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Abstract
This dissertation describes the research results from applying regional climate models
(RCMs) to simulate the near-past and future evolution of Vatnajökull, the largest ice cap
in Iceland, and investigate the sensitivity of ablation to albedo and spring snow cover.

The output of the RCM HIRHAM5 is first validated over Vatnajökull using available
automatic weather station and mass balance observations, and the albedo parameterisa-
tion is improved by adding an ice albedo map based on MODIS observations. Although
the ice albedo map improves the simulations, there is still an average overestimation of
the albedo simulations over the ablation season due to an overestimation in the amount
of snowfall and the lack of simulations of the effect of dust storms. As a result, the mean
ablation over the melt season is generally underestimated compared to observations.
However, the specific mass balance is well simulated by the model, which captures the
trends in mass loss since the 1991-92 glaciological year.

The overestimation of the accumulation in HIRHAM5 was suspected to be partly
due to the hydrostatic approximation used in the atmospheric model, and experiments
forcing the well-validated snow pack model from HIRHAM5 with meteorological pa-
rameters from other climate models were therefore conducted. The snow pack model
simulates the surface energy balance, the total melt, and subsurface processes like melt
percolation and refreezing. The meteorological forcing from the non-hydrostatic (i.e.
solves the vertical momentum equation) numerical weather prediction model (NWP)
HARMONIE-AROME is shown to provide improved simulation over Vatnajökull, in
particular due to improvements in the simulation of accumulation. The HARMONIE-
AROME forced model is used to simulate the runoff from 1980-2015 and estimate
the sensitivity of runoff to variations in spring snow thickness. It is found that the
runoff is much more sensitive to changes in the summer weather overall, although the
north-facing outlet glaciers Brúarjökull and Dyngjujökull show a large sensitivity to
spring snow thickness. The effect of the ice albedo on the runoff from 1980-2015 is
also investigated, with 14% of the runoff from Vatnajökull simulated to be derived from
melting of exposed ice, and 27% of the runoff from Brúarjökull.

The future evolution of the ice cap is simulated by forcing the ice flow model PISM with
simulated mass balance fields. The mass balance is simulated by the HIRHAM5 snow
pack model, but with different meteorological forcing. For the reanalysis period (1980-
2016), HARMONIE-AROME meteorological reanalysis forcing is used, and from
2017-2100 mass balance anomaly fields (1990-2010 reference period) from HIRHAM5
forced by EC-EARTH is used under the representative concentration pathway (RCP) 4.5
and 8.5 scenarios. From 2100-2300, the 2081-2100 climate is repeated. The simulations



show that the ice cap loses 45% of its volume and 25% of its area by 2300, under the
RCP 4.5 scenario and 85% of its volume and 65% of its area in the RCP 8.5 scenario.
Using available meteorological forcing from the Coordinated Regional Downscaling
Experiment (CORDEX) simulations for the same period, a wide range of geometries
are derived: 50-95% decrease in volume and 25-80% decrease in area.
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Útdráttur

Í ritgerðinni er lýst niðurstöðum rannsókna á að nota svæðisbundin loftlagslíkön til að
herma þróun Vatnajökuls, stærsta jökuls Íslands, nokkra undangengna ártugi og næstu
framtíð. Einnig er rannsakað hve næm leysing jökulsins er fyrir breytilegu endurkasti
sólarljóss frá yfirborði (endurkastsstuðli; en: albedo) og þykktar snjólags að vori.

Fyrst var metið hve vel svæðisbundna loftlagslíkanið HIRHAM5 lýsir aðstæðum á
Vatnajökli með því að bera lýsingu þess við mæligögn frá sjálfvirkum veðurstöðvum og
afkomumælingar. Endurkastsstuðull ísyfirborðs jökulsins (eftir að vetrarsnjó hefur leyst)
í líkaninu er metinn eftir gögnum frá MODIS gervihnettinum. Jafnvel þótt niðurstöður
líkansins verði á þennan hátt nær sanni, er ennþá að jafnaði of hár endurkastsstuðull á
leysingatíma bæði vegna þess að snjóþykktin á sporðum er ofmetin í líkaninu og ekki
er tekið tillit til loftborins ryks sem berst í yfirborðið og dekkir það. Vegna þessa er
hermda leysingin heldur minni en sú mælda að jafnaði. Þrátt fyrir þessa annmarka
hermir líkanið heildarafkomu jökulsins vel og sýnir samskonar sveiflur í massa tapi
og hafa verið mældar síðan jökulárið 1991-92. Ofmat ákomu í HIRHAM5 er a.m.k.
að hluta til vegna nálgunar sem gerð er í lofthjúpshluta líkansins (hydrostatic approx-
imation) og því voru gerðar tilraunir með að keyra snjósöfnunarhluta líkansins, sem
er vel staðfestur, með veðurfarsþáttum frá öðrum loftlagslíkönum. Með því að nota
veðurþætti frá veðurspá líkaninu HARMONIE-AROME, sem ekki gerir þessa nálgun
(non-hydrostatic model) fást betri niðurstöður fyrir afkomu Vatnajökuls, sérstaklega
vegna bættrar úrkomu í líkaninu. HARMONIE-AROME var þess vegna notað til að
herma leysingu Vatnajökuls jökulárin 1980 til 2015 og meta hversu næm leysingin er
fyrir þykkt snjólags að vori. Niðurstöður sýna að leysing alls jökulsins ræðst að mestu
leiti af sumarveðri, þótt að leysing norðurjöklanna; Brúarjökuls og Dyngjujökuls, sé
einnig mjög háð þykkt snjólags að vori. Áhrif endurkastsstuðuls íssins á leysingu eru
einnig metin á sama tímabili; 14% leysingar alls Vatnajökul er vegna bráðnunar íss sem
kemur undan snjólagi vetrar en 27% leysingar Brúarjökuls.

Þróun Vatnajökuls í framtíðinni er hermd með ísflæðilíkaninu PISM og mati afkomu út
frá loftlagslíkani sem byggir á spá um þróun loftlags. Afkoman er hermd með snjóhluta
HIRHAM5 líkansins með mismunandi veðurþáttum. Fyrir tímabilið 1980-2016 eru
notaðir veðurþættir frá endurgreiningu HARMONIE-AROME líkansins. Fyrir tíma-
bilið 2017-2100 eru notuð metin frávik frá viðmiðunartímabili (1990-2010), reiknuð
með HIRHAM5 með inngangstærðum frá EC-EARTH á jöðrunum og sviðsmyndunum
RCP4.5 and RCP8.5 um þróun loftlags. Fyrir tímabilið 2100-2300 er ísflæðilíkanið
keyrt áfram með endurteknu afkomumati áranna 2081-2100. Við lok reikninganna,
hermt ár 2300, hefur Vatnajökull misst 45% af rúmmáli sínu og 25% af flatarmáli sínu,



ef miðað er við sviðsmynd RCP4.5, en misst 85% af rúmmáli og 65% af flatarmáli útfrá
sviðsmynd RCP8.5. Sams konar keyrslur með tiltækum framtíðarspám fyrir akomu
úr CORDEX verkefninu sýna að rýrnun ísrúmmáls getur orðið á bilinu 50-95% og
minnkun flatarmáls jökla 25-80%.
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1 Introduction
Glacial ice masses (including glaciers, ice caps, and ice sheets) play an important role
in the Earth system and are a vital source of natural resources. They modify the local
and global climate by altering the energy balance of the lower atmosphere and affecting
large scale air circulation (e.g. Broccoli and Manabe, 1987; van den Broeke, 1997) as
well as contributing to sea-level rise, the hydrology of rivers, and fresh water inflow to
the oceans, which e.g. affects the ocean ecosystem (e.g. Kaser et al., 2010; Xu et al.,
2012; Boberg et al., 2018). On regional scales, glaciers provide an important source of
drinking water in e.g. south Asia and China (Immerzeel et al., 2010; Kraaijenbrink et al.,
2017), and feed glacial rivers used for hydropower production and irrigation systems
(e.g. Kaser et al., 2010). Glaciers also pose a natural hazard by e.g. releasing large
amounts of meltwater in jökulhlaup events, possibly destroying roads and infrastructure
(e.g. Russell, 1989; Björnsson, 2003).

Glaciers and ice caps are currently responding to a globally warming climate by
melting at increasing rates and contributing to a global sea level rise. From 1993-2009,
land ice outside of Greenland and Antarctica has contributed 0.76 (0.39 to 1.13) mm
a−1 to the global sea level rise (Church et al., 2013). The Greenland and Antarctic Ice
Sheets are also losing mass, contributing 0.33 (0.25 to 0.41) mm a−1 and 0.27 (0.16
to 0.38) mm a−1, respectively, from 1993-2010 to sea level rise (Church et al., 2013).
Although the amount of ice stored in glaciers and ice caps (∼0.4 m sea level equivalent
(Church et al., 2013)) is much smaller than for the Greenland and Antarctic ice sheets
(∼7 and ∼58 m sea level equivalent, respectively), their contribution to sea level rise
has been significant over the last two decades (e.g. Church et al., 2013; Gardner et al.,
2013; Björnsson et al., 2013; Bamber et al., 2018). On century timescales, they are
expected to continue to provide a significant contribution to sea level change due to
their large sensitivity to climate variations (e.g. Oerlemans, 2001).

High-resolution regional climate models (RCMs) which model the full surface en-
ergy balance are important tools for simulating the response of ice masses to a changing
climate. However, they often have systematic biases in temperature and/or precipitation
(e.g. Christensen et al., 2008; Hagemann et al., 2011), which need to be estimated and
corrected in order to get the most accurate estimates of future runoff and sea level
change. Since runoff is a nonlinear function of precipitation, model bias estimation is
especially important for hydrological modelling (e.g. Hagemann et al., 2011; Muerth
et al., 2013). In order to have confidence in future projections simulated by RCMs,
it is therefore important to do a thorough evaluation of the simulations of the present
climate (e.g. Rae et al., 2012). In addition to systematic biases in precipitation (e.g. Box
and Rinke, 2003), one of the largest uncertainties in RCMs pertain to the seasonal and

1



1 Introduction

annual variability of albedo and the amount of refreezing at the surface. The albedo is an
important component of the energy balance and has a large influence on the glacial melt
(e.g. Cuffey and Paterson, 2010) and Arctic amplification, the term for the faster increase
in warming over the Arctic than the global mean, has been shown to be closely linked to
albedo feedback (Arrhenius, 1896; Pithan and Mauritsen, 2014; Graversen et al., 2014).
Accurate albedo simulations are therefore important for projections of the future climate.

Like most glaciers worldwide, Icelandic glaciers and ice caps are shrinking at an
increasing rate (e.g. Gudmundsson et al., 2011; Pálsson et al., 2012; Jóhannesson et al.,
2013; Björnsson et al., 2013). Although they are not large in total volume, only con-
taining approximately 1 cm sea level equivalent (Björnsson and Pálsson, 2008), they
are very sensitive to changes in climate and can provide important information about
past and present climate change. Icelandic glaciers are very dynamic, with a high mass
turnover and surge-type outlet glaciers (Björnsson and Pálsson, 2008). Several of the
ice caps are in active volcanic areas, where geothermal or volcanic activity melts the
ice at the base (e.g. Björnsson, 2003; Magnússon et al., 2005). This can e.g. lead to
increased basal sliding, or the meltwater may accumulate in a subglacial lake which is
later drained in a jökulhlaup event (e.g. Björnsson et al., 2001b; Björnsson and Pálsson,
2008). In addition, volcanic eruptions can melt their way through the glaciers (e.g. Gud-
mundsson et al., 1997; Magnússon et al., 2012) and/or deposit ash on the glacier surface
which alters its spectral properties and either acts as a melt enhancer or insulator (e.g.
Möller et al., 2014; Dragosics et al., 2016; Gascoin et al., 2017). Due to tephra layers
within the glacier ice and frequent dust storms, there is a large spatial and temporal
variability in the albedo (e.g. Larsen et al., 2016). Icelandic glaciers therefore provide
an interesting and challenging area of study. In addition, the temperate outlet glaciers
from Icelandic ice caps resemble many of the land-terminating outlet glaciers from
the Southwest Greenland ice sheet, and may be viewed as an analogue for the warmer
and wetter future of Arctic glaciers (Björnsson, 2017). This includes e.g. an increased
contribution from turbulent fluxes and albedo to the future melt.

Since 1991, a long-term monitoring program has been active on Icelandic glaciers,
including direct mass balance (Björnsson et al., 1998, 2002; Magnússon et al., 2005;
Pálsson et al., 2012) and automatic weather station (AWS) observations on the largest ice
caps (e.g. Oerlemans et al., 1999; de Ruyter de Wildt et al., 2003; Björnsson et al., 2006;
Guðmundsson et al., 2006). Compared to e.g. Greenland and Antarctica, observations
are recorded in a relatively small area, offering a good opportunity to evaluate the
spatial and temporal variability of ablation models on a regional scale. In addition, since
only minimal refreezing occurs for Icelandic glaciers and they have large spatial and
temporal variations in albedo, they are ideal for studying the sensitivity of ablation and
runoff to variations in the albedo.

However, while much work has gone into evaluating RCMs over Greenland and
Antarctica (e.g. Fettweis et al., 2011; Rae et al., 2012; Agosta et al., 2015; Fettweis et al.,
2017; Langen et al., 2017), energy balance simulations by a RCM have not previously
been evaluated for Icelandic glaciers. The output from RCMs has been used in studies
of the future evolution of Icelandic glaciers (e.g. Aðalgeirsdóttir et al., 2011), but only
the temperature and precipitation fields were used as input for a positive degree day
model which simulated the mass balance. Future projections of the evolution of ice caps
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or glaciers in Iceland have been made by e.g. Jóhannesson et al. (1995), Björnsson et al.
(2001a), Marshall et al. (2005), Flowers et al. (2005), Hubbard (2006), Guðmundsson
et al. (2009a), and Aðalgeirsdóttir et al. (2011), but using empirical methods to estimate
the mass balance. A numerical, physical model of the mass balance has therefore not
previously been used for simulations of the future evolution of Icelandic ice caps.

1.1 Research objectives

The overall aim of this dissertation is to use the wealth of available in-situ observations
to evaluate and improve the predictability of glacier ablation in RCMs for Vatnajökull,
the largest ice cap in Iceland. A particular focus has been on albedo simulations and
sensitivity studies. The improved model scheme is used to simulate the evolution of
Vatnajökull for a range of different RCM scenarios at different model resolutions.

The thesis can be summed up with four main objectives:

1 To improve the simulations of the albedo for Vatnajökull ice cap in the RCM
HIRHAM5 and evaluate the model simulations using available in-situ observa-
tions of the energy and mass balance components. This includes both simulations
forced at the lateral boundaries by reanalysis, which aims at assimilating historical
observational data over a period with numerical forecast models, and by a general
circulation model (GCM) for future simulations.

2 Set up a framework for forcing the improved snow pack scheme from HIRHAM5
with meteorological input from other climate models and validate the new model
output.

3 Estimate the sensitivity of ablation and runoff to changes in albedo, e.g. as a
result of variations in the spring snow thickness.

4 Simulate the future evolution of Vatnajökull by using a one-way coupling between
a range of RCMs and an ice flow model. This includes setting up and tuning the
ice flow model, model initialization, and estimations of the effect of elevation
feedback on the mass balance.

1.2 Thesis Outline

This doctoral thesis is based on the results presented in three original, first-author papers.
The first paper was published in the peer-reviewed international journal The Cryosphere
in 2017, and the second paper was published in the peer-reviewed international journal
Atmosphere in 2018. The third paper is in preparation for The Cryosphere, to be
submitted in 2019.

The structure of the thesis is as follows: Chapter 1 gives a general introduction to the
thesis, and Chapter 2 gives a brief overview of the theoretical background behind surface
energy balance, mass balance modelling, and ice flow models. Chapter 3 presents the
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used observations, while Chapter 4 presents the used methods and models. Chapters 5-7
give a short summary of the main results of the three first-authored papers, and Chapter
8 presents the general conclusions found in this thesis.

Finally, the three papers are reproduced in their entirety at the end of the thesis. The
three papers are

I: Schmidt LS, Aðalgeirsdóttir G, Guðmundsson S, Langen PL,
Pálsson F, Mottram R, Gascoin S, and Björnsson H (2017). The
importance of accurate glacier albedo for estimates of surface
mass balance on Vatnajökull: evaluating the surface energy bud-
get in a regional climate model with automatic weather station
observations, The Cryosphere, 11, 1665-1684.

II: Schmidt LS, Langen PL, Aðalgeirsdóttir G, Pálsson F, Guðmunds-
son S, and Gunnarsson A (2018) Sensitivity of Glacier Runoff
to Winter Snow Thickness Investigated for Vatnajökull Ice Cap,
Iceland, Using Numerical Models and Observations, Atmosphere,
9, 450 (doi:10.3390/atmos9110450)

III: Schmidt LS, Aðalgeirsdóttir G, Guðmundsson S, Langen PL, Páls-
son F, and Björnsson H (2019), Dynamic simulations of Vatna-
jökull ice cap from 1980-2300, To be submitted to The Cryosphere.
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2 Theoretical background
The specific mass balance of a glacier is the total change in mass in a vertical column
of glacier material. Snow fall is the dominant process causing accumulation, while the
dominant ablation process generally is glacier melt followed by runoff of melt water.
However, in Antarctica, the higher parts of Greenland and the drier parts of the tropics,
sublimation is the dominant ablation process (Greuell and Genthon, 2004).

Surface melting of glaciers is determined by the energy balance, which is the
balance of positive and negative fluxes to the glacier surface. Positive fluxes provide
energy, thus either warming or melting the glacier surface, while negative energy fluxes
remove energy, thus cooling the surface (e.g. Oerlemans, 2001). The energy balance is
controlled both by meteorological parameters and the properties of the glacier surface.
There is a complex interaction between the surface and the atmosphere due to feedback
mechanisms between the atmosphere, energy balance, and surface properties. If the
glacier surface is below 0◦C, excess energy is used to warm the surface to the melting
point, after which it is used for melting.

When simulating the mass balance of glaciers, it is important to also consider the
flow of ice. Glacier flow transports ice from the accumulation zone to the lower eleva-
tion ablation zone, and therefore provide an important contribution to glacier melt. In
addition, the changing geometry of glaciers also affects the mass balance due to strong
elevation-mass balance feedbacks.

In this chapter, I present an overview of the components of the surface energy and
mass balance and the different processes contributing to glacier mass balance. In addi-
tion, I introduce methods commonly used to model both glacier mass balance and ice
flow.

2.1 Surface energy balance

The total energy flux from the atmosphere towards a glacier (Q0) is

Q0 = R+QH +QL +QR +G (1)

where R is the net radiation, QH is the sensible heat flux, QL is the latent heat flux, QR
is the heat flux from rain, and G is the ground heat flux. In most cases, QR and G can be
considered negligible.

The net radiation is the balance between shortwave (SW) and longwave (LW)
radiative fluxes:

5



2 Theoretical background

R = LW ↓ −LW ↑+SW ↓ −SW ↑ (2)

The incoming longwave radiation depends on the temperature and vapour pressure
of the atmosphere, clouds, and atmospheric composition. Clouds have a significant
impact on the flux, which increases with cloud amount, cloud emissivity, and cloud
base temperature (Greuell and Genthon, 2004). The outgoing longwave radiation is a
function of the surface temperature.

The incoming shortwave radiation depends on the solar constant, zenith angle,
topographic surface effects, clouds and the atmospheric transmissivity (Cuffey and
Paterson, 2010). The outgoing shortwave radiation depends on the albedo α , which is
the reflectivity of the glacier surface

SW ↑= SW ↓ α (3)

The albedo depends on the material properties of the surface, like e.g. impurities, grain
size, and liquid water content. Common albedo values for glacier surfaces span from 0.2
to 0.9, and the albedo is therefore a dominant component of the surface mass balance
(e.g. Cuffey and Paterson, 2010).

Fresh snow typically has an albedo of 0.8-0.9, which then decreases as a function of
time since last snowfall. Several processes contribute to the lowering of the albedo. As
the age of the snow increases, snow metamorphism increases the grain size which in
turn lowers the albedo as larger snow grains are more absorptive. Similarly, if the liquid
water content in the snow pack increases during melting, the albedo decreases because
the water replaces air between ice grains, thus effectively increasing the grain size
(Warren, 1982). Ponding of meltwater or an increase in impurities darken the surface,
thus lowering the albedo and increasing melt. However, once a critical thickness of
sediments is reached on the surface, they will instead act as an insulator (e.g. Dragosics
et al., 2016). The snow albedo also depends on the snow thickness, as when the snow
pack becomes thin enough, the albedo is affected by the properties of the underlying
surface. Generally the upper 10-20 cm of snow determine the albedo (Wiscombe et al.,
1980).

Ice generally has a lower albedo than snow, but it has large spatial variations within
the ablation area. Ponding of meltwater and impurities in the ice also affect the ice
albedo, as do the crystal size and bubble content (Cuffey and Paterson, 2010). Debris in
the ice can can be concentrated over many years, e.g. the spectral properties of ice in
the ablation zone of Vatnajökull are controlled by tephra layers in the ice (e.g. Reijmer
et al., 1999; Larsen et al., 2016). Very low ice albedo values, dropping below 0.03 in
late summer, are therefore not unusual for the ablation zone of Vatnajökull.

Albedo also depends on the solar zenith angle, and it therefore changes both with
the time of day and with the time of year. For example in Reykjavik, the solar zenith
angle in winter is close to 90°, compared to almost 40° in the summer (Sasaki et al.,
2003). The albedo also varies as a function of radiation wavelength, with the greatest
reflection within the visible spectrum.

The sensible heat flux is the energy transfer of heat in the air, and depends on the
temperature gradient through the atmosphere and the wind speed. The latent heat flux
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is the energy released/consumed during a phase change and depends on the vapour
pressure gradient and wind speed. Generally, the net radiation contributes the most
energy to the surface, contributing up to >90% of the melt energy (Oerlemans et al.,
1999). The turbulent heat fluxes are most important for maritime climates. For exam-
ple on Bægisárjökull in the north of Iceland the average contribution of the turbulent
fluxes to the melt energy was found to be 43-49% for observation periods in 1967-68
(Björnsson, 1972), on Brúarjökull (a northern outlet glacier of Vatnajökull) the average
contribution of the turbulent fluxes to the energy melt energy is currently around 33%
(e.g. Björnsson et al., 2006; Guðmundsson et al., 2006), and on Brewster glacier in New
Zealand the contribution is generally ∼50% (Anderson et al., 2010). As the climate
warms, the contribution of turbulent fluxes to the melt over e.g. Greenland is likely to
increase (e.g. van den Broeke et al., 2008; Hartmann et al., 2013; Fausto et al., 2016).

If the energy balance is positive, the energy is used to either warm up the surface,
if the glacier surface temperature is below the melting point, or as melt energy. The
energy available for melt can be used to estimate the total ablation, M, in m water
equivalent (m w.eq.) using

M =

{
Q0

ρwL f
, if Q0 ≥ 0

0, if Q0 < 0

where ρw is the density of water and L f is the latent heat of fusion.

2.2 Mass balance modelling

2.2.1 Empirical and physical ablation models

The ablation of glaciers can be estimated using either physical or empirical methods
(e.g. Greuell and Genthon, 2004). Empirical models, e.g. positive degree-day models,
describe the statistical relations between melt and temperature and possibly other
weather parameters. Although the energy balance is what determines how much ice will
melt, over timescales of weeks or months it has been shown that melting correlates well
with air temperature. This is because many of the energy balance components depend
on temperature in some fashion. Typically, positive degree day models are of the form

M = βTpdd (4)

where β is the positive degree-day factor and Tpdd is the sum of all positive daily mean
temperature in ◦C over the observation period. β is a constant which must be determined
from field data. The effect of e.g. irradiance, wind speed, humidity, and cloud amount
are all lumped into β . It is quite common to use two different values of β , one for snow
and a higher one for ice, reflecting the differences in albedo. Positive degree day models
have been used in many studies of the surface mass balance of Icelandic glaciers (e.g.
Jóhannesson et al., 1995; Flowers et al., 2005; Marshall et al., 2005; Guðmundsson
et al., 2009b,a), as they are practical and can be used with only limited input.
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A drawback of these models is that they are not based on physics but on simple
statistics. As a result, studies have shown that degree-day factors can change substan-
tially both on seasonal and decadal timescales due to varying feedbacks from energy
balance components which are not determined by the temperature like e.g. albedo
(Guðmundsson et al., 2006; Bougamont et al., 2007; Huss and Bauder, 2009; van den
Broeke et al., 2010). Guðmundsson et al. (2006) estimated that the positive degree day
factors used for Vatnajökull could provide reasonable predictions for a temperature
increase of less than 3◦C, but only if no substantial changes in albedo occur.

