elevation feedback is very important on these centennial
timescales for Vatnajokull ice cap. Using a simple lapse rate correc-
tion for temperature and precipitation and HIRHAMS5-EC-Earth
5.5 km climate forcing, we found that the SMB was decreased by
an estimated 15 and 25% by 2300 under the RCP 4.5 and 8.5 scen-
arios, respectively, when taking elevation feedbacks into account.
Thus, any attempts to simulate Vatnajokull’s future demise have
to account for this feedback, otherwise the ice loss is severely
underestimated. Future simulations of the ice cap with a fully
coupled ice flow model would therefore be an optimal next step
to improve on the results in this study.

A possible source of error in these simulations lie in the chosen
sliding parameterizations. Sensitivity tests, where several of the slid-
ing parameters were changed by +20%, revealed that the simulated
ice cap geometry is not sensitive to small changes in the flow law
parameters. Unsurprisingly, the changes in the mass balance are
much more important on centennial time scales. However, the
effect of surges on the future evolution is still unknown, and the
inclusion of a surge model may be beneficial for these simulations.

Future studies of the evolution of Vatnajokull would also benefit
from more high-resolution ensemble members, as smaller glaciers
are not well resolved at the current CORDEX resolution. Since high-
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resolution runs are currently computationally expensive, a first step
could be to attempt downscaling the SMB components using the
interpolation method of Franco and others (2012).
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