In addition, a problem occurs when the temperature is around melting point, as,
depending on radiation balance, the threshold between melt and no-melt could be above
or below 0◦C. It is also impossible to compute sublimation of snow and ice by means of
degree-day models.

Physical models, i.e. energy balance models, provide direct estimates of the energy
balance which can be used to model the ablation. The energy balance of a temperate
glacier can be calculated using observations of the net radiation, air temperature, hu-
midity and wind speed at one or more levels, where the wind speed, temperature, and
humidity are used to estimate the turbulent fluxes. Parameterisations are often used in
order to estimate the radiation components, as direct observations of the radiation are
often not available due to the expense and difficulty in obtaining the observations (Hock,
2005). Since more observations, which are often not available, are needed to calcu-
late the full energy balance, this method is less practical than positive degree day models.

Simulations of the past or future evolution of the mass balance can be conducted
using both positive degree-day and energy balance models. One option is to prescribe a
temperature and precipitation change onto observed, present day fields of these vari-
ables and use a positive degree day model to simulate the evolution of the mass balance
(e.g. Flowers et al., 2005). A more complex option is to deploy climate models which
simulate the meteorological forcing needed to estimate the ablation, and investigate the
simulated change in mass balance during different climatic conditions and emission
scenarios. The simulated temperature and precipitation fields can then be used to model
the mass balance using a positive degree-day approach (e.g. Aðalgeirsdóttir et al., 2011),
or if the model includes a full surface energy and mass balance model for the ice cap, the
total simulated energy balance can be used (e.g. Boberg et al., 2018). High-resolution
climate models which include a multi-layer snow pack scheme can also account for
internal accumulation.

In this dissertation, only physical models are used to estimate the mass balance of
Vatnajökull.

2.2.2 Global and Regional climate models

Global Climate Models (GCMs) are numerical models that combine atmospheric and
ground surface physics. A major characteristic of these models is that they explicitly
solve the hydrodynamic equations of the atmosphere. These equations determine the
transfer of moisture from source regions (e.g. Greuell and Genthon, 2004), and are
therefore of vital importance for simulations of the mass balance of glaciers. GCMs
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are used internationally to make past and future projections of the large-scale effects
of a changing climate. The Coupled Model Intercomparison Project (CMIP) was cre-
ated in 1995 to provide a framework for GCM validation, as well as provide publicly
available simulations from a large range of models. Simulations from phase 5 of the
project (Taylor et al., 2012) have provided simulations spanning until at least 2100,
and the results have been used in studies of climate change worldwide, e.g. within
the CORDEX (Coordinated Regional Downscaling Experiment) framework (Giorgi
et al., 2009). Simulations from the next phase of the project (Eyring et al., 2016)
started becoming available in 2018. However, due the large domain and therefore high
computational cost of GCMs, they run with a coarse (100-200 km) resolution which
does not resolve smaller glaciers nor take all significant surface processes into account.
Regional downscaling through Regional Climate Models (RCMs) are therefore often
used to provide additional complexity to simulations of the cryosphere.

RCMs are forced by a GCM or reanalysis at the boundaries of their domain. RCMs run
on a smaller domain than GCMs, only focusing on a specific region, and can therefore
be used at higher resolution and can include more complex models of the cryosphere.
High-resolution RCMs, such as RACMO (Meijgaard et al., 2008), the Weather Research
and Forecast model (WRF) (Skamarock et al., 2008), MAR (Gallée and Schayes, 1994),
and HIRHAM5 (Christensen et al., 2006), are therefore valuable tools to estimate the
mass balance of glaciers or ice sheets. Many RCMs are therefore well validated over
Greenland (e.g. Box and Rinke, 2003; Langen et al., 2017) and Antarctica (e.g. Lenaerts
and Van Den Broeke, 2012; Agosta et al., 2015).

RCMs are derived from Numerical Weather Prediction models (NWPs). NWPs
use physical models of the atmosphere and oceans to predict the weather based on
current weather conditions. Like RCMs, they are forced by a GCM or reanalysis at the
boundaries of their domain. While RCMs project climate scenarios, NWPs are used to
predict the weather. The major difference between the two types of models is therefore
the scale of the simulations: NWPs generally operate over smaller domains and much
smaller time scales (days as opposed to decades for RCMs). For this reason, NWPs are
often run at a higher resolution than RCMs.

RCMs and NWPs are generally one-way nested within GGMs, with a lateral buffer
zone at the domain boundaries and an inner domain. The GCM forcing is only applied
in the buffer zone so that the RCM equations can be freely integrated within the model
interior. The climatology of a RCM is heavily influenced by the driving GCM, and
any systematic errors in the GCM forcing will likely be transmitted to the RCM. It is
therefore important to analyze the GCM forcing before applying a regional downscaling
(e.g. Radić et al., 2011). The influence of the driving GCM is highest near the domain
boundary and lowest in the middle of a domain. Larger domains are therefore less
influenced by the driving forcing than smaller domains (Giorgi and Gutowski, 2015).

Only few studies have been conducted with two-way nesting of a RCM within a
GCM. These studies show that including RCM feedback may improve GCM simulations
(Lorenz and Jacob, 2005), but the importance depends on the investigated region (Giorgi
and Gutowski, 2015).

A source of error which can be substantial within RCMs is the internal variability,
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which is caused by nonlinear and stochastic model processes. The internal variability
depends e.g. on season, region, and domain size (Giorgi and Gutowski, 2015). In some
cases, it can create a spatially coherent model response, for example in the form of
a temperature increase, which can be confused with a response to the model forcing
(Giorgi and Bi, 2000; Rinke and Dethloff, 2000). For RCM sensitivity studies, it is
therefore important to consider the magnitude of the internal variation. The effect of
internal variability is largest for short-term simulations (Giorgi and Bi, 2000).

In 2009, the international project CORDEX (Coordinated Regional Downscaling Ex-
periment) was initiated (Giorgi et al., 2009). The aim of this initiative was to advance
and evaluate models used for regional downscaling through international cooperation.
A collection of historical and future simulations from many different RCMs has been
made available through this project (CORDEX, 2018), which include different climate
scenarios, driving GCMs, and initialization.

2.2.3 Future direction of RCMs

Currently, RCM development is moving in two primary directions: i) towards higher
resolution (1-5 km) simulations and ii) towards coupling in regional Earth system
models (RESMs).

Early work of very-high resolution modelling shows that one of the major improve-
ments is in the representation of precipitation (e.g. Lucas-Picher et al., 2012). The
models provide more accurate simulations of the diurnal cycle, and climate change
signals could substantially change with higher resolution due to changes in simulated
intensity and frequency of precipitation events (e.g. Kendon et al., 2012; Fosser et al.,
2015).

However, a higher resolution will not improve simulations of the climate if the
model dynamics and physics are not appropriate. When switching towards very high-
resolution modelling, a major shift in both the dynamics and physics of lower resolution
RCMs has to occur. Most RCMs have a hydrostatic core, but at resolutions smaller than
4 km, a shift to non-hydrostatic dynamics is necessary, as non-hydrostatic features like
deep convection can be explicitly resolved (Weisman et al., 1997). In many regions,
deep convection is a dominant source of precipitation, so the improved precipitation
found for high resolution RCMs is in large part due the change in the dynamical core,
but also due to the better resolved topography. Physical parameterizations of e.g. cloud
microphysics, which often utilizes a prognostic precipitation scheme, would also need
improvements at higher resolutions (Rockel, 2015).

At present, e.g. WRF (Skamarock et al., 2008) and COSMO-CLM (Rockel et al.,
2008) have performed very high resolution climate simulations with non-hydrostatic dy-
namics. At the Swedish Meteorological and Hydrological Institute, the non-hydrostatic
NWP HARMONIE-AROME is currently being developed into a climate model (HAR-
MONIE-CLIMATE). Mottram et al. (2017b) showed that with some changes to the
HARMONIE-AROME mass balance scheme, the NWP could provide improved estima-
tions of the surface mass balance of the Greenland ice sheet.

Several factors control how much the resolution of a RCM can be increased. The
resolution of the driving GCM is of some importance, as a ratio of 10 between RCM
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and GCM resolutions is considered to be the upper limit to still obtain good down-
scaling ability (Antic et al., 2006). In addition, there is the issue of computing cost,
as a doubling in resolution leads to a factor eight increase in computing time. Some
models circumvent this issue by using variable resolutions within the model grid. This
method has e.g. been used in Polar-WRF to simulate the climate over Svalbard glaciers.
Claremar et al. (2012) used three nested domains with grid sizes of 24, 8, and 2.7 km to
simulate the meteorological conditions over Svalbard glaciers, in addition to conducting
a 900 m resolution run for a small domain. Aas et al. (2015, 2016) used nested domains
of 9 and 3 km to estimate the mass balance of Svalbard glaciers from 2003-2013, in
addition to a 1 km nested grid for a one-month only simulation.

The second main direction of climate models is coupling of the models into RESMs.
Interactions between different components of the climate system occur on spatial scales
smaller than those GCMs can resolve, and interactions can therefore be better captured
at RCM resolutions (e.g. Giorgi, 1995). Due to great difficulty in creating a comprehen-
sive, coupled RESM, e.g. due to varying temporal and spatial scales of the different
Earth system components, inclusion of different aspects of the Earth system is done in
slow, incremental steps. However, several models which include more than one part
of the Earth system already exist, which couple RCMs with e.g. ocean models (e.g.
Schrum, 2017), aerosol models (e.g. Nabat et al., 2015), or cryospheric models (e.g.
Kotlarski et al., 2010).

One example of a developing coupled RESM is HIRHAM5-HYCOM-CICE-PISM-
GIPL (Christensen et al., 2014) which is developed at the Danish Meteorological
Institute to investigate climate interactions in the Arctic domain. It couples the RCM
HIRHAM5 with an ocean model (HYCOM), a sea ice model (CICE), an ice flow model
(PISM), and a permafrost model (GIPL). However, while HIRHAM5 is coupled to each
of these elements, they do not all run simultaneously at the present time.

2.3 Modelling of ice flow

Glacier ice is described as a slow moving, incompressible fluid which deforms under
its own weight. It therefore follows the equations that govern fluids mechanics, the
Navier-Stokes equations (e.g. Paterson, 1983). The flow of a fluid is generally computed
based on a balance between acceleration terms and body forces, but since glacier ice is a
slow moving fluid the acceleration terms can be neglected. The Navier-Stokes equations
can therefore be simplified as the Stokes equations, which can be expressed as

∇ ·u = 0 (mass continuity) (5)

−∇p+∇ · τi j +ρg = 0 (stress balance) (6)

where p is the ice pressure, u is the 3D ice velocity, τi j is the deviatoric stress tensor, ρ

is the ice density, and g is the acceleration of gravity.
In order to estimate the velocity of an ice sheet, the material properties have to be

defined. Experimental work has shown that ice flow follows a power law relationship
known as Glen’s flow law (Glen, 1955), which can be expressed as
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Di j = Aτ
n−1

τi j (flow law) (7)

where Di j is the strain rate tensor, given by Di j =
1
2 (ui, j + u j,i), and τ is the second

invariant of the deviatoric stress, given by τ = ( 1
2 τi jτ ji)

1
2 . The flow exponent n is com-

monly assumed to be equal 3 (e.g. Cuffey and Paterson, 2010), but recent experimental
work has indicated that higher values of n may be more appropriate (e.g. Goldsby and
Kohlstedt, 2001). Nevertheless, the classical value of n = 3 is used in this study. The
ice softness A is highly dependent on ice temperature, but is also affected by other
parameters such as grain size, impurities, water content, and the flow exponent n (Cuffey
and Paterson, 2010).

Complex flow models will solve the full Stokes equations to determine the full stress
field and its evolution through time. However, due to the high computational costs of
these simulations, most models approximate the stress field by solving a simplified
version of the Stokes equation. One such example is the shallow-ice approximation
(SIA) (Fowler and Larson, 1978; Hutter et al., 1981; Hutter, 1983).

The SIA assumes that since the thickness of an ice sheet is generally small in comparison
to its horizontal dimensions, the horizontal changes in the vertical component of the
stress are negligible. Under this assumption, the Stokes equations for the stress balance
can be reduced to

δτ

δ z
=−∇x p (8)

δ p
δ z

=−ρg (9)

with the boundary conditions that p and τ are zero at the surface and ∇x = (δ/δx,δ/δy)
(Schoof and Hewitt, 2013). When combined with Glen’s flow law, the deformation
velocity u can be expressed as

u =−2(ρg)n|∇zs|n−1
[∫ zs

zb

A(zs−ζ )ndζ

]
∇h (10)

where zs is the surface elevation, and ζ represents the vertical integration variable from
the base zb to the glacier surface zs. The SIA significantly reduces the computational
cost of solving full Stokes. However, basal sliding is difficult to implement into the
SIA model, and the accuracy of the simulations decreases as the contribution of basal
sliding increase (Fowler, 2001; Pattyn, 2003). The model is therefore not appropriate
for simulating e.g. ice streams, grounding lines, and ice shelves. However, sliding
laws have been implemented into SIA models, with schemes that usually depend on the
driving stress (e.g. Huybrechts et al., 1999; Payne et al., 2000; Marshall et al., 2002;
Aðalgeirsdóttir et al., 2005). These schemes can cause discontinuities in the velocity
field and do not represent a physical parameterisation for glacier sliding, as sliding
should depend on the amount of water at the base and the strength of the glacier till
(Bueler and Brown, 2009).

Bueler and Brown (2009) suggest that a more appropriate way to include sliding in SIA
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models is to combine the SIA with the shallow shelf approximation (SSA) (Morland,
1987; Weis et al., 1999). As the name suggests, the SSA was developed to model ice
shelves and fast-moving ice streams, which are generally dominated by longitudinal
stresses. For the SSA solution, the flow law is described by

τi j = A
1
n D

1
n−1Di j (11)

where D =
√

1
2 Di jDi j (Bueler and Brown, 2009). In the combined model, the SSA

basically functions as a sliding law, where the sliding depends on the strength of the
glacier till. By combining the simplified Stokes equations of the SSA with the described
flow law, the velocity due to sliding can be calculated by solving (Bueler and Brown,
2009)

δTi,1

δx1
+

δTi,2

δx2
+ τb,i = ρgH

δH
δxi

for i=1,2 (12)

where xi is the horizontal coordinates, H=zs− zb is the ice thickness and Ti, j is the
vertically averaged stress tensor. It is given by

Ti, j = 2ν̄H(Di, j +(D11 +D22)δi, j) for i=1,2 (13)

where ν̄ is the vertically-integrated viscosity and δi, j is the Kronecker delta. The
proportion of the velocity calculated from SIA and SSA varies across the simulated
ice sheet, from SIA-only in the ice sheet interior, to combined SIA and SSA for ice
streams, and SSA-only for ice shelves (see Figure 2.1). This allows accurate simulation
of ice in areas where most of the displacement is due to basal slip. This method has
been successfully applied to glaciers in Greenland (e.g. Aschwanden et al., 2016) and
Antarctica (e.g. Pollard and DeConto, 2009; Seroussi et al., 2012; Winkelmann et al.,
2011).

Figure 2.1. Illustration of combination of velocities in a coupled SSA + SIA approach.
From Winkelmann et al. (2011).
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2 Theoretical background

Several studies have focused on the differences between SIA and full model simula-
tions, to understand the difference in model simulations for different research topics.
Leysinger-Vieli and Gudmundsson (2003) found that for the purpose of investigating
glacier snout advance and retreat rates, similar results are obtained using SIA and full
system models. However, modelled surface velocities are not necessarily the same
between the two models due to the simplified stress balance used by SIA. Aðalgeirsdóttir
et al. (2000) showed that for ice caps with spatial scales larger than 10 times the ice
thickness, the approximation gives similar results to the full system model in terms of
ice thickness. In addition, the uncertainties introduced in the ice cap evolution from
e.g. mass balance biases are currently much greater than those introduced by the stress
balance approximations (Goelzer et al., 2017).

2.4 Coupling of mass balance and ice flow

As mentioned in Section 2.3.3, regional climate models are moving towards more
comprehensive Earth system models, which e.g. include dynamic glaciers. Several
previous studies have worked on coupling both empirical and physical models of the
mass balance with ice flow models, with varying complexities of the coupled simulations
(e.g. Aðalgeirsdóttir, 2003; Gong et al., 2014; Schäfer et al., 2015; Gilbert et al., 2016).

Atmospheric
model

Surface/subsurface
model

Mass balance

Ice flow model

Glacier Geometry

Topography of bedrock
and surroundings

Figure 2.2. Flowchart showing the relationship between the changes in geometry of a
glacier with the meteorological conditions.

The simplest coupling technique is to perform a one-way coupling between the
mass balance model and the ice flow model (e.g. Aðalgeirsdóttir et al., 2011; Gong
et al., 2014). In these simulations, the simulated mass balance is used to force the ice
flow model, but changes in glacier geometry do not affect the simulations. However,
due to the strong coupling between elevation and mass balance, ignoring elevation
feedback on the mass balance can lead to significant errors. Edwards et al. (2014)
showed that for a 2◦C warming, the sea level change due to melting from Greenland
was underestimated by 2-7% after 100 years. Similar results were found for coupled
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simulations of Austfonna in Svalbard, where the underestimation was 10-20% after a
century depending on the warming scenario (Schäfer et al., 2015).

Two-way coupled simulations have been conducted using empirical models (e.g.
Aðalgeirsdóttir, 2003; Schäfer et al., 2015) as well as physical models (e.g. Edwards
et al., 2014). However, for this overview I will mostly focus on the coupling of ice
flow models to RCMs. Figure 2.2 shows a flowchart of two-way coupled RCM-ice flow
simulations.

An issue when dynamically including ice flow models in RCMs is the differences in
temporal and spatial scales between glacier processes and the RCM resolution. In order
to properly resolve the ice flow, either parameterisation for sub-grid scale processes is
needed or higher resolution models. Using variable resolutions within the model grid
similar to the RCM simulations performed by POLAR-WRF by Claremar et al. (2012),
could be the way forward for more accurate simulations of flow. Ice flow studies using
varying grid resolution, so that fast-moving outlet glaciers are better resolved than the
slower ice cap interior, have been conducted with finite element grids (e.g. Schlegel
et al., 2015) and adaptive mesh grids which update during the run (e.g. Cornford et al.,
2013; Lee et al., 2015).

Fully coupled RCM-ice flow models have been conducted over Greenland with e.g. the
RCM MAR coupled to five ice flow models of different complexity (Edwards et al.,
2014).

The Ice Sheet Model Intercomparison Project (ISMIP) (Nowicki et al., 2016) is
currently working on coupling climate model output from CMIP6 to ice sheet models
in order to produce projection of sea level change. Most of the projections are planned
using a one-way coupling between GCMs and ice flow model, but a small number of
fully coupled simulations are planned to address the feedbacks introduced by interactive
ice sheets (Goelzer et al., 2018).
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3 Observations
In this thesis, ground observations from AWSs, mass balance surveys, and river gauges
are used to optimize and/or evaluate simulations of the energy and mass balance of
Vatnajökull. In addition, MODIS observations of the albedo are used to create a
background albedo map to improve the simulation of ablation. Finally, interpolated
maps of the bedrock and the surface topography are used for initialization of the flow
model PISM.

3.1 Study area

Iceland, 103000 km2, is an island situated in the North Atlantic Ocean, just south of
the Arctic circle. The North Atlantic and Irminger ocean currents give the island a
mild maritime climate, with winter temperatures around 0◦C and summer temperatures
around 10-13◦C at the southern coast. The Icelandic low, a persistent low pressure
center between Iceland and Greenland, often brings heavy precipitation to Iceland.

Due to the temperate climate and high precipitation, approximately 11% of Iceland
is glacierized (Björnsson and Pálsson, 2008). Most of the glaciers are located along the
southern coast, due to the high orographic precipitation in this region. Mass balance
observations have been conducted on many of the larger ice caps since the beginning of
the 1990s, and AWSs are operated during the summer on several of the glaciers.

The focus of this thesis is Vatnajökull ice cap, with an area of 7800 km2 and a volume of
∼3100 km2 (Björnsson, 2017), is the largest ice cap in Europe. It has a surface elevation
spanning from 0–2110 m above sea level (a.s.l.). The ice cap is located close to the
southeastern coast of Iceland (Figure 3.3), and average temperatures on the ice cap are
close to or below freezing. The summer balance is normally negative for the entire
ice cap, but the central area occasionally turns slightly positive during repeated cold
spells. At the highest areas of the glacier, days with melting only occur 10-20 days of
the year, while at lower levels the ablation season generally lasts 3-4 months (Björnsson
and Pálsson, 2008). For outlets that lie at a very low elevation (<100 m a.s.l.), even the
winter balance is negative. Above 1300 m a.s.l. on the southern flanks of Vatnajökull,
precipitation can exceed 4-5 m w.eq. per year (Crochet et al., 2007), while the northern
lee side of the ice cap is in a dry region which receives precipitation in the order of
0.4-0.7 m w.eq. (Björnsson and Pálsson, 2008).

Vatnajökull lies partly within the active volcanic zone (Figure 3.3), and covers
several of Iceland’s largest volcanoes where eruptions are frequent (e.g. Gudmundsson
et al., 2012). Western Vatnajökull mainly lies on porous lava beds, while eastern
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Figure 3.3. Geological map of Iceland, including the main fault structures. From
Thordarson and Larsen (2007).

Vatnajökull lies on impermeable unconsolidated till (e.g. Björnsson, 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, as the albedo can drop below 0.1. Frequent
dust storms also occur over the ice cap, darkening the surface and increasing melt (e.g.
Dragosics et al., 2016). Geothermal activity at the bed provides a small contribution to
the total melt (Björnsson and Pálsson, 2008), with constant melting occurring above
areas with a high geothermal heat flux, like the Grímsvötn volcano (Björnsson et al.,
1998) and the two Skaftá cauldrons (Björnsson, 1977, 1988; Einarsson et al., 2017).
Here, water collects in sub-glacial lakes above the geothermal areas, which regularly is
released in jökullhlaup events (e.g. Björnsson, 1977).

All the major glacial outlets of Vatnajökull are surge-type, and about 75% of the ice
cap area can be affected by surges (Björnsson et al., 2003). Recorded surge histories
suggest that some glaciers surge at regular intervals, with e.g. north-facing Brúarjökull
surging at 80-100 years intervals. Other outlets surge at very varying intervals, with e.g.
south-east facing Breiðamerkurjökull surging at between 6 and 38 year intervals. In the
1990s, approximately 25% of the ice surplus in the accumulation area of Vatnajökull
was transported to the ablation area by surges (Björnsson et al., 2003).
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3.2 Ground-based observations

3.2 Ground-based observations

3.2.1 Automatic weather stations

AWSs have been operated on Vatnajökull since 1994, with 1-13 stations measuring on
the ice cap during the summer months (e.g. Oerlemans et al., 1999; Guðmundsson et al.,
2006). The program is a collaboration between the National Power Company of Iceland
and the Institute of Earth Sciences at the University if Iceland. The 2 m temperature, 2
m relative humidity, 4 m wind speed, and the 4 m wind direction have been measured
since 1994, while the radiation components have been measured since 1996. Most of
the AWSs on the ice cap are operating approximately from May until October, with a
few select stations operating year round. A sonic echo sounder is placed a few meters
from the AWSs, which measures the daily surface changes both due to ablation and
snow accumulation. Based on measurements of the seasonal evolution of the density
conducted in the summer of 1996, a density profile was created which can be used to
calculate the corresponding ablation (Guðmundsson et al., 2006). The instruments were
calibrated each year in Reykjavík in April and the AWSs were visited in July/August
each year until 2009 to ensure that they were working properly and to lower the sonic
echo sounder (Björnsson et al., 1996, 1997a,b; Guðmundsson et al., 1999, 2000, 2001,
2002). Measurements from both the AWS and sonic sounder are currently conducted at
10 min intervals, but before 2006 the sonic sounder was operated at 30 min intervals.
The daily albedo is estimated from the observed incoming and outgoing short wave
radiation. It is calculated as the average of the observations obtained between 13 and
14 UTC, as the solar zenith angle is smallest during this period (Guðmundsson et al.,
2006).

The uncertainties of the AWS observations vary depending on the sensor. The
temperature and humidity sensors have an accuracy of 0.2◦C and 2% for temperature and
humidity, respectively, while the accuracy of the wind speed is 0.2 m s−1 (Guðmundsson
et al., 2009b). The radiative fluxes were measured using either Kipp and Zonen CM14,
CNR1 or CNR4 sensors that have a maximum manufacturer-reported uncertainty of
±10% for daily averages (Kipp and Zonen, 2002). However, the uncertainty has
independently been evaluated to be only 3–5 % when used in an ice sheet environment
(van den Broeke et al., 2004; Guðmundsson et al., 2009b).

The turbulent fluxes are not measured by the AWSs, but are estimated from obser-
vations of temperature, humidity and wind speed using a one-level eddy flux model,
which is described in detail by Guðmundsson et al. (2009b). The model utilizes
Monin–Obukhov similarity theory (Monin and Obukhov, 1954; Björnsson, 1972) and
implements different roughness lengths for the vertical profiles of temperature, wind
and water vapour (Andreas, 1987). Uncertainties of this model for example pertain to
the aerodynamic roughness length for momentum z0, as it is assumed to have a constant
value of 1 mm. This assumption is an oversimplification, as the roughness may vary sig-
nificantly over the ablation season (e.g. Grainger and Lister, 1966), but measurements of
z0 are generally not available over the entire measuring period. However, the roughness
profile can be derived from observations of the wind profile (Björnsson, 1972).

In this thesis, I have mainly focused on the observations from five AWSs, three on
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Brúarjökull and two on Tungnaárjökull. These stations were chosen since they have
been operated at approximately the same location since at least 2001, with two stations
in the accumulation zone, one near the equilibrium line, and two in the ablation zone.
The locations of the stations are shown in Figure 3.4.

Figure 3.4. Overview of available observations used in this thesis. Triangles show AWS
locations, black circles show mass balance survey points, colored lines connecting the
survey points show flowlines along which velocity observations are used, and symbols
outside the ice cap show the locations of the used water gauges. Hálslón and and Skaftá
glacial water catchments are marked with blue, while ice divides are marked with red.

3.2.2 Mass balance and velocity

In situ mass balance and surface velocity measurements have been carried out twice a
year every glaciological year since 1991-92 (Björnsson et al., 1998), with an average of
60 measured locations every year (Figure 3.4). In April or May of each year, winter
mass balance cores are drilled through the winter layer, and the snow/firn density is
measured along the core. The summer mass balance is measured in September or
October by measuring stakes or wires which were drilled into the surface during the
winter measurements in the spring. The uncertainty in the mass balance measurements
has been estimated to be ±0.3 m w.eq. (Björnsson et al., 1995, 2013). The results from
the mass balance surveys are extrapolated into distributed mass balance maps of the
surface using the kriging interpolation technique. Observations on e.g. Öræfajökull
and Skeiðarárjökull are rarely conducted, and the mass balance is therefore generally
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extrapolated by considering the mass balance of the other glacier outlets. These maps are
used to compute the specific summer, winter, and net mass balance for all of Vatnajökull,
see Figure 3.5. The mass balance observations and maps are used in this thesis to validate
the simulations from the RCM HIRHAM5 and the NWP HARMONIE-AROME.
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Figure 3.5. Observed summer (red), winter (blue), and net (green) surface mass
balance of Vatnajökull. From e.g Pálsson et al. (2017), expanded to 2017-18.

The GPS locations of the mass balance stakes or wires are measured both in spring
and autumn of every year, which can be used to compute average surface velocities
between survey times. The velocities along eight flowlines are used in this study to evalu-
ate the surface velocities simulated by the flow model: Eastern and Western Brúarjökull,
Eyjabakkajökull, Breiðamerkurjökull, Síðujökull, Tungnaárjökull, Köldukvíslarjökull,
and Dyngjujökull. The flow lines are marked with colors in Figure 3.4. The length of
the measurement time series along the flowlines varies, but all used points have been
observed for several years. The velocity time series for Tungnáarjökull and Dynjujökull
include years with surge velocities. These years are discarded in the model comparison.

3.2.3 Discharge observations

Measurements of the discharge into two glacial rivers, Skaftá and Jökulsá á Dal, are
used in this thesis (Figure 3.4). The closest hydrometric station to the ice cap along
Skaftá is at Sveinstindur (V299), 25 km down-river from the glacier margin. It has been
operated since 1986 (Icelandic Meteorological Office Database, 2017). The Sveinstindur
station has a catchment area of 714 km2 (Harðardóttir and Snorrason, 2003), where
approximately 400 km2 is glacierized. The glacial part of the catchment contains
Skaftárjökull and parts of Tungnáarjökull, and it spans from approximately 700-1600 m
a.s.l.

The runoff data comes with a quality flag for each daily datapoint. Only data that
are of full quality were used while data that required corrections due to ice interference
on the runoff or other issues have been discarded.
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Until 2007, the closest hydrometric station to the ice cap along Jökulsá á Dal river was
at Hjarðarhagi (VHM110) (Landsvirkjun, 2017). The size of the Hjarðarhagi catchment
area is ∼3300 km2 (Snorrason et al., 1998), where approximately 1200 km2 is covered
by the ice cap. The glacial component of the catchment includes approximately 80% of
Brúarjökull, and spans from ∼ 750−1600 m a.s.l.

In autumn 2007, the Hálslón reservoir started operations on the uppermost former
path of the Jökulsá á Dal river, near the edge of Brúarjökull. The water level has been
monitored since the impoundment of the dam (Landsvirkjun, 2017). The runoff to the
reservoir is estimated based on a relationship between reservoir water level and storage
in a time series of daily averaged inflow. The size of the Hálslón catchment area is
about 1800 km2, where approximately 1200 km2 is covered by the ice cap. The glacial
component is the same as for the Hjarðarhagi catchment.

In order to get a time series of the discharge into Jökulsá á Dal that spans the entire
simulated period (1980-present day), observations from Hjarðarhagi are used from
1980-2007, after which the observations from Hálslón reservoir are used. However,
due to the larger area of the Hjarðarhagi catchment, the contribution of melt from
non-glacierized areas is significantly larger than for Hálslón.

3.2.4 Bedrock topography

Since 1977, radio-echo soundings of the ice thicknesses of Vatnajökull have been
performed by the Institute of Earth Sciences at University of Iceland in cooperation
with Landsvirkjun, the National Power Company of Iceland (Björnsson, 1986, 1988).

Figure 3.6. Map of the interpolated bed topography of Vatnajökull. Outline of the
present day ice cap is shown in black.

Pulses with a duration of 0.2 µs are transmitted into a 30 m dipole antenna with a
repetition rate of 1 kHz. The reflected signal is received by an identical antenna and fed
to a receiver with a bandwidth of 1-5 MHz (Björnsson, 1986, 2000). Each pulse from the
transmitter illuminates an approximate disc with a radius of 100-200 m, so the received
echo is composed of energy from that disc. An attempt to trace the energy to point
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sources at the bed is made using migration along the profile; the process is described in
detail in e.g. Magnússon et al. (2016). The sounding lines were typically conducted 1
km apart and then interpolated onto a map using manual interpolation. The uncertainty
of the ice thickness along each sounding line is estimated to be approximately ±15 m
(Björnsson, 2000), but due to uncertainty in the interpolation, the error in the bedrock
topography map is estimated to be 20-50 m. In this study a map with a 500 m resolution
is used (Figure 3.6). This map is used in the simulations of the flow of Vatnajökull.

3.3 Satellite observations

3.3.1 MODIS albedo

Observations of the broadband albedo in the shortwave spectrum (0.3–5.0 m) from
the MODerate Resolution Imaging Spectroradiometer (MODIS) are used to create a
background map of the ice albedo at all glacier grid points in HIRHAM5. In December
1999, the first MODIS instrument was launched into Earth’s orbit on board the NASA
Terra Satellite, and with it a new capability for deriving moderate resolution estimates
of broadband albedo was initiated (Schaaf et al., 2002). In 2002 a second instrument
was launched on board the Aqua Satellite. The MODIS instruments are well suited
for albedo monitoring, as they image the snow covered areas of mid-to-high latitude
regions with a high spatial resolution. In addition, they can continuously measure spatial
variations for long periods, except in cases where the ground is obscured by clouds. The
instruments take images of the entire Earth every 1-2 days, retrieving data in 36 spectral
bands ranging in wavelength from 0.4 µm to 14.4 µm.

MODIS (Aqua/Terra combined) albedo product MCD43A3 v006 (Schaaf and Wang,
2015), tile h17v02, was used in this study as it covers all of Vatnajökull. Before the
2nd of July 2002, when the instrument was only on board Terra, the acquisition time
was at approximately 10:30 GMT. When the instrument launched on Aqua, the new
acquisition time was approximately 13:30 GMT.

For this study, the MODIS broadband albedo in the shortwave domain (0.3-5.0µm) is
used, which is calculated using the first seven visible and near-infrared MODIS bands
(Klein and Stroeve, 2002). The data was extracted in geographical coordinates at a
resolution of 0.005◦, which is close to the original MODIS resolution of 500 m. This
was done using the MODIS reprojection tool with the bilinear resampling method.
These MODIS data were then resampled to match the rotated HIRHAM5 lon-lat grid
coordinates by bilinear interpolation using MATLAB’s interpn function (MATLAB,
2015). No gap filling was used for the missing values. In order to maximize the number
of observations, data with a low quality flag were not removed. However, periods with
a high solar zenith angle were discarded due to the lowered resolution of the albedo
observations (Stroeve et al., 2005; Schaaf et al., 2011; Schaaf and Wang, 2015).

Several studies have shown that MODIS agrees reasonably well with in situ observa-
tions from weather stations on the Greenland ice sheet, especially in regards to seasonal
albedo cycles and mean seasonal values when only small variability occur (e.g. Stroeve
et al., 2005, 2006; Box et al., 2012). However, the albedo of Icelandic glaciers is more
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variable both temporally and spatially than the albedo of the Greenland ice sheet. The
albedo data from the MODIS retrievals were therefore compared to those observed by
AWSs on Vatnajökull and Langjökull by Gascoin et al. (2017), to asses if the MODIS
product is able to capture the large variability in the albedo of Icelandic glaciers. The
authors found that there is a good agreement between the ground observations and the
MODIS albedo, with root mean square errors between 0.08-0.21 for the 11 investigated
AWS sites.

The MODIS albedo is compared to albedo observations from AWSs calculated be-
tween 13:00 and 14:00 in this study. Using the albedo at highest radiation, as opposed
to the daily albedo value, should be directly comparable to the MODIS observations,
which for most of the time series have an acquisition time of 13:30. However, the
average difference between the daily and high radiation AWS albedo is on average <1%,
so the choice in albedo should not have much effect on the comparison.

The MODIS observations include more of the near-infrared spectrum (0.3-5.0µm)
than the AWS observations (0.3-3.0µm), but given the low solar radiation in the infrared
spectrum this difference in wavelength should not matter for the results.

3.3.2 Surface topography

A map of the surface topography of the ice cap in 2010 is used for initialization of the
flow model and for evaluation of the simulated initial state. The map is based on images
from the SPOT5 satellite (Berthier and Toutin, 2008) from June and September 2010
with a 5 m resolution. The uncertainty on the acquisition day is approximately 1-2 m.
However, due to differences in the surface elevation between acquisition days due to
glacier melt, the uncertainty may be higher (∼5 m).

3.4 Reanalysis

Reanalysis is a method for developing comprehensive data sets for climate research. It
is created using a data assimilation scheme, which combines all available observations
within a 6-12 hour time period with a numerical forecast model.

For this thesis, ERA-Interim reanalysis (Dee et al., 2011) is used as boundary
forcing for RCM and NWP simulations. ERA-Interim is a global atmospheric reanalysis
produced by the ECMWF which covers the period from 1 January 1979 until present
day. It has a horizontal resolution of 0.75◦x0.75◦ Available data products include
3-hourly surface parameters, describing weather, ocean, and land-surface conditions,
and 6-hourly parameters covering the troposphere and stratosphere (Dee et al., 2011).
Observations include both ground-based observations, upper-air observations from
e.g. weather balloons, and satellite observations, with the majority of the observations
provided by satellites. The wealth of available observations have grown exponentially
from 1979 until present day, and currently approximately 7-9 million observations are
included in each time step (Dee et al., 2014).

Although reanalysis is based on a wealth of observations, there can still be significant
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biases in the available meteorological fields. The changing number of observations can
produce artificial variability over the time series, and the simulations will in general
depend on the amount of observations within the investigated region. In areas with
sparse observations, like e.g. the Arctic, the reanalysis is more dependant on the
physics in the used forecast model than in regions with a wealth of observations. The
difference between different reanalysis products is therefore largest in data-sparse
regions. Lindsay et al. (2014) investigated seven reanalysis data sets over the Arctic
domain from 1981–2010, and found that ERA-Interim compared favourably with
the other reanalysis products, obtaining the most consistently good correlation with
observations.
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4.1 HIRHAM5

The RCM HIRHAM5, which was originally developed in a collaboration between the
Danish Meteorological Institute, the Royal Netherlands Meteorological Institute and the
Max Planck Institute, is the main tool used in this thesis. It is a hydrostatic RCM which
combines the dynamical core of the HIRLAM7 (High Resolution Limited Area Model)
numerical forecasting model (Unden et al., 2002; Eerola, 2006) and physics schemes
from the ECHAM5 general atmospheric circulation model (Roeckner et al., 2003).

The primary objective of HIRLAM7 is to provide an operational system which
can be used for short-range weather forecasts. It is used for this purpose in a number
of meteorological institutes in e.g. the Scandinavian countries (Unden et al., 2002).
Only a subset of the full HIRLAM7 system is used in HIRHAM5. The physics scheme
of HIRLAM7 is replaced by ECHAM5 physics, and thus only the time integration
module for prediction of the key meteorological variables (for example horizontal wind
components, temperature, specific humidity, and turbulent kinetic energy) is included
in HIRHAM5. ECHAM5 is developed by the Max Planck Institute, and has provided
global predictions of the past and present climate for e.g. the 5th and 6th phase of
the CMIP project (e.g. Taylor et al., 2012). The physics in both models is applied in
vertical columns, with no connection between neighbouring grid points in the horizontal
direction.

HIRHAM5 is one-way driven by different global data sets, either from global re-
analysis or from a GCM, at the lateral and lower boundaries of its domain. The model
is forced by temperature, wind, relative humidity and surface pressure at the lateral
boundary, and sea surface temperature and sea ice fraction at the lower boundary at 6
hour intervals

For simulations of the mass balance from 1980-2014, simulations forced by the
ERA-Interim reanalysis dataset (Dee et al., 2011) are used in this thesis. HIRHAM5
model simulations using ERA-Interim forcing have been successfully validated over
Greenland (e.g. Box and Rinke, 2003; Stendel et al., 2008; Lucas-Picher et al., 2012;
Rae et al., 2012; Langen et al., 2015, 2017) using AWS and ice core data.

For future projections, simulations forced by the GCM EC-EARTH (Hazeleger
et al., 2012) are used. 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 et al., 2013), which leads to an overestimation in
the sea ice extent, but it performs well in simulating dynamic variables when compared
to other coupled models with similar complexity (Hazeleger et al., 2012). HIRHAM5
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model simulations using EC-EARTH forcing have been validated over Greenland by
Boberg et al. (2018) using AWS data. Projections are available under the Representative
Concentration Pathways (RCP) 4.5 and 8.5 scenarios. The RCP 4.5 scenario (Thomson
et al., 2011) represents a more moderate emission scenario, leading to a worldwide
temperature increase of 2.4 ◦C by 2100, while the RCP 8.5 scenario (Riahi et al., 2011)
represents a high emission scenario which leads to an average worldwide temperature
increase of 4.7◦C.

The HIRHAM5 simulations used in this thesis were conducted for a domain con-
taining both Iceland and Greenland (Figure 4.7), with a horizontal resolution of 0.05◦ x
0.05◦ on a rotated-pole grid. This corresponds to ∼ 5.5 km resolution over Iceland. The
whole domain contains 402 x 602 grid cells. The atmosphere has 31 irregularly spaced
vertical levels, from the surface to 10 hPa, and a time step of 90 s.

Figure 4.7. HIRHAM5 domain and topography. From Mottram et al. (2017a)

4.1.1 Snow pack scheme

In this thesis, the snow pack scheme developed for HIRHAM5 is applied. While the
original HIRHAM5 used unchanged ECHAM5 physic, an updated model version was
developed by Langen et al. (2015) which e.g. includes an improved dynamic sur-
face/subsurface scheme, which describes the energy and mass transfer in the uppermost
part of the glacier.

The snow pack model prescribes a 60 m w.eq. glacier on all gridpoints with
permanent ice cover. The glacier is divided into 25 layers with time-constant water
equivalent thicknesses. The thicknesses of the layers increase exponentially with depth
in order to increase the resolution near the surface, and each layer consists of a liquid
water fraction, a snow fraction, and an ice fraction. Mass is conserved between the
layers by calculating the mass flux to the surface and from the bottom of the model. The
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4.1 HIRHAM5

changes in each layer are first calculated based on the added mass (snowfall, rainfall,
condensation) at the top of the model column. If mass is added, the scheme advects
mass downward through the column in order to ensure a constant water equivalent
thickness of each layer. When mass is removed from the column through runoff,
sublimation or evaporation, mass is shifted up in a similar fashion from an infinite
pure ice reservoir beneath the lowest model layer. The movement of mass through the
layers is accompanied by a vertical transfer of sensible heat, snow density, grain size
and water/snow/ice fractions. Falling snow is assumed to have the temperature of the
surface, while rain is assumed to have a temperature of 0◦C. Possible energy fluxes from
rain warmer than melting point is therefore not accounted for in the model (Langen
et al., 2017).

The changes in each layer due to melting or percolation of water is calculated after
the layer shift due to accumulation. Melt occurs at the top layer based on the ice surface
temperature. The ice temperature is updated in each time step, accounting for both
the surface energy balance as well as diffusive and advective heat exchange between
subsurface layers. If available energy exceeds that needed to bring the surface to the
melting point, the excess heat is used for melting of the surface layer. During melting,
mass is changed from the snow and ice fractions to the liquid water fraction, with snow
always melting before ice.

If the liquid water in a layer exceed the retention threshold, set to 4% of the snow
mass in the layer, water percolates down through the lower layers until it reaches an
impermeable layer. A layer is considered impermeable if the density exceed 810 kg or
it is already at the retention threshold. When the water reaches an impermeable layer, it
either becomes runoff or refreezes.

In order for water to run off, the layer temperature must be at the melting point
and the layer must be at the retention threshold. The runoff RO per time step ∆t is
determined by

RO = pliquex
∆t

τRO
(14)

where pliquex is the amount of water above the retention threshold and τRO is a charac-
teristic runoff timescale. It is given by

τRO = cRO,1 + cRO,2e−cRO,3S (15)

where S is the surface slope and cRO,1 = 0.33 day, cRO,2 = 25 days, and cRO,3 = 140 are
timescale coefficients (Langen et al., 2017). Water exceeding the retention threshold
may therefore linger in a layer until it forms superimposed ice, refreezes or runs off.
There is no routing of melt water in the present model, so all water prescribed as runoff
exits the model. All runoff is compensated by an upward flux of ice and snow to
preserve mass conservation in the layer.

Refreezing depends on the cold content, i.e. the energy required to warm the snow pack
to the melting point, of each layer. The cold content is used to freeze liquid water, which
releases latent heat and therefore increases the temperature of the layer. Refreezing
occurs instantaneously until no liquid water is present in the layer or the cold content is
depleted.
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The updated model also features an updated snow albedo scheme (Nielsen-Englyst,
2015), which depends both on the age of the snow and the surface temperature. The
scheme is similar to that used by Oerlemans and Knap (1998), which assumes that the
albedo decays exponentially as it ages, but with an added temperature component. If
snow is present at the surface, the change in snow albedo from one time step to the
next depends on whether the surface is in a cold (<-2 ◦C) or wet regime (≥−2 ◦C). No
melting occurs in the cold regime, whereas in the warm regime temperatures are high
enough for melting to occur. The snow albedo changes over each timestep as

α
t
snow = (α t−1

snow−αmx) · e−δ t/τx +αmx (16)

where αmx is the minimum snow albedo value that can be reached from ageing of the
snow and τx is a timescale which determines how fast the albedo reaches its minimum
value. These two variables take on different values depending on whether the snow is in
the dry (x=d) or wet (x=w) regime.

Refreshment of the albedo to the fresh snow value only occurs if snowfall constitutes
more than 95 % of the total precipitation. A partial refreshment is possible, as the albedo
is only refreshed to the maximum value if the amount of snowfall on that day (S0) is
higher than a threshold value. The rate of refreshment br is given by

br = min
[

1,
S f

S0

]
(17)

where S f is the amount of snowfall during the model time step in m w. eq. Using this
rate, the albedo is then refreshed using

α
t+1
snow = α

t
snow +br · (αmax−α

t
snow) (18)

where αmax is the maximum albedo for freshly fallen snow.
In the case of small snow depths, the surface albedo will be affected by the albedo

of the underlying ice. A smooth transition between the snow and bare ice albedo is
therefore implemented, and the final albedo is thus expressed as

α
t+1 = α

t+1
snow +(αice−α

t+1
snow) · exp(

−dn+1

ds
) (19)

where d is the snow depth, and ds is a characteristic scale for snow depth. Following
Oerlemans and Knap (1998), the characteristic scale is set to 3.2 cm snow depth. If no
snow is present, the albedo is set to the bare ice albedo.

The surface mass balance is calculated from the simulated precipitation P, evapo-
ration/sublimation E, and liquid water runoff RO. The precipitation is the sum of rain
Rn and snowfall Sn, and the runoff is the melt M and rainfall R which ran off without
refreezing RF. The surface mass balance is thus calculated as (Langen et al., 2015)

SMB = P−E−RO = (Sn+Rn)−E− (M+Rn−RF) = (Sn−E)−M+RF (20)
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4.1 HIRHAM5

4.1.2 Offline runs

The snow pack scheme described in the previous section is run offline in this study,
following e.g. Langen et al. (2015). This is done by forcing the scheme with 6-hour
surface energy (incoming shortwave and longwave radiation and turbulent fluxes) and
mass fluxes (snow, rain, evaporation, and sublimation) from a previous HIRHAM5
experiment. While a fully coupled, high-resolution HIRHAM5 run is computationally
very expensive, this offline model offers a quicker alternative to test new model imple-
mentations and perform quick model spin-ups. One disadvantage of this approach is
that changes in feedbacks between surface conditions, like e.g. the albedo and surface
temperature, and the atmosphere are ignored. However, the albedo parameterisation
is the only alteration from the online HIRHAM5 simulations used to force the snow
pack scheme in this work. Since surface temperatures on Vatnajökull are generally
around melting points during the summer, changes in the albedo simulations should not
affect the upward longwave radiation and turbulent fluxes. The error due to neglected
feedbacks is therefore expected to be small for simulations of Vatnajökull.

Figure 4.8. HIRHAM5 Iceland domain and topography used in the offline runs. The
resolution is ∼5.5 x 5.5 km.

For offline simulations, the HIRHAM5 grid was reduced to a 100x80 gridpoints by
isolating the Iceland domain (Figure 4.8).

The snow pack scheme can also be forced by output from other RCMs or NWPs.
In this thesis, the snow pack scheme is also forced by HARMONIE-AROME reanalysis
simulations, and future projections from CORDEX.
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4.2 HARMONIE-AROME

HARMONIE-AROME is a non-hydrostatic convection-permitting NWP model which
was developed in a cooperation between HIRLAM, ALADIN and Meteo-France
(Bengtsson et al., 2017). The original forecast model was based on the AROME-France
model (e.g. Seity et al., 2011), but it now differs from the original model in various
aspects (Bengtsson et al., 2017). Since HARMONIE-AROME is non-hydrostatic and
calculates precipitation diagnostically, it should provide a better representation of the
accumulation in areas with high orographic forcing than HIRHAM5.

In autumn 2015, the Icelandic Meteorological Office (IMO) started a reanalysis project
for Iceland (ICRA) using HARMONIE-AROME (Nawri et al., 2017). ICRA currently
spans from September 1st, 1979, until December 31st, 2017. It is run over a domain
containing only Iceland at a horizontal resolution of 0.025◦ x 0.025◦, corresponding to
∼ 2.5 km. The domain contains 289 x 229 gridpoints. The atmosphere has 65 vertical
levels, from the surface to 10 hPa, with a model timestep of 60 s. The HARMONIE-
AROME ICRA runs are forced by ERA-Interim reanalysis data at the lateral boundaries
at 6 hour intervals, and the output is given at 1 hour intervals.

The simulations use the upper-air physics from AROME to determine radiation,
turbulence, convection, clouds and precipitation, while surface and soil processes are
described by SURFEX version 7.2 (Masson et al., 2013). SURFEX uses the model
terrain and input from the lowest atmospheric level to calculate e.g. the outgoing
radiation and turbulent heat fluxes.

In order to prevent unrealistic snow accumulation in the simulations, the model was
only run continuously for one hydrological year at a time, which was defined to start
on September 1st. A 10-day spin-up period was started on August 20th, with all snow
outside of the glaciers removed and 10 m w.eq. of snow added onto all glacier points.
This ensures that the glaciers can melt and have realistic radiative properties.

So that the reanalysis is comparable with operational runs from the IMO (Nawri,
2014), the reanalysis simulations were conducted in weather prediction mode rather
than climate mode. This means the ICRA reanalysis time series is a combination of
many 12 hour forecast runs. Due to spin-up effects in the model during the first 6 hours
of forecasts (Nawri, 2014), only hours 6-12 of each run were used to create a longer
time series, with new runs operated every 6 hours.

4.3 CORDEX

In this thesis, available simulations within the CORDEX project are also considered.
Iceland is represented both in the Europe and Arctic domain, but the highest resolution
simulation (12 km) can be found in the Europe domain. The whole EURO-CORDEX
domain is shown in Figure 4.9.

Two emission scenarios are considered: RCP 4.5 (Thomson et al., 2011) and RCP
8.5 (Riahi et al., 2011). Simulations were only used if i) they had an appropriate
snow/ice mask over Vatnajökull, ii) they provided the meteorological parameters needed
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Figure 4.9. EURO-CORDEX domain and topography.

to force the HIRHAM5 snow pack scheme, and iii) they provided the variables with at
least a daily temporal resolution.

For the RCP 8.5 scenario, a total of 30 simulations are available at a 12 km reso-
lution, but only 15 simulations provided the output parameters needed for this study. 5
different RCMs, 8 GCMs, and 3 ensembles with different initial states are represented
by these simulations.

Fewer simulations are available for the RCP 4.5 scenario, as only 19 simulations are
available at a 12 km resolution. Of these, 11 simulations provided the output parameters
needed for this study. 4 different RCMs, 6 GCMs, and 3 ensembles are represented by
these simulations. A list of the simulations used in this study are shown in Table 4.1.

4.4 PISM

The Parallel Ice Sheet Model (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 Greenland and Antarctic ice sheets (e.g. Winkelmann et al., 2011; Aschwanden
et al., 2013; Aðalgeirsdóttir et al., 2014). The model allows users to select the preferred
approximation applied to the Stokes equation. The options include both the zero order
approximations SIA and SSA, a hybrid model, and the higher order Blatter-Pattyn
approximation (The PISM authors, 2018).

In this thesis, the hybrid SSA and SIA model described by Bueler and Brown (2009)
is used. The model numerically solves the equations for the SIA (Equation 10) and SSA
(Equation 12) in each time step (Bueler and Brown, 2009). Under this scheme, PISM
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RCM GCM Ensemble Reference

HIRHAM5
EC-EARTH r3i1p1

Christensen et al. (2006)HadGEM r1i1p1
NorESM r1i1p1

CCLM4-8-1 CanESM r1i1p1 Rockel et al. (2008)MIROC r1i1p1

RACMO22E
EC-EARTH r12i1p1

Van Meijgaard et al. (2008)EC-EARTH r1i1p1
HadGEM r1i1p1

RCA4

EC-EARTH r12i1p1

Samuelsson et al. (2011)

CNRM-CM5 r1i1p1
CM5A-MR r1i1p1
HadGEM r1i1p1
MPI-ESM r1i1p1
NorESM r1i1p1

WRF331F CM5A-MR r1i1p1 Hines et al. (2008)

Table 4.1. CORDEX simulations used in this study.

solves the SIA in parallel with the SSA; the SIA is solved with a non-sliding base and
the SSA is used as a sliding law.

The model can determines the ice rheology using a hierarchy of flow models with
different complexities. The enthalpy-based Glen-Paterson-Budd-Lliboutry-Duval law
(Lliboutry and Duval, 1985), where the ice softness depends on both the temperature
and liquid water fraction, is the PISM default and the most complex option. The other
options are only temperature dependent, and include e.g. isothermal Glen’s flow law
(Glen, 1955), where the ice softness is fixed for the entire run but can be changed manu-
ally, Hooke flow law (LeB. Hooke, 1981), and the Paterson Budd flow law (Paterson
and Budd, 1982). The enthalpy based scheme is the default as it should do a better job
at simulating polythermal ice than the purely temperature dependent schemes, since
the latent heat of liquid water within the ice is taken into account (Aschwanden et al.,
2012), and energy conservation is therefore better simulated.

In general, the model parameters within PISM are highly customizable. Previous
studies have determined what the optimal parameters are for e.g. Greenland (e.g. As-
chwanden et al., 2013) and Antactica (e.g. Winkelmann et al., 2011).

To simulate sliding, it is necessary to use a sliding law that determines where slid-
ing can occur given the membrane driving stresses. Basal sliding can be determined
using a fully plastic or pseudo-plastic law (The PISM authors, 2018). In the case of a
pseudo-plastic power law, it relates bed-parallel shear stress, τb, to the basal velocity ub

τb =−τc
ub

uq
threshold |ub|1−q (21)

where τc is the yield stress, which represents the strength of the glacier till, uthreshold is
a threshold speed, and q is the pseudo-plastic exponent. Setting q = 0 gives the fully
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plastic case. The yield stress can either be considered constant or calculated dynamically
by relating the till material properties, expressed by the till friction angle φ and the
till cohesion c0, with the effective pressure on the till, Ntill , using the Mohr-Coulomb
criterion:

τc = c0 + tanφ ·Ntill (22)

The effective pressure on the till is given by

Ntill = min

{
Po,N0

(
δPo

N0

)Wtill/W max
till

10(e0/Cc)(1−Wtill/W max
till )

}
(23)

where Po is the ice overburden pressure, determined entirely by the ice thickness, density
and the gravitational acceleration, and Wtill is the effective thickness of water in the
till computed in each time step. The remaining variables are constants which describe
the till mechanics: N0 = 1000 kPa is the reference effective pressure of the till, δ is
the effective fraction overburden, e0 = 0.69 is the reference void ratio, Cc = 0.12 is the
compressibility coefficient, and W max

till = 2m is the maximum water thickness allowed in
the till (Tulaczyk et al., 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 elevation dependence is expressed as follows

φ(x,y) =





φmin, if b(x,y)≤ bmin

φmin +(b(x,y)−bmin
φmax−φmin
bmax−bmin ), if bmin < b(x,y)< bmax

φmax, if b(x,y)≥ bmax

where bmin, bmax, φmin, and φmax are chosen constraints on the bed elevation and till
friction angle, respectively. The reasoning for using the elevation-based till friction
angle for Greenland is that low-lying bedrock with a marine history is expected to be
weaker than high-elevation bedrock.

Since the hybrid model is using SSA as a sliding law, it is necessary to combine
the SSA and SIA velocities. The horizontal velocity (u,v) is calculated using

(u,v) = f (|ub|)usia +(1− f (|ub|))ub (24)

where |ub|=
√

u2
b,1 +u2

b,2 and f is a weighting function between 0 and 1 given by

f (|ub|) = 1− 2
π

arctan
( |ub|2

u2
threshold

)
(25)

The SSA velocities are the basal velocities, ub, and the SIA velocities are denoted by
usia. Using the weighting function guarantees a velocity field that is mathematically
continuous, ensuring a smooth velocity distribution along the ice cap (Bueler and Brown,
2009).
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5 Paper I: The importance of accurate albedo
simulations

5.1 Summary

RCMs are important tools for the reconstruction of the climate system, both expanding
the time series further back than available observational records and projecting the
future climate. However, in order to have confidence in RCM projections, it is important
to validate how well the present climate is simulated by a RCM.

In this study, the RCM HIRHAM5, which has been well-validated over the Green-
land ice sheet (e.g, Langen et al., 2017), is used to simulate the energy and mass balance
of Vatnajökull ice cap, Iceland. The model is forced by ERA-Interim reanalysis at the
lateral boundaries. The model was developed for the Greenland ice sheet, which has a
higher reflectivity than Icelandic glaciers. Due to tephra layers within the ice and the
effect of dust storms, the albedo of Vatnajökull is highly variable both temporally and
spatially. Observations from AWSs show that the albedo can range from 0.95 after a
fresh snowfall to 0.01 in the ablation zone. Any simulations of melt are therefore highly
dependent on accurate estimations of the albedo.

In order to improve the albedo scheme within HIRHAM5, the ageing of snow is
tuned to fit the conditions observed on Vatnajökull, and an ice albedo map based on
available MODIS observations at the end of the ablation season is added to reflect the
high spatial variability within the ablation zone.

The updated model is used to simulate the energy and mass balance of Vatnajökull from
1980-2014. Results from the model simulations are thoroughly validated using available
observations of the energy balance components from five AWSs operated on the ice
cap since at least 2001 and mass balance observations conducted from the 1991-1992
glaciological year until 2014-2015. A good correlation is found between the observed
and modelled parameters, albeit with a large overestimation of accumulation in areas
of high orographic forcing. An overestimation of accumulation in parts of the ablation
zone is also found, which affects the albedo simulations. Overall, the model captures
the variation in mass balance well, giving confidence in the RCM’s ability to perform
future projections, depending on the skills of the driving GCM.
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5.2 Main results

• The HIRHAM5 snow pack scheme is improved for simulations over Vatnajökull
by tuning the albedo parameterisation and adding a spatially variable ice albedo
into the model. We find that the model simulates the surface energy balance and
surface mass balance well, albeit with general underestimations of the incoming
radiation components and the albedo. The average total underestimation of the
available energy for five used AWSs is -47.5 Wm−2 during the summer.

• Although the albedo simulations have been improved with the MODIS based ice
albedo map, the simulated albedo is generally overestimated during the summer
in the ablation zone and does not reach the lowest yearly value as early in the year
as the measured albedo. This is partly attributed to the fact that point observations
are compared to the modelled mean of a 5.5 x 5.5 km2 area, which e.g. means that
an overestimation of the ice albedo map is observed when compared with AWS
observations, even though higher-resolution MODIS (500 m) observations show
a good correlation with the point observations (Gascoin et al., 2017). In addition,
an overestimation of the snow thickness in the ablation zone and the fact that the
model does not account for the temporal effect of volcanic dust deposition during
eruptions and dust events on the albedo contributes to the underestimation of the
simulated ablation.
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Figure 5.10. Average specific summer (red), winter (blue) and net (green) surface mass
balance of Vatnajökull. The solid lines show the mass balance of Vatnajökull based on
mass balance measurements and manual interpolation (Pálsson et al., 2015), while the
dashed lines show the mass balance as simulated by HIRHAM5

• The mean specific summer, winter and net mass balances are reconstructed for all
of Vatnajökull from the 1980-81 glaciological year until 2014-15 and estimates
of the specific SMB based on in situ SMB measurements are compared to the
reconstructed specific SMB for the period 1995-2014 (Figure 5.10).The summer
ablation is underestimated by -0.06 m w.eq. on average, with too much ablation
in 1995 and too little ablation in years with, or following, volcanic eruptions.
The low errors of the specific summer mass balance is attributed to biases in
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different parts of the ice cap cancelling each other out, with e.g. the AWS
sites having a general overestimation of the mass balance and the low-lying
Skeiðarárjökull having an underestimation of the mass balance. The winter
balance is overestimated by 0.5 m w.eq., mostly due to a large overestimation at
the high elevation plateau of Öræfajökull. If the overestimation at these points
is corrected, the simulated winter balance for the whole ice cap fits well with
observations as the overestimation drops to around 0.1 m w.eq. (Figure 5.11).
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Figure 5.11. Same as Fig. 5.10 but with corrected winter precipitation over the
Öræfajökull area by reducing the HIRHAM5 simulated winter balance with 50%.

• The simulations capture the shift in mass balance observed in the mid-1990s.
This and the high correlation for the whole time series, gives confidence that the
model estimates the specific mass balance of Vatnajökull well over the entire
period from 1980-2014. HIRHAM5 has therefore proven to be a useful tool to
expand the time series of the specific SMB beyond the measurement years, if a
good GCM is used.
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6 Paper II: Sensitivity of runoff to spring
snow thickness

6.1 Summary

In this study, the runoff from Vatnajökull from 1980-2015 is simulated and the sensi-
tivity of runoff to spring snow thickness is evaluated. Due to the overestimation of the
winter balance in HIRHAM5 found in paper I, we attempted to improve the simulations
by forcing the HIRHAM5 snow pack model with meteorological input from the NWP
HARMONIE-AROME. This model was chosen due to its complex atmospheric model
which uses non-hydrostatic physics and prognostic precipitation. Comparison with
available observations shows that the model simulates the incoming energy and mass
fluxes better than the atmospheric model in HIRHAM5. The combined model is used
to simulate runoff from Vatnajökull, which is evaluated against available discharge
observations from Skaftá glacial water catchment (GWC) and Hálslón GWC.

The sensitivity of runoff to the spring snow thickness is evaluated by running a set of
sensitivity runs, using all the spring conditions from 1980-2015 as a starting point for
runs over all the summers in the same period. Since the runoff from the accumulation
zone is not as dependent on the variations in snow thickness and the runoff from the
ablation zone, we mostly focus on the effect on the ablation zone. We find that the vari-
ability in summer weather has a larger effect on the runoff than the variability in spring
snow thickness, although especially the north-facing outlets have a high sensitivity to
variations in spring snow thickness. An additional simulation was conducted using thick
enough snow so that the underlying ice surface is never exposed. This run was used to
evaluate how much of the runoff from 1980-2015 was due to exposed dirty ice.

6.2 Main results

• the non-hydrostatic model HARMONIE-AROME provides a more accurate simu-
lation of the winter mass balance than HIRHAM5 (Figure 6.12). The simulations
are especially improved in areas with high orographic forcing like e.g. Öræfa-
jökull. Using the HARMONIE-AROME model as a forcing for the snow pack
model provides a better estimate of the energy and mass balance, but significant
biases are still found in the precipitation (as shown in Figure 6.12a) which needs
to be corrected.
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Figure 6.12. a) HARMONIE and b) HIRHAM5 winter mass balance compared to
measurements from 1992-2014. Colour bar shows how many points are in the same
spot and purple ellipsis outlines 68% of the points. Interpolated observed mean winter
mass balance maps from 1992-2014 compared to c) HARMONIE and d) HIRHAM5
winter mass balance.

• The total runoff is well simulated by the model as comparison with discharge
observations from two rivers with a large glacial component confirms. The
correlation is found to be 0.78 for Skaftá GWC and 0.89 for Hálslón. The average
difference between the measured and modelled summer runoff is 16% and 29%
for Skaftá GWC and Hálslón GWC, respectively. Improved estimates of the
runoff from ice-free zones would improve the comparison.

• The sensitivity of the total summer runoff to the spring snow cover is evaluated
by setting up a set of model runs using the simulated state of the subsurface on
April 1st from 1980-2015 as initialization for simulations of all the summer over
the same time period. 1296 summers are simulated for the evaluation.

• We find that in general the runoff is controlled more by variations in summer
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weather than by variations in spring snow thickness (Figure 6.13). The average
variation in runoff due to changes in snow cover equal 31% of the variation due
to summer weather for the whole ice cap. However, the spring snow thickness is
still an important factor, especially for the north-facing outlets, as e.g. Brúarjökull
has an average variation in runoff due to changes in snow cover equal to 51% of
the variation due to summer weather.

• We estimate that there was approximately a 14% increase in runoff from Vat-
najökull due to the exposure of dirty ice from 1980-2015 and a 27% increase
from Brúarjökull. A maximum of 31% of the runoff from Vatnajökull was found
to be due to the exposure of dirty, while a maximum of 77% was simulated for
Brúarjökull.
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Figure 6.13. Time series of accumulated runoff for April-October from (a) Vatnajökull,
(c) Brúarjökull, (e) Síðujökull, (g) Skaftá GWC for different spring conditions. The red
line is the original run where the spring conditions of the specific year are used, the
grey area shows the range in runoff when the spring conditions are changed, and the
black line shows how much melt would occur if the underlying ice is never exposed.
Probability distributions for the runoff created using the results of the sensitivity runs
are shown for (b) Vatnajökull, (d) Brúarjökull, (f) Síðujökull, (h) Skaftá GWC
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7 Paper III: Future projections under dif-
ferent climate scenarios

7.1 Summary

For the third paper, the models discussed in Papers I and II are used to simulate the
evolution of Vatnajökull from 1980-2300 by using the RCM output as a forcing for
the ice flow model PISM (The PISM authors, 2018). The flow model is first tuned by
comparing simulated surface velocities for the current glacier geometry to available
velocity measurements and the optimal flow parameters are determined for simulations
of the flow of Vatnajökull.

The ice flow model is forced by the 2.5 km resolution climatic mass balance sim-
ulated by HARMONIE-HIRHAM5, forced by ERA-Interim reanalysis at the lateral
boundaries, from 1980-2016, which was used and evaluated in Paper II. For the future
climate we use 5.5 km resolution simulations by HIRHAM5 forced by EC-EARTH at
the model boundaries, as well as available CORDEX simulations at a 12 km resolution.
The RCP 4.5 and 8.5 scenarios are investigated, and all future simulations provide
forcing until 2100. The 5.5 km forcing is only available in time slices (1990-2010,
2030-2050 and 2080-2100), while continous forcing is available for the CORDEX
simulations. Due to high biases in the GCM forced mass balance simulations, anomaly
maps are used to force the ice flow model after 2017.

To initialize the coupled simulations, a steady state ice cap in balance with the ap-
plied forcing was achieved by repeating the model climate from 1980-1999. The
evolution of the ice cap geometry is simulated by using the mass balance forcing until
2100, and the time series is expanded by continuing the run until 2300 by recycling the
2081-2100 forcing for 200 years.

These simulations are performed with a one way coupling of the RCM outputs with
PISM, and therefore do not include elevation feedback on the climatic mass balance.
To determine the effect of elevation changes on the mass balance, a precipitation
and temperature lapse rate is included in some of the simulations. An experiment
was conducted to determine if the ice cap would be able to rebuild if the climate
was brought back to that of 1980-1999, and it was found that ∼80% of the area and
∼60% of the volume of the reference ice cap would grow back but it would take about
1500 years to reach a steady state. Low-elevation, south-facing Skeiðarárjökull and
Breiðamerkurjökull and north-facing Brúarjökull and Dyngjujökull are not restored due
to the high mass balance-elevation feedback.
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7 Paper III: Future projections under different climate scenarios

7.2 Main results

• The ice flow model PISM is evaluated for simulations of the flow of Vatnajökull.
By comparing observed surface velocities with simulated velocities, the PISM
model parameters which provide the best comparison with observations are found.
A combined SIA+SSA sliding scheme is used, with a till-friction angle that
linearly depends on the bed elevation.

• 5.5 km HIRHAM5 simulations forced by EC-EARTH at the lateral boundaries are
evaluated from 1991-2010 using available SMB and temperature observations. A
-1.9◦C temperature bias is found over Vatnajökull, and an average overestimation
of the annual mass balance of 1.9 m w.eq. is found. Only mass balance anomaly
maps are therefore used to force the ice flow model into the future.

• The evolution of the ice cap geometry was simulated under the RCP 4.5 and RCP
8.5 scenarios by forcing PISM with the simulated mass balance fields (Figure
7.14). By 2300, the ice cap has lost 44% of its volume and 23% of its area under
the RCP 4.5 scenario, equivalent to a ∼3.0◦C warming over Iceland. In the RCP
8.5 scenario, equivalent to an approximately 4.7◦C warming over Iceland, the ice
cap has lost 85% of its volume and 65% of its area by 2300.

Figure 7.14. a-b) Changes in glacier volume and area with HIRHAM5-EC-EARTH 5.5
km forcing from 1980-2100 for RCP 4.5 and RCP 8.5 scenarios, and continued until
2300 using repeated 2081-2100 forcing. c-d) The areal extent of the ice cap at 100 year
time intervals for c) RCP 4.5 and d) RCP 8.5 scenarios.

• To determine the effect of elevation changes on the mass balance, additional
runs are conducted where a precipitation and temperature lapse rate is included
in the simulations. By 2300, the glacier area is 9-20% smaller than in the runs
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7.2 Main results

with no feedback, and the volume is 9-14% smaller. Especially Brúarjökull and
Dyngjujökull are found to be sensitive to changes in precipitation, in agreement
with the findings from paper II.

• Equilibrium experiments for response times of ice cap growth and decay are con-
ducted using a precipitation and temperature lapse rate to estimate the elevation
feedback. Three scenarios are used, all from the HIRHAM5-EC-EARTH simu-
lations: RCP 4.5 2031-2050 climate (∆T=1.5◦C), RCP 4.5 2081-2100 climate
(∆T=3.0◦C), and RCP 8.5 2081-2100 climate (∆T=4.7◦C). After a steady state
is reached, the climate is brought back to the simulated 1980-2000 climate. We
find that the ice cap rebuilds much slower than it shrinks for the highest forcing
scenarios and reaches a steady state with an area and volume that are 80% and
55%, respectively, of the reference ice cap. The response time of the ice cap (i.e.
the time it takes the ice cap to adjust all but 1/e from one steady state to another
steady state) to a 4.7◦C climate forcing is 150 years, and the rebuilding response
time to the 1980-2000 climate is 520 years. The response times for the 3.0◦C
climate forcing is 340 years (warming) and 540 years (rebuilding), while for the
1.5◦C climate forcing the response time is 690 years (warming) and 500 years
(rebuilding).

• Using available CORDEX simulations as model forcing, a wide range of temper-
ature increases and possible future ice cap geometries are found (Figure 7.15).
Volume losses between 31 and 64 % and area losses between 13 and 37% are
found for the RCP 4.5 scenario in 2300. For the RCP 8.5 scenario, volume losses
between 51% and 94% and area losses between 24% and 80% are simulated by
2300. The large span in model results shows the importance of investigating
several different models and initialization for future projections.

Figure 7.15. Results of CORDEX forced PISM runs for RCP 4.5 (a-c) and RCP 8.5
(d-f). a+d) volume change, b+e) area change, and c+f) the reference area (black), the
largest simulated 2300 area (red) and the smallest simulated 2300 area (yellow)
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8 Conclusions and outlook
The global climate is changing as a result of antropogenic climate change. The evolution
of the future climate is uncertain and depends on the future emission of greenhouse
gasses. The relative contribution of components that govern the melt of glaciers, the
radiation components and turbulent fluxes, may change during a warming climate, as
a result of increased albedo feedback and larger turbulent fluxes. Models based on
empirical relationships may therefore not be applicable for future climate scenarios, and
it is important to conduct projections with models that adequately capture the physics
behind the processes. In this dissertation, physically based models were succesfully
used to simulate the mass balance of the recent past past (1980-2016) and the future
(until 2300) of Vatnajökull ice cap, Iceland.

Although the future climate may change substantially from the present day, it is
important that models simulate the present climate well. Thorough validation of the
model physics against observations is therefore an important process in order to have
confidence in model projections. In this dissertation, RCMs were used to simulate the
physical processes in the atmosphere, on the glacier surface, and within the glacier
itself. Through improved albedo simulations and validation of the hydrostatic RCM
HIRHAM5, forced by ERA-Interim reanalysis at the lateral boundaries, the model
was successfully used to create realistic simulations of the specific mass balance of
Vatnajökull from 1980-2014. However, one major cause of bias in the simulated mass
balance is found to be due to an overestimation in the precipitation. This e.g. affects
the albedo simulations and therefore leads to an underestimation of the ablation. By
employing the non-hydrostatic, higher resolution model HARMONIE-AROME, the
precipitation biases were significantly reduced especially in areas of high orographic
forcings, although significant errors still remain. As RCMs develop towards very high
resolution models with a non-hydrostatic core and prognostic precipitation schemes,
the representation of precipitation will continue to improve.

The sensitivity of the simulated runoff to changes in winter precipitation was
estimated using a precipitation-corrected HARMONIE-AROME forcing and the snow
pack scheme from HIRHAM5. The runoff was found to be more sensitive to variations
in summer weather than to variations in spring snow thickness over the investigated
period. However, variation in spring snow thickness still has an important effect on the
melt, especially on the north-facing Brúarjökull and Tungnaárjökull which show a large
sensitivity to changes in winter precipitation.

From simulations with and without exposed ice, it was estimated that exposed ice
accounted for approximately 14% of the runoff from Vatnajökull from 1980-2015 and
27% of the runoff from Brúarjökull. As the climate warms and the ablation season
becomes longer, the effect of the ice albedo on the total melt is expected to increase.
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8 Conclusions and outlook

Accurate simulations of the future ablation therefore require accurate estimates of the
ice albedo and accumulation.

Future projections were conducted by forcing the ice flow model PISM with simu-
lated mass balance fields from a range of climate models. The simulated change in
glacier geometry for the same emission scenario is very variable between the models.
For example under the RCP 8.5 scenario, the volume loss is between 51% and 94 %
and the area loss is between 24% and 80% by 2300. The large span in model results
shows the importance of investigating several different models and initializations for
future projections.

Important feedbacks between elevation and mass balance are not included in these
simulations. To estimate the effect of elevation changes on the surface mass balance,
simulations with a precipitation and temperature lapse rate were conducted and showed
that the feedback contributed to a significant increase in the simulated ablation. As
RCMs develop towards more comprehensive RESMs, fully coupled simulations of the
ice dynamics can more accurately determine the effect of the elevation feedbacks.

Although a solid physical foundation is preferable and necessary for future simu-
lations, this is currently not always possible nor practical. In this thesis, the SIA and
SSA stress balance approximations are used to model the ice flow in order to avoid
high computing costs, and e.g. some components of the sliding parameterisation are not
based on the physical properties of the till but are instead tuned to give the most accu-
rate velocity simulations. Representing physical processes more feasibly in numerical
models could improve future projections by e.g. including surge dynamics. However,
for simulations on century time scales the changes in the mass balance and runoff will
be mostly controlled by the climatic forcing. Until the representation of the climate
forcing is improved, the error due to flow approximations can be considered small.
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Abstract. A simulation of the surface climate of Vatnajökull
ice cap, Iceland, carried out with the regional climate model
HIRHAM5 for the period 1980–2014, is used to estimate
the evolution of the glacier surface mass balance (SMB).
This simulation uses a new snow albedo parameterization
that allows albedo to exponentially decay with time and is
surface temperature dependent. The albedo scheme utilizes
a new background map of the ice albedo created from ob-
served MODIS data. The simulation is evaluated against ob-
served daily values of weather parameters from five auto-
matic weather stations (AWSs) from the period 2001–2014,
as well as in situ SMB measurements from the period 1995–
2014. The model agrees well with observations at the AWS
sites, albeit with a general underestimation of the net radia-
tion. This is due to an underestimation of the incoming radia-
tion and a general overestimation of the albedo. The average
modelled albedo is overestimated in the ablation zone, which
we attribute to an overestimation of the thickness of the snow
layer and not taking the surface darkening from dirt and vol-
canic ash deposition during dust storms and volcanic erup-
tions into account. A comparison with the specific summer,
winter, and net mass balance for the whole of Vatnajökull
(1995–2014) shows a good overall fit during the summer,
with a small mass balance underestimation of 0.04 m w.e. on
average, whereas the winter mass balance is overestimated
by on average 0.5 m w.e. due to too large precipitation at the

highest areas of the ice cap. A simple correction of the ac-
cumulation at the highest points of the glacier reduces this
to 0.15 m w.e. Here, we use HIRHAM5 to simulate the evo-
lution of the SMB of Vatnajökull for the period 1981–2014
and show that the model provides a reasonable representa-
tion of the SMB for this period. However, a major source of
uncertainty in the representation of the SMB is the represen-
tation of the albedo, and processes currently not accounted
for in RCMs, such as dust storms, are an important source of
uncertainty in estimates of snow melt rate.

1 Introduction

Worldwide, glaciers and ice caps are losing mass at increas-
ing rates as a response to climate change (e.g. Vaughan
et al., 2013). Major changes in the dimensions of glaciers
are expected to affect the sea level and climate throughout
the world, and it is therefore important to describe and un-
derstand the glacier climate. Glacier retreat and mass loss
at significantly increasing rates are also observed for Ice-
landic glaciers (Björnsson et al., 2013), which could poten-
tially contribute to the rise in sea level by 1 cm (Björns-
son and Pálsson, 2008; Björnsson et al., 2013). The runoff
from Vatnajökull ice cap is economically important to hy-
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dropower production in Iceland and the present and fu-
ture mass balance is thus of keen interest. Numerical high-
resolution regional climate models (RCMs), such as MAR
(Gallée and Schayes, 1994), RACMO2 (Meijgaard et al.,
2008), or HIRHAM5 (Christensen et al., 2006), are valu-
able tools for estimating the meteorological parameters and
mass balance variability at the surface of glaciers. However,
to carry out reliable future projections, or reconstruct the past
climate, it is important to evaluate how well models simulate
the present climate

Evaluation of RCMs is important, not only because it re-
veals possible biases in the model but also because it could
yield recommendations for model improvements. Much
work has gone into evaluating RCMs over Greenland (e.g.
Box and Rinke, 2003; Noël et al., 2015; Rae et al., 2012;
Langen et al., 2017; Fettweis et al., 2017) and Antarctica (e.g.
Lenaerts and Van Den Broeke, 2012; Agosta et al., 2015), but
less effort has gone into evaluating them over Iceland (e.g.
Ágústsson et al., 2013; Nawri, 2014).

However, a long-term meteorological monitoring pro-
gramme has been conducted on Icelandic glaciers since the
1991–1992 glaciological year (e.g. Björnsson et al., 1998).
Therefore, Icelandic glaciers are excellent candidates for
evaluating modelled meteorological and SMB components.
Compared to Greenland, observations are recorded in a rela-
tively small area, offering a good opportunity to evaluate the
spatial and temporal variability of the HIRHAM5 model on
a regional scale. As albedo in Iceland is significantly differ-
ent from that of Greenland or Antarctica, e.g. due to frequent
dust storms and occasional volcanic eruptions, model evalu-
ations over Iceland provides important insight into the effect
of albedo changes on the glacier energy balance.

Due to the large spatial and temporal variation in albedo
of Icelandic glaciers (spanning from less than 0.1 for dirty
ice in the ablation zone to 0.9–0.95 for new snow), and the
large sensitivity of melt to variations in albedo, it is crucial
to have correct estimates of the albedo when modelling the
surface mass balance. However, accurate modelling of the
albedo can be challenging. For example, volcanic eruptions
and dust storms can significantly lower the glacier albedo,
and thus increase the amount of melt (e.g. Conway et al.,
1996; Gascoin et al., 2017; Wittmann et al., 2017), but are
difficult to include in albedo models. Accurate simulations
of the ice albedo is also problematic, as for some glaciers it
varies with elevation (e.g. Knap et al., 1999) but not for oth-
ers (e.g. Greuell et al., 1997). In addition, the ice albedo may
decrease with time (e.g. Reijmer et al., 1999), increase with
time (e.g. Oerlemans and Knap, 1998), or remain constant
(e.g. Greuell et al., 1997) depending on the glacier.

Here we present a 1981–2014 SMB data set of Vatna-
jökull ice cap modelled by HIRHAM5 at 5.5 km resolution.
HIRHAM5 is a state-of-the-art, high-resolution RCM that
has been well validated over Greenland (e.g. Box and Rinke,
2003; Lucas-Picher et al., 2012; Rae et al., 2012; Langen
et al., 2017). In this study, HIRHAM5 incorporates an up-

dated albedo scheme, using a background MODIS ice albedo
field, in the aim of capturing the effect of dust and tephra on
ice albedo in the ablation zone. This method of determining
the ice albedo has previously been used by, for example, van
Angelen et al. (2012). Model simulation results are compared
to observations from automatic weather stations (AWSs) and
in situ mass balance observations, in an effort to improve the
performance of the model. The possible physical reasons for
any model biases are discussed, and recommendations for
corrections are made where possible.

2 Model description

2.1 HIRHAM5

In this study we employed the RCM HIRHAM5 (Christensen
et al., 2006), which was developed at the Danish Meteorolog-
ical Institute. It is a hydrostatic RCM which combines the dy-
namical core of the HIRLAM7 numerical forecasting model
(Eerola, 2006) and physics schemes from the ECHAM5 gen-
eral circulation model (Roeckner et al., 2003). Model simula-
tions have been successfully validated over Greenland using
AWS and ice core data (e.g. Box and Rinke, 2003; Stendel
et al., 2008; Lucas-Picher et al., 2012; Langen et al., 2015;
Rae et al., 2012; Langen et al., 2017).

While the original HIRHAM5, as described in Christensen
et al. (2006), used unchanged ECHAM physics, an updated
model version, which includes a dynamic surface scheme
that explicitly calculates the surface mass budget on the sur-
face of glaciers and ice sheets, is used in this study. This new
scheme takes melting of snow and bare ice into account and
resolves the retention and refreezing of liquid water in the
snow pack (Langen et al., 2015, 2017). In addition, the five-
layer surface scheme in ECHAM has been expanded to 25
layers.

2.1.1 New albedo parametrization

The updated model also features a more sophisticated snow
albedo scheme (Nielsen-Englyst, 2015) than that used in
the original HIRHAM5; whereas the previous scheme was
purely temperature dependent, the new scheme depends both
on the age of the snow and the surface temperature. The
scheme is similar to that used in Oerlemans and Knap (1998),
which assumes that the albedo decays exponentially as it
ages, but in this study an additional temperature compo-
nent is applied. If there is snow on the surface, the change
in the snow albedo from one time step to the next depends
on whether the surface is in a dry (< 271 K) or wet regime
(≥ 271 K). In the dry regime, the surface temperature is too
low for any melting to occur, while in the wet regime the tem-
perature in the surface layer is high enough for the surface to
be melting. The snow albedo changes over a time step, δt , as

αtsnow = (α
t−1
snow−αmx) · e

−δt/τx +αmx, (1)
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where αmx is the minimum snow albedo value that can be
reached from ageing of the snow and τx is a timescale which
determines how fast the albedo reaches its minimum value.
These two variables take on different values depending on
whether the snow is in the dry (d) or wet (w) regime.

Observations from the AC and ELA stations were used to
determine αmx and τx . The optimal variables were found by
minimizing the weighted mean RMSE between the modelled
and measured albedo by varying the values of αmx and τx .
The best-fit values were found to be αmd = 0.65, αmw=0.41,
τmd = 5 days, and τmw = 10 days.

Albedo is only refreshed to the maximum value if snow-
fall constitutes more than 95 % of the total precipitation. A
partial refreshment is possible as the albedo is only reset to
the maximum allowed value if the amount of snowfall on that
day (S0) is higher than 0.03 m w.e. This threshold was cho-
sen to provide the best fit with the AWS observations. The
rate of refreshment b is given by

b =min
[

1,
Sf

S0

]
, (2)

where Sf is the amount of snowfall during the model time
step in m w.e. and S0 is the critical amount of snowfall in
m w.e. per model time step needed to completely refresh the
albedo. Using this rate, the albedo is then refreshed using

αt+1
snow = α

t
snow+ b · (αmax−α

t
snow), (3)

where αmax is the maximum albedo for freshly fallen snow,
set equal to 0.85 as this provides the best average fit with the
observations.

In the case of shallow snow cover, the surface albedo will
be affected by the albedo of the underlying ice. A smooth
transition between the snow and bare ice albedo is therefore
implemented, and the final albedo is thus expressed as

αt+1
= αt+1

snow+ (αice−α
t+1
snow) · exp

(
−d t+1

ds

)
, (4)

where d is the snow depth, and ds is a characteristic scale
for snow depth. Following Oerlemans and Knap (1998), the
characteristic scale is set to 3.2 cm snow depth. If no snow
is present, the albedo is set to the bare ice albedo. The bare
ice albedo is determined from a background ice albedo map
which was created using MODIS observations from the pe-
riod 2001–2012. How this map was created is described in
Sect. 3.

The extent to which this bare ice MODIS albedo map im-
proves the simulations will be estimated by comparing the
results with those from a model simulation using a constant
ice albedo in Sect. 4.8.

2.1.2 Experimental design

In this study, HIRHAM5 is run at a resolution of 0.05◦

(equivalent to ∼ 5.5 km) on a rotated pole grid for the period

1980–2014. The model uses 31 irregularly spaced vertical
atmospheric levels from the surface to 10 hPa with a model
time step of 90 s in the dynamical scheme. The model is con-
figured for a domain containing all of Greenland and Ice-
land. The model is forced at the lateral and lower boundaries
by the ECMWF ERA-Interim reanalysis data set (Dee et al.,
2011), which uses observations from satellites, weather bal-
loons, and ground stations to create a comprehensive reanal-
ysis of the atmosphere. The model is forced by temperature,
wind, relative humidity, and surface pressure at the lateral
boundary, and sea surface temperature and sea ice fraction at
the lower boundary at 6 h intervals.

The new snow/ice surface scheme discussed above is run
offline in this study, meaning that the subsurface scheme is
run separately from the atmospheric code. This is done by
forcing the subsurface scheme every 6 h by radiative and tur-
bulent surface fluxes, as well as snow, rain, evaporation, and
sublimation data from a HIRHAM5 experiment (Mottram et
al., 2016) with a previous version of the albedo and refreez-
ing schemes (e.g. Langen et al., 2017). While a full, high-
resolution HIRHAM5 run is computationally very expensive,
the offline model offers a fast and flexible option to test new
model implementations and allows for a quick and thorough
spin-up of the subsurface. The offline model was initialized
with values from a previous offline model run with a differ-
ent albedo scheme and then a model spin-up was performed
by integrating the model for 150 years repeating the forcing
from 1980. The largest adjustments occurred during the first
75 years of the spin-up, after which the variation was much
smaller than the interannual variability. At the end of the run,
the solar radiation, surface mass balance, runoff, snow depth,
and refreezing had all converged, as had the temperature, liq-
uid and snow content in all 25 subsurface layers. The final
state of the spin-up was then used as the initial condition
for the 1980–2014 model simulation. The reported values of
albedo, upward longwave and shortwave radiation, and sur-
face mass balance in the following are all from the offline
run.

A disadvantage of this method is that it neglects feed-
backs between the atmospheric circulation and the surface
conditions like the albedo and temperature. However, since
the surface temperature of Vatnajökull is typically near the
melting point during the summer, both in reality and in the
model, changes in the albedo should not have a large effect
on upward longwave radiation and the turbulent fluxes. Thus,
while the updated surface scheme is important for the mass
balance components, the error due to the neglected feedbacks
is likely small in the model calculations.

www.the-cryosphere.net/11/1665/2017/ The Cryosphere, 11, 1665–1684, 2017

69



Paper I

1668 L. S. Schmidt et al.: Evaluating the surface energy balance in HIRHAM5 over Vatnajökull, Iceland

Figure 1. (a) The average location of the AWS sites. Only the la-
belled sites were used in this study. (b) The average location of the
mass balance sites from 1995 to 2014. The coloured lines connect
mass balance sites along a transect. Not all mass balance sites were
measured every year.

2.1.3 Model uncertainty

Due to nonlinearities in the HIRHAM5’s model dynamics
and physics, it has an implicit uncertainty due to internal
model variability originating from nonlinear processes (e.g.
Giorgi and Bi, 2000; de Elía et al., 2002). This variability is
caused by numerical sensitivity, uncertainty in the boundary
and initial conditions, and errors due to model parametriza-
tions (e.g. Box and Rinke, 2003), including, for example, the
albedo parameterization, the vertical gradients in the bound-
ary layer, or cloud radiative effects. In addition, using a con-
stant value of z0 for both snow and bare ice could lead to
large errors in the turbulent fluxes (e.g. Brock et al., 2000).

3 Observational data

The primary observational data set used in this study was col-
lected by AWSs at selected locations on Vatnajökull. Since

Table 1. Average measured elevation and average bias of the inter-
polated HIRHAM5 elevation at each station for 2001–2014.

Station Average Average model
elevation (m) elevation bias (m)

BAB 839 22
TAB 1089 47
BELA 1205 31
BAC 1526 17
TAC 1457 13

1994, 1–13 stations have been operated on the ice cap during
the summer months (e.g. Oerlemans et al., 1999; Guðmunds-
son et al., 2006). The temperature, relative humidity, wind
speed, and wind direction at 2 m above the surface have been
measured during the entire period (1992–present), while the
radiation components have been measured since 1996. For
this study, data from five AWSs were considered – three on
Brúarjökull (B) and two on Tungnaárjökull (T) (see Fig. 1).
Both Brúarjökull and Tungnaárjökull are outlet glaciers of
Vatnajökull ice cap. Two stations are situated in the ablation
zone (henceforth referred to as the AB stations), one station
is situated near the equilibrium line altitude (ELA station),
and two stations are in the accumulation zone (AC stations).
The average elevation of each station is shown in Table 1.
All five stations have been operated on the glacier every year
during the period 2001–2014. Observations of 2 m tempera-
ture, humidity, wind speed, and radiative fluxes were used to
validate HIRHAM5 over Vatnajökull.

The uncertainties of the AWS observations vary depending
on the sensor. The temperature and humidity sensors have an
accuracy of 0.2 K and 2 % for temperature and humidity, re-
spectively, while the accuracy of the wind speed is 0.2 ms−1

(Guðmundsson et al., 2009). The radiative fluxes were mea-
sured using either Kipp and Zonen CM14, CNR1 or CNR4
sensors that have a maximum manufacturer-reported uncer-
tainty of ±10 % for daily totals (e.g. Kipp and Zonen, 2002).
However, the uncertainty has independently been evaluated
to be lower (3–5 %) when used in an ice sheet environment
(van den Broeke et al., 2004; Guðmundsson et al., 2009). The
turbulent fluxes, combining sensible and latent heat fluxes,
and surface pressure were not measured at the stations, but
were estimated using the methods described in Sect. 3.1.

In addition to AWS data, in situ mass balance measure-
ments were used to evaluate the simulated surface mass bal-
ance (SMB) at several sites on Vatnajökull. Conventional
in situ mass balance measurements have been carried out
every glaciological year since 1991–1992, with 60 stations
measured each year on average. The measurement sites are
shown in Fig. 1. The uncertainty of the mass balance mea-
surements has been estimated to be ±0.3 m w.e.

The SMB measurements are conducted at the beginning
and end of the accumulation season in order to measure both

The Cryosphere, 11, 1665–1684, 2017 www.the-cryosphere.net/11/1665/2017/

70



Paper I

L. S. Schmidt et al.: Evaluating the surface energy balance in HIRHAM5 over Vatnajökull, Iceland 1669

the winter and summer balance. The winter balance is mea-
sured in the beginning of the melt season by drilling down to
the previous summer layer and weighting the snow column.
The summer surface is used as the reference level even if
some snow accumulation had occurred by the time the sum-
mer balance measurements were conducted. The snow thick-
ness on top of the summer surface at the time of the autumn
survey has been measured since 1995. This is needed when
comparing with the simulation of snow accumulation.

Observations of the broadband albedo in the shortwave
spectrum (0.3–5.0 µm) from the MODerate Resolution Imag-
ing Spectroradiometer (MODIS) were used to create a back-
ground map of the ice albedo at all glacier grid points in
HIRHAM5, which was used in the implemented HIRHAM5
albedo scheme. MODIS product MCD43A3 v006 was used
for the background map (Schaaf, 2015). The MODIS esti-
mates of the albedo on Vatnajökull are in good agreement
with AWS data (Gascoin et al., 2017). The MODIS data were
extracted in geographical coordinates (long–lat) at a resolu-
tion of 0.005◦, i.e. close to the original MODIS resolution
of 500 m. This was done using the MODIS reprojection tool
with the bilinear interpolation method. These MODIS data in
latitude-longitude coordinates were then resampled to match
the rotated HIRHAM5 long–lat grid coordinates by bilinear
interpolation using MATLAB’s interpn function (MATLAB,
2015).

In order to determine the bare ice albedo at each grid point,
daily MODIS data over Iceland from the period 2001–2012
were used. Years with volcanic eruptions were discarded, as
the volcanic ash lowered the albedo values far below the aver-
age. The minimum autumn albedo value was then determined
in each grid point using values from July–September and that
value used to create a bare ice albedo map of the glaciers. The
final albedo map had ice albedo values in the range 0.03–0.3
for Vatnajökull. The spectral properties of ice in the ablation
zone are controlled by tephra layers in the ice, which are ex-
posed as the glacier melts (Larsen et al., 1996). Additional
tephra or dust deposition will therefore only have a small ef-
fect on the spectral properties of the ice, as the ice surface is
already covered in dark bands. In addition, field observations
suggest that the new particles are generally washed off from
year to year. Applying one background map for the entire
period should therefore provide the same results as applying
a map created for each year. In addition, it allows us to run
the model for years where no MODIS observations are avail-
able or where the amount of observations over the ice cap are
sparse due to, for example, clouds.

3.1 AWS point models

The turbulent energy fluxes were calculated from AWS
measurements using a one-level eddy flux model (Björns-
son, 1972; Guðmundsson et al., 2009) which uses Monin–
Obukhov similarity theory (Monin and Obukhov, 1954)
and implements different roughness lengths for the vertical

profiles of wind, temperature, and water vapour (Andreas,
1987). The model is described in detail in Guðmundsson
et al. (2009). Uncertainties of this model for example pertain
to the aerodynamic roughness length for momentum z0. The
majority of z0 values recorded over melting glacier surfaces
vary over 2 orders of magnitude (between 1 and 10 mm), but
over fresh snow or smooth ice surfaces the roughness length
is generally around 0.1 mm (Brock et al., 2006). An order
of magnitude increase in z0 can more than double the es-
timated turbulent fluxes (Brock et al., 2000), so the chosen
roughness length parametrization can greatly affect the per-
formance of the model. Generally, a constant value of z0 is
prescribed for snow and/or ice surfaces (Brock et al., 2006),
which is an oversimplification as the roughness may vary sig-
nificantly over the ablation season (e.g. Grainger and Lister,
1966).

However, since measurements of the evolution of z0 over
the entire measurement period are not available, a constant
roughness length of 1 mm was chosen in the calculation of
the non-radiative fluxes. Sensitivity tests were conducted to
estimate how large an error this choice of roughness length
could lead to at the used AWS sites. A roughness length of
0.1 mm would decrease the calculated turbulent fluxes by 16–
22 %, while using a roughness length of 10 mm would in-
crease the calculated fluxes by 10–19 %, depending on the
station. Since the contribution of the turbulent fluxes to the
total energy balance is generally low, this translates into an
increase or a decrease in the total energy balance at the sta-
tions by a maximum of 7 %.

The surface air pressure at the station is also needed to cal-
culate the turbulent fluxes, but it is not measured at the AWS
sites. Instead it is estimated at the relevant elevation h using
synoptic observations from meteorological stations operated
by the Icelandic Met Office and the following relationship:

P(h)= P(h0)

(
1−

0.0065(h−h0)

T (h0)

)5.25

, (5)

where P(h0) and T (h0) are the air pressure and air temper-
ature, respectively, observed at an elevation h0 (e.g Wallace
et al., 2006). This method has previously been applied suc-
cessfully at various locations on Vatnajökull and Langjökull
(e.g. Guðmundsson et al., 2006, 2009).

3.2 Validation method

AWS data from the period 2001–2014 for three Brúarjökull
stations and two Tungnaárjökull stations are considered, as
well as SMB point measurements from 1995 to 2014. All
stations were operated during the summer months, but since
2006 the lowest Brúarjökull station has been operated year
round. Comparisons are made between daily averages from
the HIRHAM5 model and the in situ observations collected
at the AWSs. HIRHAM5 daily means are calculated from 6-
hourly outputs, while the AWS daily means are calculated
from observations at 10 min intervals.
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Comparisons between station values and model values are
made by bilinearly interpolating the model output to the mea-
surement position using the four closest model grid points
and using only glacier-surface type grid cells.

In order to remove the effect of seasonally varying mag-
nitudes of the energy balance components, the percentage
errors listed in Tables 2–4 are calculated as the root mean
square error (RMSE) divided by the observations.

HIRHAM5 uses an elevation model over Iceland which
has been interpolated onto the 5.5 km model grid. Since er-
rors in the elevation of the glacier surface can introduce sig-
nificant biases in temperature and pressure which are not
caused by physical model errors (Box and Rinke, 2003), any
elevation bias in the model has to be taken into account be-
fore validating the results. The elevation bias was calculated
as the difference between the model elevation and GPS ob-
servations at each site (Table 1).

The temperature was corrected for the elevation bias in or-
der to compare the model results to the AWS measurements
at AWS locations. This was done using a constant lapse rate
of 6.5 K km−1, which resulted in temperature corrections on
the order of 0.1–0.3 K. Pressure is corrected using Eq. (5)
decreasing the bias down to 0.1 to 0.5 hPa. Thus, although
the HIRHAM5 elevation is consistently overestimated, the
resulting differences are not large enough to introduce sig-
nificant biases in temperature and surface pressure.

4 Results and discussion

4.1 Meteorological variables

As the sensible and latent heat fluxes are computed using
the surface pressure psl, air temperature at 2 m, T2 m, rela-
tive humidity r2 m, and wind speed u, these model variables
were evaluated at all five stations at the measurement height.
How well these variables are simulated should indicate the
model’s ability to simulate the turbulent fluxes.

The comparison of modelled and observed mean daily val-
ues during the summer months from the period 2001–2014 is
shown in Fig. 2 and Table 2. The surface pressure, psl, which
was not observed at the stations but estimated using Eq. (5),
is generally forecast with only a small error. At each station
there is a high positive correlation (r > 0.9) between mod-
elled and estimated pressure (Eq. 5), for the entire time series
and for each individual year.

The model also captures the 2 m temperatures, T2 m, satis-
factorily. The largest deviation from the observations is found
at the BAB station, which underestimates the temperature by
0.8 K on average. The temperature is also underestimated at
the four other stations, but by at most 0.6 K. The model sim-
ulates the variation in temperature well; for example, it cap-
tures the temperature dampening over a melting glacier sur-
face. This is expressed in the high correlation values for all
five stations (r ∼ 0.9).

The measured relative humidity, r2 m, at all five stations is
generally high, with only 1–3 % of the data points at each
station falling below 70 %, and the minimum daily value be-
tween 42 and 58 %. The model simulates a lower mean hu-
midity than the measured at all five stations, with 8–20 %
of the points at each stations having values lower than 70 %
and minimum daily values between 18 and 30 %. Since the
exchange coefficient for moisture is a function of the atmo-
spheric temperature profile, the underestimation of the rela-
tive humidity could be due to a too low temperature gradient
between the atmosphere and the surface. This is consistent
with the underestimation found in the 2 m temperature. The
correlation of between 0.68 and 0.7 indicates that the model
simulates the humidity fluctuations satisfactorily.

The lowest wind speed level in HIRHAM5 is at 10 m and
the AWS wind speeds are measured at between 2 and 4 m,
depending on the year, the HIRHAM5 wind speed is extrap-
olated to the measurement height using a logarithmic pro-
file with a roughness length of 1 mm. At all five locations,
HIRHAM5 simulates winds that are too weak on average.
This could be due to the uncertainty arising from the interpo-
lation of the model winds from second-lowest level (30 m) to
the lowest level (10 m) under stable conditions, as the wind
speed can change significantly over the 20 m interval.

4.2 Longwave radiation

As shown above, HIRHAM5 underestimates the temperature
at all five stations, with the largest underestimation at the
BAB station. As a result, a similar underestimation of incom-
ing longwave radiation is obtained at all five stations, with
the largest difference occurring at the BAB station 3. The av-
erage percentage difference is approximately 8 % for all five
locations (see Table 3), and falls well within the 10 % uncer-
tainty of the AWS observations. However, Fig. 3a also shows
that 25–30 % of the simulated days have errors larger than
10 %.

The incoming LW radiation is mainly emitted from clouds
and atmospheric greenhouse gases, and therefore a source
of the underestimation could be that the model underrates
cloud formation and/or simulates clouds that are too optically
thin in the LW region of the spectrum. An underestimation of
the temperature in the atmosphere could also be causing the
underestimation.

Figure 3b shows the comparison of the modelled and mea-
sured outgoing LW radiation. There is a small overestimation
at the TAC station, and a small underestimation of the other
four stations, but in general the model reproduces the daily
values well (r ∼ 0.76). The average percentage deviation be-
tween the modelled and measured values is only around 3 %,
combined with between 0.5 and 2 % of the HIRHAM5 data
points having deviations larger than 10 %.

Due to an underestimation of the incoming LW radiation,
and only small negative or positive biases in the outgoing
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Table 2. Comparison of the surface pressure psl, air temperature at 2 m, T2 m, relative humidity r2 m, and wind speed u, from HIRHAM5 sim-
ulations and AWS measurements during the summer months (April–October) for the period 2001–2014. The HIRHAM5 bias (HIRHAM5-
AWS), the root-mean-square error (RMSE), the percentage error, and the correlation (r) are shown.

Parameter Station AWS value HIRHAM5 bias RMSE % error r

psl (hPa) BAB 911.9 −0.2 2.8 0.3 0.96
TAB 884.2 −0.4 3.0 0.3 0.95
BELA 872.1 −0.6 2.9 0.3 0.95
BAC 837.0 0.1 2.2 0.3 0.97
TAC 845.1 −0.9 2.7 0.3 0.96

T2 m (K) BAB 274.1 −0.8 1.5 0.6 0.94
TAB 274.0 −0.6 1.3 0.5 0.89
BELA 272.9 −0.1 1.1 0.4 0.91
BAC 271.6 −0.1 1.4 0.5 0.90
TAC 272.1 0.0 1.2 0.5 0.91

r2 m BAB 87.9 −6.2 12.2 13.9 0.68
TAB 89.6 −6.1 11.5 12.9 0.76
BELA 91.8 −3.8 9.8 10.7 0.73
BAC 93.9 −3.5 9.6 10.2 0.68
TAC 90.0 −2.6 9.7 10.7 0.72

u (m s−1) BAB 5.1 −1.2 2.0 39.0 0.80
TAB 5.3 −0.3 1.8 33.0 0.87
BELA 4.4 −0.1 1.8 41.1 0.82
BAC 5.9 −0.7 1.8 30.8 0.86
TAC 5.2 −0.1 2.0 38.9 0.82

LW, the net LW (incoming–outgoing) radiation has a mean
negative bias at all AWS locations (−7.9 W m−2).

4.3 Shortwave radiation and albedo

Figure 4 and Table 3 show the comparisons of the modelled
and measured components of the shortwave (SW) radiation
as well as the surface albedo. On average, the incoming SW
radiation is underestimated at all five stations. This underes-
timation is also present in the means at all five stations for
most years, except in 2002, 2004, 2005, and 2014 at the BAB
station. This suggests that there are errors in either the mod-
elling of the clouds, e.g. due to an overestimation of the cloud
fraction, the amount of cloud formation, or the optical thick-
ness of the clouds in the shortwave region, and/or because of
errors in the clear-sky fluxes.

The albedo comparison is shown in Fig. 4b. The mod-
elled albedo at the two AB stations has the largest devia-
tion from the observations; this is partly due to the modelled
snow cover, which either does not completely disappear or
disappears later in the year than the AWS data show. At the
BAB station, the ice layer is generally exposed in the model
(except in 2001 and 2011–2013), although the snow cover
always persists longer than in reality. One exception occurs
in 2001, where the modelled albedo never drops down to the
ice value, whereas observations show albedo values as low as
0.03. This one year therefore highly contributes to the aver-

age overestimation of the albedo. This very low albedo value
could be due to a layer of dust or tephra beneath the station,
so it may not represent the ice albedo. However, very low
ice albedo values down to 0.05 are not uncommon in the ab-
lation zone of Vatnajökull (e.g. Gascoin et al., 2017). Com-
parisons with the mass balance measurements (discussed in
Sect. 4.6.1) show that the winter balance is overestimated
during approximately half of the measured years, which con-
tributes to delay the albedo drop in the model.

At the TAB station, a too-thick modelled snow cover in
winter is also the cause of some of the discrepancy. Com-
parisons with mass balance measurements (Sect. 4.6.1) show
that the winter balance is always overestimated at this station.
An overestimation of the snow thickness at the beginning of
summer, combined with an underestimation in the radiation
and turbulent fluxes, leads to persistent snow cover at the end
of summer. As a result, the ice surface is never exposed in
the model during any of the modelled years, and the albedo
never drops much below 0.4 (the minimum snow albedo),
even though the AWS data shows that the ice surface was ex-
posed during all but two years, i.e. 2008 and 2010. During
these two years, the simulated albedo fits well with observa-
tions.

Another issue which affects both stations is that the
MODIS albedo at these points is not as low as the measured
albedo. The MODIS ice albedo at these stations is 0.10 (BAB)
and 0.16 (TAB), whereas the observations show the albedo
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Figure 2. Scatter plots of the measured (a) surface pressure, (b), air temperature at 2 m, (c) relative humidity at 2 m, and (d) wind speed at
2 m, by stations on Bruarjökull (red) and Tungnaárjökull (blue) versus the same components simulated by HIRHAM5 at the same locations.

can drop as low as 0.01 at both stations. The albedo drops
below the MODIS value every year at the BAB, and during
2001–2005 and 2011 at the TAB stations. This is presumably
due to the heterogeneity of the albedo in the ablation zone,
which means that a low in situ albedo value at a point cannot
be captured at the current HIRHAM5 resolution.

At the ELA station, the mean albedo value is underesti-
mated (Table 3). Close to the equilibrium line, the albedo is
highly variable both temporally and spatially; for example,
there is a large difference in albedo depending on whether
the previous year’s summer surface was exposed or not. In
general, the model overestimates the albedo during years
where the summer surface was exposed, and underestimates
the albedo during years where it was not. In addition, the
winter mass balance at this station is always underestimated

(Sect. 4.6.1), meaning that the thickness of snow layer in
spring is underestimated and the effect of the underlying ice
layer will therefore be overestimated, leading to the underes-
timation in albedo.

The smallest difference between modelled and observed
albedo is found at the two AC stations. The BAC station gen-
erally provides the best fit with the observations, while the
model tends to underestimate the albedo at the TAC station.
An exception to this is found in 2010 and 2011, where the
albedo was overestimated by the model at both stations due
to ash deposition from the Eyjafjallajökull and Grímsvötn
eruptions (e.g. Gudmundsson et al., 2012).

A general reason for the model overestimating the albedo
is that it does not take the albedo changes due to dust storms
or volcanic dust deposition into account. For instance, the
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Table 3. Comparison of incoming and outgoing long- and shortwave radiation, albedo (α), turbulent fluxes (Hs+l), and total energy (E) from
HIRHAM5 simulations and AWS measurements during summer months (April–October) from the period 2001–2014. The HIRHAM5 bias
(HIRHAM5-AWS), the root-mean-square error (RMSE), the percentage error, and the correlation (r) are shown.

Parameter Station AWS value HIRHAM5 bias RMSE % error r

LW↓ (W m−2) BAB 290.6 −16.9 26.3 9.1 0.79
TAB 287.3 −7.0 20.9 7.3 0.80
BELA 283.9 −9.0 21.7 7.7 0.79
BAC 280.9 −8.5 24.4 8.7 0.79
TAC 274.1 −3.8 20.4 7.4 0.83

LW↑ (W m−2) BAB 309.2 −1.9 7.3 2.4 0.87
TAB 311.9 −2.5 7.4 2.4 0.78
BELA 309.9 −3.3 10.5 3.4 0.70
BAC 299.9 −1.5 12.9 4.3 0.76
TAC 301.4 2.6 11.6 3.9 0.68

SW↓ (W m−2) BAB 189.1 −4.0 55.5 29.3 0.81
TAB 220.8 −35.2 72.2 32.7 0.79
BELA 229.3 −36.2 64.6 28.1 0.83
BAC 236.8 −43.7 69.9 29.5 0.82
TAC 247.2 −41.9 72.5 29.2 0.79

SW↑ (W m−2) BAB 86.6 18.1 61.0 70.4 0.64
TAB 112.5 −6.9 54.7 48.7 0.73
BELA 146.1 −29.9 59.2 40.5 0.75
BAC 173.2.9 −31.3 56.4 32.6 0.79
TAC 173.5 −33.4 65.6 37.8 0.68

α (%) BAB 34.6 12.7 23.6 68.2 0.75
TAB 44.5 9.96 21.0 47.2 0.68
BELA 60.7 −2.9 18.4 30.2 0.57
BAC 72.2 0.8 10.5 14.5 0.62
TAC 70.1 −2.2 16.1 22.9 0.47

Hs+l (W m−2) BAB 34.7 −5.0 28.6 116 0.71
TAB 36.2 −3.8 25.2 69.6 0.79
BELA 24.5 −2.0 26.2 107 0.71
BAC 20.7 −12.3 28.2 136 0.31
TAC 20.8 −6.3 23.0 110 0.49

E (W m−2) BAB 131.6 −44.4 82.8 62.9 0.67
TAB 120.1 −36.7 98.0 72.3 0.58
BELA 84.4 −13.4 49.6 58.8 0.68
BAC 64.8 −28.6 50.3 77.5 0.53
TAC 67.7 −21.2 78.6 89.7 0.43

very low albedo values obtained at the TAC station (Fig. 4b)
are due to tephra deposition on the glacier during the 2010
eruption of Eyjafjallajökull (e.g. Gudmundsson et al., 2012;
Gascoin et al., 2017). Even though dust events do not cause
as large changes in albedo as a volcanic eruption, they can
still significantly lower the albedo (e.g. Painter et al., 2007;
Wittmann et al., 2017) . As previously mentioned, the albedo
in HIRHAM5 often reaches its yearly minimum value later
in the summer than the observed. Such discrepancy could be
explained by dust events, advancing or delaying the drop in
surface albedo. Wittmann et al. (2017) investigated 10 dust

events which occurred at the BELA station in 2012, and found
a lowering in the albedo during all events and showed that the
dust storms have a significant effect on the resulting energy
balance.

The error in the outgoing shortwave radiation is caused
by errors in the albedo and the incoming SW. At the BAB
station, the incoming radiation is slightly underestimated but
the albedo is overestimated; hence, the outgoing SW is over-
estimated. The values at the four other stations are all un-
derestimated, due to larger underestimations of the incoming
SW radiation and lower albedo errors.
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Figure 3. Scatter plots of the measured longwave radiation components, LW↓ and LW↑, by stations on Brúarjökull (red) and Tungnaárjökull
(blue) versus the LW radiation components simulated by HIRHAM5 at the same locations. The dashed line corresponds to ±10 %, i.e. the
manufacturer-reported uncertainty of the AWS measurements.

As both the incoming and outgoing SW radiation are un-
derestimated at most stations, the net SW shows a negative
bias of∼−6 to−12 W m−2 at the AC and ELA stations, and
of−22 and−28 W m−2 at the two AB stations. The resulting
average model error at all five stations is −15.5 W m−2.

4.4 Turbulent fluxes

As HIRHAM5 underestimates meteorological variables at all
stations, similar underestimation is obtained for the turbulent
fluxes (Table 3 and Fig. 5). The two AC stations have the
largest differences and also the lowest correlation (0.45 and
0.49) between the AWS estimate and the HIRHAM simula-
tion. The other three stations also have significantly lower
values in the HIRHAM5 model than in the AWS model, but
with higher correlation coefficients (0.69–0.73).

It is important to bear in mind that this comparison is a
model–model comparison, so while the eddy flux model may
give a good estimate of the turbulent fluxes, model errors still
affect the results, e.g. due to the use of a constant roughness
length.

4.5 Total energy balance

After the simulated components of the energy balance were
evaluated against AWS observations, the total energy balance
was estimated (see Table 3). The energy balance (E) is found

using

E = LWnet+SWnet+Hs+l, (6)

where LWnet is the net LW radiation, SWnet is the net SW
radiation, and Hs+l are the turbulent fluxes. Overall, the melt
energy is underestimated, owing to all elements of the en-
ergy balance generally being underestimated. This is in large
part due to the underestimation of the modelled incoming ra-
diation. We attribute this to an error in the modelling of the
clouds, but since both the incoming SW and LW radiation
are underestimated, inaccurate cloud representation cannot
be the the only source of the error. Errors in the interaction of
clouds and radiation, e.g. error in the optical thickness of the
clouds, or in the clear-sky fluxes, could partly explain these
discrepancies. The underestimation of the incoming LW ra-
diation could also be due to errors in the vertical atmospheric
temperature gradient.

Since the simulated outgoing LW radiation generally only
has a small negative bias, the deviation in net LW radiation
is governed by the incoming radiation. Errors in the simu-
lated albedo mean that both the in- and outgoing SW radia-
tion greatly contribute to the deviation in net SW radiation.
These errors can be partly attributed to ash and dust depo-
sition during volcanic eruptions and dust storms, which are
not taken into account in HIRHAM5. In addition, errors in
the simulated albedo also stem from snow cover that disap-
pears too slowly compared to AWS records in the ablation
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Figure 4. Scatter plots of the measured shortwave radiation components, (a) SW↓, (b) albedo, and (c) SW↑, by stations on Bruarjökull
(red) and Tungnaárjökull (blue) versus the shortwave radiation components simulated by HIRHAM5 at the same locations. The dashed line
corresponds to the uncertainty of the measured AWS components.
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Figure 6. The average summer (April–October) bias of each energy
balance component for the measurement period at each AWS site.
The large deviation in the SW radiation at the Tunaárjökull sites
in 2010–2011 is due to deposition of ash on the glacier during the
2010 Eyjafjallajökull and 2011 Grímsvötn eruptions.

zone. As a result, modelled albedo drops too slowly com-
pared to the measured albedo. The underestimation of the net
SW and LW radiation and the turbulent fluxes leads to under-
estimated melt energy. This contributes to the overestimation
of the modelled snow thickness.

In order to estimate how much the different components
contribute to the energy difference on a year-to-year basis,
the mean difference between modelled and observed energy
components during each summer (April–October) is shown
for each station (Fig. 6).

At the BAC station, the contribution of the long- and short-
wave radiation and turbulent fluxes to the energy difference is
consistent for the entire period, with the error of each compo-
nent being almost equal, varying between−25 and 0 W m−2.
At the TAC station, the error due to the three components
is also of the same order of magnitude, except in 2010 and

2011 where the error in the net SW radiation is much larger
than that in the other components. This is due to a large drop
in the albedo as a result of the Eyjafjallajökull (2010) and
Grímsvötn (2011) eruptions. The mean difference between
observations and the simulations of the SW radiation for non-
eruption years is−3 W m−2, whereas the radiation difference
in 2010 is −106 W m−2. Assuming the larger deviation from
the mean in 2010 is only due to the volcanic eruption, the in-
crease in available energy due to the eruption is 103 W m−2.
If it is further assumed that the surface was always at melt-
ing point, the increase in melt due to the 2010 Eyjafjalla-
jökull eruption over the 128-day measuring period would be
∼ 3.1 m w.e. at this station.

At the ELA site, the contribution from the modelled
turbulent fluxes to the energy balance deviation generally
varies between ±10 W m−2, except in 2013 where the bias
is around −25 W m−2. Modelled longwave radiation is con-
sistently underestimated by−10 W m−2. The deviation in the
shortwave radiation is more variable, as expected from the re-
sults of the albedo comparison. Depending on whether bare
ice was exposed or not, the albedo is generally either over-
or underestimated. For example, at BELA, the ice surface was
reached in, for example, 2007 and 2012, resulting in an over-
estimation of the albedo. In, for example, 2002 and 2009,
however, the albedo was high the entire summer as no ice
was exposed, resulting in an underestimation of the predicted
albedo.

At the TAB station, both the net LW radiation and the
turbulent fluxes agree well with observations for the entire
period. The net SW radiation, however, is always underesti-
mated, especially in the period 2001–2003 and 2011. These
years, the measured albedo at the station goes below 0.1,
while the HIRHAM5 albedo stays around 0.4. As previously
discussed, this albedo bias, and hence underestimated net SW
radiation, occurs because of an overestimation of the snow
cover at the station due to an overestimation of the winter
accumulation and possibly also the proximity of the equilib-
rium line. An underestimation of the incoming SW radiation,
which we attribute to an error in cloud cover amount of clear-
sky fluxes, also contributes to this error.

At the BAB station, the longwave radiation bias is rela-
tively constant with values close to 0 W m−2 for much of
the measurement period. The absolute deviation due to the
turbulent fluxes is less than 10 W m−2 for most of the pe-
riod, although with slightly larger deviations from the period
2007–2010. The SW radiation is always underestimated at
this station, mostly due to the previously discussed overesti-
mation of the albedo.
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4.6 Surface mass balance

4.6.1 At AWS sites

Scatter plots of measured and HIRHAM5 simulated SMB
are shown in Fig. 7 and the average deviations are shown in
Table 4.

The winter mass balance comparison allows to evaluate of
the winter precipitation in HIRHAM5. The simulated mass
balance at the BELA and BAC are always underestimated,
while the TAC stations is underestimated during all years but
one (2012). The simulated value at the TAB station is over-
estimated over the whole period. The modelled mass bal-
ance at the BAB station has an almost equal amount of years
which are over- and underestimated. Apparently the model
either carries too much precipitation when the clouds reach
the glacier, resulting in too much precipitation at the ice sheet
margin, or more melting occurs at the ablation area stations
during the winter months than the model estimates.

The summer SMB results are in good agreement with the
results of the energy balance calculations. The summer SMB
is generally overestimated, although it is underestimated oc-
casionally at all stations except TAB. The ELA station has
the largest amount of underestimated points, which is consis-
tent with the findings from the energy balance calculations.
Besides the errors introduced due to the underestimation of
the energy balance, possible over- or underestimations of the
modelled summer accumulation contribute to these errors as
well.

Due to the difference in the summer and winter balance,
the net balance at the BAC, TAC, and BELA stations is gener-
ally underestimated in HIRHAM5, while the balance at the
two AB stations is generally overestimated. This is due to a
general overestimation of the winter balance in the ablation
area, due to either an underestimation of the winter melt or
an overestimation of precipitation, as discussed above.

4.6.2 At all measurement sites

SMB is also measured at 25–120 non-AWS sites, depend-
ing on the year (Fig. 1). In order to estimate how well the
model represents the SMB at non-AWS sites, the data from
all the sites between 1995 and 2014 were compared with the
HIRHAM5 simulation (Fig. 8; Table 4).

The winter balance at all measured points is slightly over-
estimated by HIRHAM5 on average. However, this is mostly
due to a large difference between measured and simulated
SMB at the ice-covered, high-elevation, central volcano Öræ-
fajökull (the white dots in Fig. 8). Only one site has been
measured on this glacier for a few years only (Guðmunds-
son, 2000), in a spot that always receives a large amount of
precipitation. However, since HIRHAM5 consistently over-
estimates the accumulation by 100–200 %, this one point has
a large effect on the mean error. This is a well-known is-
sue with hydrostatic models like HIRHAM5, as they char-

acteristically overestimate the precipitation on the upslope
and peaks in complex terrain. The reason for this is that the
precipitation is calculated as a diagnostic variable – i.e. it
is not governed by an equation that is a derivative of time,
meaning that when the required conditions for precipitation
are met in the local atmosphere, the precipitation appears in-
stantaneously on the surface. Thus, the scheme does not al-
low horizontal advection of snow and rain by atmospheric
winds, which is a key process in complex terrain, as it can
force the precipitation downslope (e.g. Forbes et al., 2011).
Without this effect, precipitation is generally overestimated
at high peaks like Öræfajökull. Removing this location from
the comparison, the total difference drops to one-third the
difference with respect to the AWS sites only (−0.09 m w.e.).
The reason the difference is smaller than for the AWS sites
only is that more sites close to the edge of the ice cap are
included. The winter balance at the measurement points at
the outer parts of the icecap generally is overestimated in the
model, and therefore these points partly offset the underesti-
mation in the middle of the ice cap.

On average, the summer ablation is underestimated, which
is consistent with the findings from the AWS stations that
there is an average underestimation of the energy available
for melt. The mean error and RMSE is only slightly larger
than at the AWS sites.

The mean net balance is overestimated by approximately
the same amount as the summer balance, partly due to the
low mean deviation in the winter SMB. Due to the large de-
viation at Öræfajökull in the winter SMB, the Öræfajökull
points clearly have the largest bias. If these points are ex-
cluded, a RMSE closer to that for the AWS locations is found
(1.1 m).

4.7 Reconstructing the SMB of Vatnajökull

Spatial maps of the (uncorrected) average winter, summer,
and net SMB from the 1980–1981 glaciological year until
2013–2014 are shown in Fig. 9. The approximate location
of the average ELA is marked in the figure. The model cap-
tures the position of the ELA fairly well, but at, for example,
Brúarjökull, where the average ELA is at 1200 m, the posi-
tion of the average ELA is at a too high elevation. The av-
erage deviation between observation and model over the ob-
servation period at each measurement location is also shown
in Fig. 9, in order to give an indication of the average error
of the model at different parts of the ice cap. The winter bal-
ance (Fig. 9e) is generally overestimated at low elevations
and underestimated at high elevations, except for at Öræfa-
jökull, where there is a large overestimation of the winter bal-
ance, as discussed in the previous section. As can be seen in
Fig. 9e, there is generally a low SMB bias at high elevations
and a high SMB bias at low elevations during the summer.
This is consistent with the comparisons with AWS stations,
as we found that the bias in the energy available for melt was
smaller at high elevation than at low elevation (see Table 3).
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Table 4. Comparison of HIRHAM5 and mass balance measurements, both at AWS sites and for all measuring sites on Vatnajökull.

Season AWS value HIRHAM5 bias RMSE % error

AWS locations Winter 1.37 −0.26 0.71 51.6
Summer −2.34 0.48 0.81 −34.6
Total −0.98 0.23 1.15 −118

All locations Winter 1.46 0.04 1.21 82.9
Summer −2.28 0.52 0.94 −41.1
Total −0.83 0.56 1.56 −186
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Figure 7. Comparison of the winter, summer, and net mass balance from the period 1995–2014 between the mass balance measurements at
the five AWS sites and the HIRHAM5 simulation.

This was partly due to a larger albedo bias for stations in the
ablation zone than for stations in the accumulation zone.

In addition to the spatial maps, the winter, summer, and
net mass balances of Vatnajökull were calculated for the en-
tire simulation period, and the results were compared with
an estimate of the specific balance from 1995 to 2014, cre-
ated by interpolation of the mass balance measurements (e.g.
Pálsson et al., 2015); see Fig. 10. The model prediction
of the mean specific summer mass balance generally fits
well with the interpolated observations, with an overall dif-
ference of only 0.06 m w.e. The largest deviations are ob-
tained in 1995, where ablation is overestimated in the sim-
ulation, and in 1997, 2005, and 2010–2012, where ablation
is underestimated, most likely due to ash depositions on the
glacier following the 1996 Gjálp eruption, the 2004 and 2011
Grímsvötn eruptions or the 2010 Eyjafjallajökull eruption,
which are not taken into account in the model.

Excluding the years where the albedo was affected by vol-
canic eruptions, the average difference becomes smaller but
the model also predicts slightly too much ablation, as the dif-
ference becomes −0.02 m w.e.

There is a shift in the summer and annual mass balance
calculated by the model and the in situ MB measurements
around 1996, with a generally more negative mass balance
after 1996 than before. This is consistent with the increase
of the annual mean temperature of Iceland in the mid-1990s,
which resulted in a mean annual temperature ∼ 1 K higher
in the decade after than the decade prior to 1995. This is
likely linked with atmospheric and ocean circulation changes

around Iceland, as there was a rapid increase in ocean tem-
peratures off the southern coast in 1996 (Björnsson et al.,
2013).

The specific winter mass balance is overestimated in
HIRHAM5 for the entire measurement period with an aver-
age of 0.54 m w.e. Due to this difference, and only the small
negative mean difference in summer mass balance, the an-
nual mass balance of Vatnajökull is overestimated every year
with an average difference of 0.50 m w.e.

However, this is mostly due to the large overestimation
of the winter accumulation on Öræfajökull; comparison with
the mass balance measurements showed that the model over-
estimated the winter accumulation by 100–200 % compared
with the observations. In an attempt to estimate how much
this error affects the results, a simple correction was added
to the Öræfajökull points by reducing the simulated winter
SMB by 50 %. The correction was added to four model grid
points around Öræfajökull, due to the high (> 10 m yr−1) an-
nual specific mass balance in these points (see Fig. 9a). The
resulting modelled winter and annual specific balance are
shown in Fig. 11. The winter balance is still overestimated,
but the difference between modelled and interpolated values
has been reduced to only 0.1 m w.e. In addition, the average
difference between the HIRHAM5 and interpolated annual
SMB drops to only 0.08 m w.e.
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Figure 8. Comparison of SMB measurements from Vatnajökull ice cap from 1995 to 2014 and HIRHAM5 simulated values. Different
colours represent different outlet glaciers; see Fig. 1b. The white dots are from a point on Öræfajökull.

4.8 Comparison with constant ice albedo simulation

In order to quantify the changes in the model performance re-
sulting from the new albedo scheme used in this study, which
utilizes an albedo map based on MODIS data (Gascoin et al.,
2017), the results are compared to those of a previous run
using a constant ice albedo of 0.3. The average difference in
albedo and mass balance over the period 2001–2014 in each
grid point are shown in Fig. 12, as well as the position of the
AWS stations.

There is little to no difference between the two runs in the
accumulation zone, due to the year-round snow cover. In the
ablation zone, however, using the MODIS ice albedo map
has a large effect on the simulated albedo. The largest dif-
ferences are found on the southern outlet glacier Skeiðarár-
jökull, which is unfortunately a glacier where no mass bal-
ance or AWS measurements have been conducted. The BAB
and BELA stations are located in areas that are affected by the
ice albedo, either because ice is exposed (BAB) or because
the underlying surface contributes to the albedo (BELA). The
TAB station is located in the ablation area, but the ice surface
is never exposed in the model due to an overestimation of the
winter accumulation. The albedo estimate at this station was
therefore not improved by using the MODIS albedo.

When the model is run with the constant ice albedo of 0.3,
the amount of ablation will be lower and thus the specific
summer balance will be higher. Compared to the simulation
using the MODIS map (Fig. 11), the constant ice albedo sim-
ulation results in an increase in the specific summer SMB by
an average of 0.37 m w.e., or 18 %, per year for the period
1995–2014. The increase in the summer SMB ranges from
14 cm (in 2014) to 85 cm (in 2001) and the percentage in-
crease varies between 8 % (in 2011) and 39 % (in 1995). As
the winter balance is not dependant on the ice albedo, there
are no changes in the specific winter SMB between the two
simulations.

5 Conclusions

The comparison of a HIRHAM5 simulation with data from
five AWSs on Vatnajökull ice cap allows us to evaluate the
model performance. By comparing observations from April
to October with model output, it was found that the model
simulates the surface energy balance components and surface
mass balance well, albeit with general underestimations of
the energy balance components. Even though the energy bal-
ance was generally underestimated, the model simulated the
near-surface temperature well. The reason for this is that the
comparisons only use observations from the summer months,
where the glacier surface is generally at the melting point,
and thus the energy is used for melting and not for raising
the temperature of the surface.

The modelled incoming radiation is underestimated on av-
erage in both the shortwave and longwave spectrum, which
we suggest is due to biases in the modelling of the cloud
cover combined with errors in the optical thickness in the
short- or longwave spectrum, or errors in the clear-sky fluxes.

Whereas the modelled outgoing LW radiation component
is within the uncertainty of the LW observations at the five
stations, which is consistent with the ability of the model to
capture surface temperatures, there was a larger difference
between the modelled and measured outgoing SW radiation.
This is partly due to the underestimation of the incoming
SW radiation and partly due to inaccuracies in the simu-
lated albedo. The albedo was simulated using an iterative,
temperature-based albedo scheme (Nielsen-Englyst, 2015)
with a bare ice albedo determined from MODIS data (Gas-
coin et al., 2017). The simulated albedo was generally over-
estimated during the summer and did not reach the lowest
yearly value as early in the year as the measured albedo, par-
ticularly in the ablation zone. This was attributed to an over-
estimation of the snow cover in the ablation zone, an overes-
timation in the MODIS ice albedo compared with AWS ob-
servations, and the fact that the model does not account for
the effect of volcanic dust deposition during eruptions and
dust events on the albedo. A possible means of capturing dust
storms or eruptions into the model is to implement a stochas-
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Figure 9. The average (a) winter, (b) summer, and (c) net SMB simulated by HIRHAM5 from the 1980–1981 glaciological year to 2013–
2014. The contour lines marks the approximate location of the ELA, which generally lies between approximately 1100 and 1300 m elevation.
Panels (d)–(f) show the average deviation between model and observations over the observation period (1992–2014) for each measurement
location for the (d) winter, (e) summer, and (f) whole glaciological year.

tic ashes or dust generator, which distributes dust onto the
glacier. Including simulations of dust depositions and con-
centrations from a dust mobilization model could also be
an option, as Wittmann et al. (2017), for example, used the
model FLEXDUST to simulate dust events on Vatnajökull
in 2012, and found that the modelled dust events correspond
well with albedo drops at two AWSs on Brúarjökull.

Due to the general underestimation of the energy bal-
ance components, the ablation during the summer months is
underestimated on average. Comparison with mass balance
measurements from the AWS sites and from sites scattered

across Vatnajökull shows an overall overestimation of the
summer balance by about 0.5 m w.e. The overestimation is
largest in the ablation zone. The winter balance is on aver-
age underestimated at the survey sites, albeit with the highest
measuring site (on Öræfajökull) having a large overestima-
tion of the winter balance.

The mean specific summer, winter, and net mass balances
are reconstructed for all of Vatnajökull from the period 1981–
2014, and estimates of the specific SMB based on in situ
SMB measurements are compared to the reconstructed spe-
cific SMB for the period 1995–2014. The summer balance is
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Figure 10. Average summer (red lines), winter (blue lines), and net
(green lines) specific surface mass balance for the whole of Vatna-
jökull. The solid lines are the mass balance of Vatnajökull based
on mass balance measurements and manual interpolation, while the
dashed lines are the mass balance as simulated by HIRHAM5.
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Figure 11. Same as Fig. 10, but corrected at the Öræfajökull area
by reducing the HIRHAM5 simulated winter balance with 50 %.

overestimated by 0.06 m w.e. on average – i.e. there is gener-
ally too little ablation in the summer, with too much ablation
in 1995, and too little ablation in years with, or following,
volcanic eruptions. The winter balance is overestimated by
0.5 m w.e., mostly due to a large overestimation at the high
elevation glacier Öræfajökull. This overestimation of accu-
mulation at high elevation is characteristic for hydrostatic
RCMs (Forbes et al., 2011). If the overestimation at these
points is corrected, we estimate that the simulated winter bal-
ance would fit well with the observations, as the overestima-
tion of the balance would drop to around 0.1 m w.e.

That the model catches the changes in the specific mass
balance well over the mass balance measurement period, and
also captures the shift in mass balance in the mid-1990s,
gives us confidence that the model estimates the specific
mass balance of Vatnajökull well over the entire simulated
period from 1980 to 2014. HIRHAM5 is therefore a useful
tool to expand the time series of the specific SMB beyond
the measurement years. However, as ERA-Interim reanalysis
data only go back to 1979, the model would need to be forced
at the lateral, for example, by output of a general circulation
model. However, using other reanalysis data probably leads
to different errors; this needs further investigation. The model
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Figure 12. Difference in (a) mean albedo and (b) mean SMB in
m w.e. for the period 2001–2014 between two runs with HIRHAM5,
one using a MODIS bare ice albedo map and the other with a con-
stant ice albedo. The locations of the AWS stations used in this
study are shown with black circles.

could also be a useful tool to estimate the future evolution of
the SMB of the ice cap, but this would also require a dif-
ferent forcing at the lateral boundary like general circulation
model output. This would most likely introduce larger biases
than the ones found using ERA-Interim, and the magnitude
of these biases would need to be estimated and corrected be-
fore using the model for future projections.
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Abstract: Several simulations of the surface climate and energy balance of Vatnajökull ice cap, Iceland,
are used to estimate the glacier runoff for the period 1980–2015 and the sensitivity of runoff to the
spring conditions (e.g., snow thickness). The simulations are calculated using the snow pack scheme
from the regional climate model HIRHAM5, forced with incoming mass and energy fluxes from the
numerical weather prediction model HARMONIE-AROME. The modeled runoff is compared to
available observations from two outlet glaciers to assess the quality of the simulations. To test the
sensitivity of the runoff to spring conditions, simulations are repeated for the spring conditions of
each of the years 1980–2015, followed by the weather of all summers in the same period. We find
that for the whole ice cap, the variability in runoff as a function of varying spring conditions was on
average 31% of the variability due to changing summer weather. However, some outlet glaciers are
very sensitive to the amount of snow in the spring, as e.g., the variation in runoff from Brúarjökull due
to changing spring conditions was on average 50% of the variability due to varying summer weather.

Keywords: regional climate models; glaciers; snowfall; snow-albedo feedback; runoff sensitivity

1. Introduction

Glacier mass loss is a key contributor to sea-level change (e.g., [1]) as well as changes in river
volume and seasonality (e.g., [2,3]). Worldwide, melt water from glaciers e.g., affect sediment transport,
the availability of freshwater, and hydropower production (e.g., [4]). As the climate warms, the amount
of runoff from glaciated areas will initially increase until a peak runoff is reached [5], following which
the amount of runoff will decrease (e.g., [3,5,6]). On seasonal timescales, glacier mass loss affects the
river flow by storing winter precipitation and releasing the most water during the summer months.
A warming climate will change the timing of this seasonality, e.g., due to an earlier onset of glacier
melt (e.g., [2]).

Like many other glaciers and ice caps worldwide (e.g., [7]), Icelandic glaciers are currently losing
mass and retreating because of a warming climate [8]. Icelandic glaciers currently store the water
equivalent of ∼20 years of precipitation [9], which is released over a range of timescales [2]. Due to the
large discharge from Icelandic glaciers, glacial runoff is an important component of Icelandic hydrology,
and many of the main Icelandic rivers have a significant glacial component. Since hydropower stations

Atmosphere 2018, 9, 450; doi:10.3390/atmos9110450 www.mdpi.com/journal/atmosphere89



Paper II

Atmosphere 2018, 9, 450 2 of 24

produce over 80% of the electricity in Iceland, knowledge of the amount of runoff from glaciers is not
only important due to the effect on sea level, but also for harnessing of hydropower.

The surface energy balance of a glacier, and therefore the runoff, has a large sensitivity to changes
in albedo. Icelandic glaciers have a large spatial and temporal variation in albedo, spanning from less
than 0.1 for dirty ice in the ablation zone to 0.9–0.95 for new snow. The low ice albedo is due to layers
of volcanic ash, which dominate the spectral properties of the ice (e.g., [10,11]). How much glacier ice is
exposed during the summer and the timing of when the winter snow melts away is therefore expected
to have a large effect on the runoff over the ablation season. Due to climate change, the amount of
solid precipitation is expected to change (e.g., [6,7,12]) and it is, therefore, important to investigate the
sensitivity of ablation to snow thickness changes.

The ablation of glaciers can be estimated using either physical or empirical methods (e.g., [13]).
While physical models, i.e., energy balance models, can provide direct estimates of the energy balance,
a lack of observations and the many input parameters can make them impractical. Empirical models,
i.e., degree-day models, describe the statistical relations between melt and temperature or other weather
parameters. These models can be more practical but need to be tuned for every location and provide
less information about the surface climate. Neither of these models can estimate the accumulation,
and therefore a physically based atmospheric model is needed to simulate the mass balance.

Global Climate Models (GCMs) and Regional Climate Models (RCMs) combine atmospheric and
surface physics. They are characterized by the explicit solution of the hydrodynamic equations of
the atmosphere, which is of vital importance to the mass balance of glaciers as it e.g., determines the
transfer of moisture from the source regions (e.g., [13]). RCMs are forced by a GCM or reanalysis
at the boundaries of their domain, and by downscaling the GCM they provide added value to the
simulations of the cryosphere. Since they are running on a smaller domain, they can run at higher
resolution and include more complex models of the cryosphere. Numerical high-resolution RCMs,
such as RACMO [14], WRF [15], MAR [16], and HIRHAM5 [17], are therefore valuable tools to estimate
mass balance at the surface of glaciers, and much work has gone into evaluating these models over
Greenland (e.g., [18,19]) and Antarctica (e.g., [20,21]). To advance and evaluate models used for
regional downscaling through international cooperation, the Coordinated Regional Downscaling
Experiment (CORDEX) was started in 2009 [22]. Through this project, a collection of historical and
future simulations from many different RCMs were made publicly available.

Another type of models used for regional downscaling is Numerical Weather Prediction (NWP)
models. These models use physical models of the atmosphere and oceans to predict the weather based
on current weather conditions. RCMs are generally derived by NWPs, but the two categories of models
serve different functions: NWPs predict the weather while RCMS project climate scenarios. The major
difference between the two types of models is therefore the scale of the simulations. NWPs generally
operate over smaller domains and much smaller time scales (days as opposed to decades for RCMs).
For this reason, NWPs are often run at a higher resolution than RCMs, even if currently a big
challenge is the execution of climate simulations at 1 km resolution (convection-permitting simulations),
for example in the frame of CORDEX-CORE.

However, projects to use NWPs as a tool for climate reanalysis have been established. Over the
Iceland domain, the NWP HARMONIE-AROME has been used for the ICRA reanalysis project [23] to
estimate the climate from 1980 to 2016. The project has e.g., been focusing on adding an improved
surface scheme for Icelandic glaciers, to achieve more accurate mass balance estimates. Overall, the
reanalysis showed a good correlation with available Automatic Weather Station (AWS) observations
over Iceland [23].

Although RCMs and NWPs are important tools for climate and weather predictions, they often
have systematic biases in temperature and/or precipitation (e.g., [24,25]), which need to be corrected
to get the most accurate estimates of changes in mass balance and runoff. Since runoff is a nonlinear
function of precipitation, model bias correction is especially important for hydrological modeling
(e.g., [25,26]). Numerous bias correction methods have been developed to remove these model
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errors (e.g., [27,28]), for example by adjusting the modeled mean of the corrected variables to match
observations more closely. Often a time-invariant method is used, where the error correction found
over the evaluation period is assumed to be applicable to any time period. However, this method
works best for short-term modeling, as the bias correction cannot be expected to be constant over
longer timescales (e.g., [28]).

In this study, the RCM HIRHAM5 [17] and the NWP HARMONIE-AROME [29] are used to
simulate the runoff from Vatnajökull and to quantify the impact of the snow thickness in spring on the
runoff the following summer. The precipitation biases in both HIRHAM5 and HARMONIE-AROME
are evaluated, and a simple bias correction is applied to the model precipitation. The impact of the
spring conditions is then tested by setting up a model experiment which uses the simulated spring
conditions at the end of the 31st of March for all years in the period 1980–2015 as a starting point for
model runs forced by summer weather of all years in the same time period. Distributions of the likely
runoff from Vatnajökull are created based on those 36 years, and we investigate to what extent spring
snow thickness affects summer melt. While several studies have investigated the effect on increasing
accumulation on the runoff (e.g., [30–32]), this is the first attempt to quantify the effect of spring snow
cover on glacier melt.

2. Study Site and Observations

2.1. Study Site

Vatnajökull ice cap is the largest temperate ice cap in Europe, with an area of 8100 km2. It is
located close to the southeastern coast of Iceland, and covers active volcanic areas where eruptions are
frequent (e.g., [33]). The surface elevation spans from 0 to 2110 m above sea level (a.s.l.). Most of its
precipitation falls as snow, as the average temperatures on the ice cap is close to or below freezing.
The summer balance is normally negative for the entire ice cap, but the central portions might turn
slightly positive during repeated cold spells. At the highest areas of the glacier, days with melting only
occur 10–20 days of the year, while at lower levels the ablation season generally lasts 3–4 months [9].
Vatnajökull is affected by frequent dust storms and tephra from volcanic eruptions. Tephra layers
in the glaciers ice dominate its spectral properties [10], but the effect of tephra on the accumulation
zone is generally small. In addition to surface melting, geothermal activity at the bed provides an on
average small contribution to the total melt [9].

Surface and bedrock maps of Vatnajökull have been produced using interpolated profiles of
radio-echo sounding and precision altimetry [9]. These have been used in conjunction to delineate the
locations of glacial water catchments which feed glacial rivers.

2.2. Energy and Mass Balance

AWSs have been operated on Vatnajökull since 1994, with 1–13 stations measuring on the ice
cap during the summer months (e.g., [34,35]). The 2 m temperature, 2 m relative humidity, 4 m wind
speed, and the 4 m wind direction have been measured for the entire period, while the radiation
components have been measured since 1996. Observations from five AWSs, three on Brúarjökull and
two on Tungnaárjökull that have been operated at approximately the same location since 2001 are
used to evaluate the simulated incoming radiative fluxes in HIRHAM5 and HARMONIE. In addition,
estimations of the albedo at the stations in the ablation zone are used to evaluate how well the model
captures the timing of the albedo drop from snow to ice values. The average locations of the stations
are shown in Figure 1. The observations are conducted at 10 min intervals, but daily averages are used
for the comparisons.
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Figure 1. Location of AWS stations (black triangles) and surface mass balance sites (black dots) used in
this study. The red lines show the outlines of the ice divides, while the bluelines show the outlines of
the Skaftá (west) and Hálslón (east) glacial water catchments. The symbols outside the ice cap show
the water gauges (wg).

To evaluate the modeled snow thickness in spring, the modeled winter balance was compared
to in situ winter mass balance measurement at several sites on Vatnajökull. In situ mass balance
measurements have been carried out twice a year every glaciological year since 1991–1992, with an
average of 60 measured locations every year. The uncertainty in the measurements has been estimated
to be ±0.3 m water equivalent (w.eq.) [8,36]. There are no precipitation observations for Vatnajökull,
but it is generally assumed that the winter mass balance is equal to the winter precipitation (e.g., [10]).
Almost all winter precipitation on Vatnajökull is snowfall and there is only little melt in the summer
besides in the lowest part of the ablation zone. The winter balance is therefore considered a good
measure of the winter precipitation and will therefore in this study be used to evaluate the simulated
precipitation in the two models.

2.3. River Runoff

Substantial hydrological measurements have been conducted in glacial rivers in Iceland mainly
due to their importance for hydropower production. Therefore, time series spanning over decades are
available for several glacial rivers. In this study, the runoff into two rivers, Jökulsá á Dal and Skaftá, is
used to evaluate the model runoff; both have a large glacial component. The outlines of the glacial
water catchments (GWCs) that contribute to these rivers are shown in Figure 1.

About 80% of the runoff from Brúarjökull, a northern Vatnajökull outlet, flows into Hálslón
reservoir, which lies on the uppermost former path of the Jökulsá á Dal river. Hálslón reservoir water
level has been monitored since the impoundment of the dam in autumn 2007 [37]. The runoff to the
reservoir is estimated based on a relationship between reservoir water level and storage in a time
series of daily averaged inflow. Before Hálslón reservoir was created, the runoff from Brúarjökull was
e.g., measured further down the Jökulsá á Dal river at Hjarðarhagi (VHM110) [37]. To expand the time
series for Brúarjökull, the Hjarðarhagi observations are used from 1980 to 2007, after which the runoff
was routed into Hálslón reservoir from 2007 to present. The size of the Hjarðarhagi catchment area is
∼3300 km2 [38] and the size of the Hálslón catchment area is about 1800 km2, where approximately
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1200 km2 is covered with Brúarjökull. The glacial component of the catchment spans from ∼750
to 1600 m a.s.l. Runoff from non-glaciated areas has not been estimated for the Jökulsá á Dal sites,
which adds further uncertainty to the results. About 80% of the catchment area of Hálslón is covered
by Brúarjökull while the rest is non-glaciated land with a seasonal snow pack. It can very tricky
to distinguish between glacier melt and seasonal snow pack melt from only an inflow time series.
However, the range of snow pack storage has been observed since 1956, which can give a rough
estimation of the contribution. Since 1956, the average seasonal spring snow pack has been estimated
to store ∼0.19± 0.08 km3 of water [37]. Since 2007, the yearly runoff into Hálslón has been observed
to be between 3.0 and 4.5 km3, and we therefore expect the runoff from non-glaciated areas in spring
to contribute less than 10% to the yearly observed runoff. However, since the snow pack generally
melts between April and middle of July, it can have a large contribution during the spring months.
In 2013 there was an unusually high amount of seasonal snow in the catchment corresponding to
approximately 0.25 km3 of stored water. In the runoff time series, 0.58 km3 water was observed
between April and June, meaning the off glacier seasonal snow contributed about 40% to the spring
runoff in 2013.

In addition, fall precipitation can also have a large contribution on the runoff time series. This was
e.g., observed in autumns of 2015 and 2016.

Skaftá river receives runoff from the Skaftá GWC, which includes the outlet glacier Skaftárjökull
and part of the outlet Tungnaárjökull. The closest hydrometric station to the glacier is at
Sveinstindur (V299), 25 km down-river from the glacier margin, and has been operated since 1986 [39].
The Sveinstindur station has a catchment area of 714 km2 [40], where approximately 400 km2 is
glacierized. The glacial area spans from approximately 700–1600 m a.s.l. The runoff data comes with
a quality flag for each daily datapoint. Only data that are of full quality have been used for this
evaluation, while data that have needed corrections due to ice interference on the runoff or other
problems have been discarded. To isolate the glacial runoff in the river runoff record, the runoff
originating from ice-free areas is estimated using the hydrological model WaSiM [41]. WaSiM is a
physically based distributed model, which offer methods of varying complexity to simulate different
elements of the hydrological cycle depending on available observations. It has in recent years been
used for hydrological modeling of Iceland and includes interaction between glaciers and ice-free areas
such as e.g., interflow. A detailed description of the setup for Iceland is given in Jónsdóttir [42] and
Einarsson [43]. The WaSiM model was run with four equally good parameterizations by the Icelandic
Meteorological Office [39] and the four outputs were used to assess the uncertainty of the model
estimation. The difference between the four outputs is small overall, as the deviation from the mean
of the four model outputs is on average ±0.6%. However, it can deviate by up to ±44.0% on specific
days. For the comparison presented here, a mean of all four WaSiM runs was used as an estimate for
the non-glacial runoff.

There is a substantial uncertainty in the WaSiM simulations, which leads to a negative runoff
from the glacier during years with a low runoff during early spring or late autumn. Discarding these
negative values means that the total accumulated runoff might be overestimated. However, the days
with negative values are removed in both simulated and observed time series, and therefore this
should not be an issue for the comparison.

Jökulhlaups from the Skaftár cauldrons (e.g., [44,45]), two subglacial lakes at geothermal areas
that collect water and release in jökulhlaup events, provide another complication in the runoff time
series. The two cauldrons are located just north of the Skaftá GWC and drain every 2–3 years [44].
Since jökulhlaups are not simulated in the model, runoff on days when jökulhlaups are in progress
are removed from the time series. The cauldrons do not contribute to the runoff into Skaftá when no
jökullhlaup event is in progress, as the water gathers in the subglacial lakes. The cauldrons are in a
different water catchment, and not a part of the Skaftá GWC, and therefore jökullhlaups do not affect
the water balance of this catchment except on event days.
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3. Model Description and Experimental Design

3.1. HIRHAM5 and HARMONIE-AROME

In this study, we apply the RCM HIRHAM5 [17] and the NWP HARMONIE-AROME [29].
HIRHAM5 is a hydrostatic RCM which combines the dynamical core of the HIRLAM7 numerical
forecasting model [46] and physics schemes from the ECHAM5 general circulation model [47].
A detailed description of the model configuration can be found in Christensen et al. [17]. It is run
over a domain containing Greenland and Iceland, with a horizontal resolution of 0.05◦ × 0.05◦ on
a rotated-pole grid. This corresponds to ∼5.5 km resolution. The atmosphere has 31 vertical levels,
from the surface to 10 hPa. The time step is set equal to 90 s. The model is forced by ERA-Interim
reanalysis data [48], which is a global atmospheric reanalysis by ECMWF spanning back to 1979, at the
lateral boundaries at 6 h intervals. ERA-Interim sea surface temperatures and sea ice fraction are
imposed in ocean points. The model output is at 6 h intervals. HIRHAM5 model simulations have been
successfully validated over Greenland (e.g., [18,19,49–52]) and Iceland [10] using AWS and ice core
data. While evaluating the incoming energy and mass balance fluxes over Vatnajökull in HIRHAM5,
Schmidt et al. [10] found a generally good agreement between observations and simulations in the
incoming energy fluxes. However, one important drawback with the simulation from HIRHAM5
was an overestimation of the winter accumulation in the ablation zone of several outlet glaciers,
e.g., Brúarjökull, Dyngjujökull and Tungnaárjökull, as well as in areas with high orographic forcing.
This was partly attributed to the model using hydrostatic physics and not allowing horizontal advection
of snow.

HARMONIE-AROME is a non-hydrostatic convection-permitting NWP model and is developed
in a cooperation between HIRLAM, ALADIN and Meteo-France [29]. The forecast model was
based on the AROME-France model (e.g., [53]), but now differs from the original model in various
aspects [29]. Details on the model configuration are described in Bengtsson et al. [29]. In autumn
2015, the Icelandic Meteorological Office started a reanalysis project for Iceland (ICRA) using the
HARMONIE-AROME model [23]. Details on the reanalysis setup over Iceland can be found in
Nawri et al. [23]. ICRA currently spans from 1 September 1979, until 31 December 2016. It is run
over a domain containing only Iceland at a horizontal resolution of 0.025◦ × 0.025◦, corresponding
to ∼2.5 km. The atmosphere has 65 vertical levels, from the surface to 10 hPa. The time step is set
equal to 60 s. Like HIRHAM5, HARMONIE-AROME is forced by ERA-Interim reanalysis data at the
lateral boundaries at 6 h intervals. The output is given at 1 h intervals. Since HARMONIE-AROME is
non-hydrostatic and calculates precipitation diagnostically, it provides a better representation of the
accumulation in areas with high orographic forcing than HIRHAM5 (more details in Section 4.1).

Snow Pack Scheme

While the original HIRHAM5 [17] used unchanged ECHAM physics, an updated model version
is used in this study which expands the 5-layer surface scheme in ECHAM to 25 layers. In addition,
it includes a dynamic surface scheme that explicitly calculates the surface mass budget, takes melting
of snow and bare ice into account, and resolves the retention and refreezing of liquid water in the snow
pack [19,51].

This updated surface scheme in HIRHAM5 has previously been adopted to and evaluated for
Vatnajökull by Schmidt et al. [10]. An updated snow-albedo scheme was tested in this study, depending
both on the age of the snow and the surface temperature, and the snow aging parameters were tuned
to better fit with observations from AWSs operated on Vatnajökull. The ice albedo, emerging as snow
melts away in the ablation zone, was improved by using a map of the ice albedo based on MODIS
observations [10,11]. HIRHAM5 does not have a scheme for routing of runoff. The only delay taken
into account is a runoff timescale based on the surface slope of the glacier.

The snow pack scheme was created for HIRHAM5, and any new implementations to the scheme
are first implemented into the offline version of the model [19]. The offline version of HIRHAM5 only
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contains the HIRHAM5 glacier model, which is run offline forced by 6-h surface energy (incoming
shortwave (SW↓) and longwave (LW↓) radiation and turbulent fluxes) and mass fluxes (snow, rain,
evaporation, and sublimation) from a previous HIRHAM5 experiment. While a fully coupled,
high-resolution HIRHAM5 run is computationally very expensive, this offline model offers a quicker
alternative to test new model implementations. In this study, we are using this offline model, which we
refer to as the HIRHAM5 snow pack scheme. This model can be forced by incoming energy and mass
components from another climate model, although it will no longer be a fully coupled system and
missing feedback must be taken into considerations.

The ICRA HARMONIE-AROME runs have a less advanced snow pack scheme, which e.g.,
does not track the thickness of the snow layers, making the HARMONIE-AROME snow pack scheme
less suited for this study. In addition, since the HIRHAM5 snow pack model is computationally
cheaper than running the online HARMONIE-AROME model, it is more applicable for the many
model runs required in this study.

3.2. Experiment Design

To use the validated offline snow pack model from HIRHAM5 but also make use of the improved
incoming mass flux and higher resolution of the HARMONIE-AROME meteorological forcing,
a combination of the two models is used in this study. This is implemented by running the snow pack
scheme from HIRHAM5, in the same way as described in Schmidt et al. [10], but forcing the snow
pack model with the meteorological forcing from HARMONIE-AROME. The snow pack scheme is
forced every 6 h by surface energy (incoming radiation and turbulent fluxes) and mass fluxes (snow,
rain, and evaporation) from HARMONIE-AROME. To initialize the snow pack model, a 100-year
spin-up was performed by repeating the forcing from 1980. At the end of the spin-up, all variables had
converged in all model layers. The final state of the spin-up was then used for a 1980–2015 simulation,
forced by 6 h HARMONIE-AROME input. A schematic diagram showing the coupling is shown
in Figure 2.

Incoming longwave radiation

Incoming shortwave radiation

Rainfall

Snowfall

Latent heat �ux

Sensible heat �ux

Sublimation

Evaporation

HARMONIE

online

simulation

1980-2015

Precipitation

scaling

HIRHAM5

o�ine

snowpack

model

1980-2015

HIRHAM5

snowpack

model

100 year

spin-up

Output

Figure 2. A schematic diagram of the coupling of HARMONIE-AROME and HIRHAM5. The precipitation
scaling is discussed in Section 4.2.

To estimate the effect of the spring conditions on the summer runoff, sensitivity runs are conducted
by repeating the modeled spring conditions of each year from 1980 to 2015, followed by the weather of
all summers in the same period. Firstly, the HIRHAM5 snow pack scheme is run from 1980 to 2015
over all glacier points using HARMONIE-AROME incoming mass and energy fluxes, saving the state
of the snow pack (snow thickness, temperature, albedo etc.) every year at the end of 31 March. Snow
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ablation generally starts between late April and May, so this date was chosen to include the entire
ablation season. The state of the surface on 31 March of each year is then used to initialize a model
run using the atmospheric forcing (i.e., incoming energy and mass fluxes) for each of the 36 model
years starting on 1 April. By the end of the model run, 36 × 36 = 1296 summers have been simulated.
In addition, to create a case with only snow melt, the model is also initialized with a thick enough
snow layer on the surface, so the underlying ice is never exposed. This is done to estimate how much
the melt is affected by the change in albedo when the ice is exposed when compared to only snow melt.

4. Results

4.1. Evaluation of Model Precipitation

As mentioned above, the energy and mass balance in HIRHAM5 has previously been evaluated
over Vatnajökull by Schmidt et al. [10], and an ice albedo map using MODIS data [54] was implemented
in the model which improved the albedo simulations. Offline model simulations with HIRHAM5
showed that it overestimates the winter balance in the ablation zone as well as in areas with
high orographic forcing. HARMONIE, on the other hand, appears to simulate the distribution of
precipitation over the glacier more satisfactorily, overall. Scatter plots of the measured winter balance
and model results, which have been interpolated onto the measurement locations using bilinear
interpolation, are shown in Figure 3a,b and Table 1. The HARMONIE results are clearly closer to the
one-to-one line than HIRHAM5, which is also evident from the lower root mean square error (RMSE)
(0.6 m w.eq. for HARMONIE vs. 1.2 m w.eq. for HIRHAM5). The larger outliers, which correspond to
the measuring site on Öræfajökull, which is the highest area within Vatnajökull, are also closer to the
observations in HARMONIE than in HIRHAM5. Only a few observations are available for this location,
as the summit has only been surveyed in the period 1993–1998 [55]. However, comparisons with
geodetic mass balance from 1982 to 2010 [56] show that the simulated mass balance overestimation in
both models occurs for the entire investigated period.

To assess the spatial distribution of the errors, mean difference maps were created by comparing
the model simulations to interpolated mass balance maps based on measurements (Figure 3c,d).
The distribution of the differences is similar in both models, with the steep, high-elevation areas in the
south and south-east generally being too wet in the models and the middle of the ice cap generally
being too dry. However, in areas with high orographic forcing, HARMONIE simulates the observations
better than HIRHAM5. The difference on Öræfajökull is smaller in HARMONIE than in HIRHAM5,
and the high-elevation area around Bárðarbunga is significantly better represented in HARMONIE.
The precipitation in the center of the ice cap is also less underestimated in HARMONIE.

The other fluxes needed to force the snow pack model, i.e., the incoming radiative and turbulent
fluxes, have also been evaluated in both models using observations from five AWSs from 2001 to 2014.
The mean differences are shown in Table 1. It is important to note that the turbulent fluxes are not
compared to observations but to a one-level eddy flux model [57] which uses the AWS observations of
temperature, humidity, and wind speed at 2 m to estimate the turbulent fluxes.

Table 1. Evaluation of the simulated mass balance and energy flux components used to force the snow
pack model, i.e., winter mass balance (a measure for precipitation), incoming short- and longwave
radiation and turbulent fluxes, in HIRHAM5 and HARMONIE. The mean values of the average
difference (model-observations), RMSE, and correlation (r) are given. The turbulent fluxes are a
model-model comparison.

Components Observed Value HIR Diff HAR Diff HIR RMSE HAR RMSE HIR r HAR r

Winter SMB (m w.eq.) 1.5 0.04 −0.07 1.2 0.6 0.82 0.87
SW↓ (W m−2) 224.7 −32.0 2.4 67.2 49.9 0.80 0.87
LW↓ (W m−2) 283.2 −9.0 −12.8 22.7 22.1 0.80 0.87

Turbulent fluxes (W m−2) 27.6 −6.5 −8.9 32 28.8 0.43 0.46

96



Paper II

Atmosphere 2018, 9, 450 9 of 24

0 5 10 15

HARMONIE winter SMB [m w.eq.]

-2

0

2

4

6

8
 O

b
s
e
rv

e
d
 w

in
te

r 
S

M
B

 [
m

 w
.e

q
.]

a)

0 5 10 15

HIRHAM winter SMB [m w.eq.]

-2

0

2

4

6

8
b)

0 10 20 30 40 50 60 70 80 90 100

number of points

-18 -17.5 -17 -16.5 -16 -15.5

64

64.2

64.4

64.6

64.8

60
0

1
0
0
01000

1000

1300

1
3
0
0

1300

1300

1
5
0
0

1
5
0
0

1500

18
00

c)

-18 -17.5 -17 -16.5 -16 -15.5
60

0
10

001000

1000

1300

1
3
0
0

1300

1300

1
5
0
0

1
5
0
0

1500

18
00

d)

-10 -8 -6 -4 -2 0 2

Simulation - Observations [m w.eq]

Figure 3. (a) HARMONIE and (b) HIRHAM5 winter mass balance compared to measurements from
1992 to 2014. Color bar shows how many points are in the same spot and purple ellipsis outlines
68% of the points. Statistics on the regression lines are given in Table 1. Interpolated observed mean
winter mass balance maps from 1992 to 2014 compared to (c) HARMONIE and (d) HIRHAM5 winter
mass balance.

The incoming solar radiation is better represented in HARMONIE, with both a smaller model
difference and RMSE, as well as a higher correlation. The average difference is slightly smaller in
HIRHAM5 for both the incoming longwave radiation and the turbulent fluxes, but the RMSE and
correlation are better for both in HARMONIE. Overall, the incoming radiative flux seems to be better
simulated by HARMONIE than HIRHAM5, at least at the five AWS locations.

Based on these comparisons, HARMONIE simulates the incoming mass and energy fluxes for
the current Icelandic climate conditions better than HIRHAM5. The reason is the more complex
model physics in HARMONIE than in HIRHAM5. Due to the higher-resolution and non-hydrostatic
physics used in HARMONIE, the model can resolve non-hydrostatic features in the atmosphere
not captured by the lower-resolution, hydrostatic HIRHAM5 model. The higher resolution also
means that the topography is better resolves, which is especially important for simulations over the
steep slopes of Öræfajökull. Another important distinction between the models is the treatment of
precipitation. In HIRHAM5, precipitation is treated as a diagnostic variable. When the right conditions
for precipitation are met, it immediately appears on the surface, and thus no horizontal advection of
rain and snow occurs. In HARMONIE-AROME, the precipitation is treated as a prognostic variable
and it therefore allows horizontal advection of snow and rain. This is a very important process in areas
with high orographic forcing such as e.g., Öræfajökull.
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Since HARMONIE-AROME has a higher resolution and a more complex representation of the
atmosphere, which lead to a more accurate simulations of the meteorological variables, incoming mass
and energy balance fluxes from HARMONIE were chosen to force the HIRHAM5 snow pack model
in order to get the best representation of the incoming mass and energy fluxes for realistic runoff
simulations. Using NWP models to force a snow pack scheme has previously been successfully done
in studies by e.g., Bellaire and Jamieson [58] and Vionnet et al. [59].

4.2. Accumulation Scaling

Although the accumulation of precipitation in HARMONIE is an improvement over the
HIRHAM5 results, there are still substantial biases in the winter balance compared to observations.
Accurate estimation of the winter accumulation is especially important in the ablation zone, as too
much modeled winter snow will delay the timing of the exposure of the underlying low albedo ice
surface and thus cause underestimation of the amount of runoff. To get the most accurate representation
of the snow thickness, a scaling is applied to each model year. The scaling is based on the average
winter balance difference map from 1992 to 2015, as shown in Figure 3c. The same absolute scaling
is used for every model year and is applied to each snow fall event. The scaling matrix is shown in
Figure 4a.
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Figure 4. (a) The scaling matrix used for correction of each winter snowfall; (b) comparison between
winter mass balance observations and the modeled corrected winter mass balance for 1992–2015.
The RMSE is 0.4 m w.eq. and the correlation r = 0.89. Color bar shows how many points are in the same
spot and purple ellipsis outlines 68% of the points.

A new spin-up of the subsurface was performed by integrating the model for 100 years repeating
the corrected forcing from 1980. Only the incoming precipitation was corrected, all other incoming
fluxes were unchanged HARMONIE forcing. A new model run for 1980–2015 was then conducted.
A comparison of the winter mass balance observations with the winter mass balance simulated with the
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corrected forcing is shown in Figure 4b. The largest difference from the uncorrected model comparison
is that the Öræfajökull points are now much closer to the one-to-one line and the RMSE has now
decreased to 0.37 m w.eq. This is almost within the error of the observations which is estimated to be
0.3 m w.eq.

Before the correction, the too high winter accumulation in the ablation zone resulted in a delay of
the timing of the albedo drop from snow to ice in the model, and in some instances the ice surface was
not exposed at all (not shown).

4.3. Comparison to Runoff Measurements

Model comparisons with runoff observations from Skaftá GWC into Skaftá river and from
Brúarjökull into Jökulsá á Dal river at Hjarðarhagi (1980–2007) and Hálslón reservoir (2007–2015) are
shown in Figure 5 and Table 2. In Skaftá, the average deviation in total summer runoff over the time
period is −0.07 km3, which is within the uncertainty of the compared time series. The correlation
between model and data is also high at 0.78 for the whole period.

For the runoff from Brúarjökull, the deviation in total runoff between observations and model is at
−0.6 km3. This higher deviation is expected, both because no correction has been added to account for
non-glacierized areas and because the runoff is estimated from the water level in the Hálslón reservoir
for part of the time series, where the uncertainty is expected to be larger than for the conventional
gauging from Skaftá or Hjarðarhagi. The correlation between model and data is still high at 0.89 for
the whole period, which suggests that the variability is well captured.
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Figure 5. Total summer runoff (April–October) from Skaftá GWC (blue points) into Skaftá river and
Brúarjökull (red points) into Jökulsá á Dal river at Hjarðarhagi (1980–2007) and Hálslón reservoir
(2007–2015) compared to the modeled value.

Table 2. Comparison statistics of the average summer runoff (April–October) from Skaftá GWC into
Skaftá river and from Brúarjökull into Jökulsá á Dal river at Hjarðarhagi (1980–2007) and Hálslón
reservoir (2007–2015) according to observations and the simulation. The mean difference, RMSE,
and correlation are given.

Glacial Catchment Period Mean Observed Summer Runoff (km3) Model-Obs (km3) RMSE r

Skaftá GWC 1986–2015 1.06 −0.07 0.22 0.78
Bruárjökull 1980–2015 2.9 −0.6 0.74 0.89

For this study, the focus is generally on the runoff over the entire melt season. The snow pack
model used here does not include any hydrological routing of runoff, and therefore a daily comparison
of has larger deviations than a seasonal comparison.
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4.4. Snow Thickness on 1 April

The conditions of the ice cap in spring will affect the summer runoff. Although the temperature
in the winter snow is of importance, by far the most important variable is the thickness of accumulated
snow on the ice in the ablation zone. This is because the snow thickness in the ablation zone determines
the timing of the exposure of the underlying low albedo ice. To investigate snow thickness variability
in 1980–2015, time series and histograms of the modeled average snow thickness in the ablation zone
on April 1st for the whole ice cap as well as for selected outlet glaciers are shown in Figure 6. For the
whole glacier, the modeled snow thickness (for ablation zone points below 1300 m) is found to have
an average value of 1.2 m w.eq., with a 1.3 m w.eq. difference between the minimum and maximum
value. However, since there might be a large variation in snow thickness for the different outlet
glaciers, we focus on three outlet glaciers: the north-facing Brúarjökull with an average of 1.4 m w.eq.,
the south-west facing Skaftá GWC with an average of 1.2 m w.eq. and the south-facing Síðujökull
with an average snow thickness of 1.1 m w.eq. The variation over the time series is 1.5–2.1 m w.eq.
depending on the outlet.

All four histograms have a two-peaked distribution, which is especially apparent in the histogram
for Brúarjökull. This is due to a shift in snow thickness in the mid-1990s. Around 1995, there was
a rapid increase in ocean temperatures off the southern coast of Iceland which was likely due to
atmospheric and ocean circulation changes around Iceland [60]. This resulted in an increase of the
mean annual temperature of∼1 ◦C after 2000 compared to the mid-1990s (e.g., [8,61]), and observations
of the annual surface mass balance show a clear shift from positive to negative values in this period.
From the time series of the snow thickness, it is clear that the model catches this shift.
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Figure 6. Time series and histograms of the mean modeled snow thickness on 1 April below 1300 m
for (a,b) Vatnajökull; (c,d) Brúarjökull; (e,f) Síðujökull; and (g,h) Skaftá GWC. Brúarjökull terminates at
600 m a.s.l., Síðujökull at 650 m a.s.l. and Skaftá GWC at 740 m a.s.l.

4.5. Sensitivity Runs

The HIRHAM5 snow pack model was run to create 36 different simulated spring conditions, i.e.,
accumulated winter snow, each followed by 36 different summer conditions to assess the sensitivity of
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the runoff to the thickness of the spring snow. Maps of the results from the sensitivity runs are shown
in Figure 7, and time series and histograms of the results for the whole icecap and for selected outlet
glaciers are shown in Figure 8. Only the ablation zone is shown in all figures as the different spring
conditions are mostly going to affect the runoff from the ablation zone. The equilibrium line altitude
(ELA), and therefore the ablation zone, varies both with location and between years, but has not been
observed higher than 1300 m for the years under consideration. We have therefore defined the ablation
zone as everything below 1300 m.
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Figure 7. Maps showing the effect of the summer weather and spring conditions on runoff from the
ablation area (here set as below 1300 m). (a) the average varying spring conditions std (σspring); (b) the
varying summer weather std (σsummer); (c) the difference between the maps (a,b).

For evaluation of the sensitivity run results, we introduce two terms: “variation in runoff for
varying spring conditions std” σspring and “variation in runoff for varying summer weather std”
σsummer. Imagine a matrix of all 36 × 36 model combinations, where the rows are the 36 summers and
the columns are the 36 spring conditions. Each point in the matrix is the total runoff over a summer
from April to October. For σspring, a standard deviation across each row is calculated. Since the summer
weather is constant within each row while the spring conditions varies, this parameter is used to
determine the changes in runoff due to changing spring conditions. σsummer is similar, but this time a
standard deviation across each column is calculated. In this case, the runoff variations due to changes
in the summer weather can be assessed.
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Figure 8. Time series of accumulated runoff for April–October from (a) Vatnajökull; (c) Brúarjökull;
(e) Síðujökull; (g) Skaftá GWC for different spring conditions. The red line is the original run where the
spring conditions of the specific year are used, the grey area shows the range in runoff when the spring
conditions are changed, and the black line shows how much melt would occur if the underlying ice is
never exposed. Probability distributions for the runoff created using the results of the sensitivity runs
are shown for (b) Vatnajökull; (d) Brúarjökull; (f) Síðujökull; (h) Skaftá GWC.

Figure 7a shows the mean of σspring. The largest sensitivity to spring snow thickness is found in
the lower parts of the north-facing glaciers Brúarjökull and Dyngjujökull. The south and east facing
glaciers generally have a smaller but still significant sensitivity to changes in snow thickness, while the
west facing glaciers only appear to have a small sensitivity to the spring conditions.

Figure 7b shows the mean of σsummer. In many parts of the ablation zone, the summer weather
clearly has a larger influence on the runoff variability than the spring snow thickness. There are
several controlling factors for the variations in the summer weather. In addition to the amount of
incoming solar radiation, an important factor for the summer melt on Vatnajökull is the amount
of summer snow. This is an especially important factor for Brúarjökull, which is more likely to
receive precipitation from cold northern winds and has a high-elevation ablation zone. This high
dependence on summer snow could contribute to the high variability due to summer weather found in
the simulations over the ablation zone of Brúarjökull. Figure 7c shows the difference between the two
different maps (a,b). Except for parts of the north-facing glacier outlets, where the runoff variation due
to changes in spring conditions and summer weather is approximately equal, and in a few points on
two south-facing outlets, the runoff variability is much more affected by variations in summer weather
than variations in spring snow thickness. For the whole ice cap, changing the spring snow thickness
amounts to a maximum of 22% change between the minimum and maximum runoff over a summer.
Individual outlet glaciers have a larger sensitivity to the spring snow thickness, and e.g., the runoff
from Brúarjökull increases with a maximum of 72% compared to the minimum runoff.

On average, σspring for the whole ice cap is equal to 31% of σsummer, with a maximum of 46%.
The variability in runoff due to changes in summer weather is therefore much higher than the variability
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due to changing spring conditions. For some individual outlet glaciers, the contribution of changing
spring conditions is larger. For Brúarjökull, the average σspring is 50% of the σsummer, with a maximum
of 79%.

These results are also illustrated in Figure 8, which shows the time series for the whole glacier
and for selected outlet glaciers for all model runs. Relevant statistical values for this figure are given
in Table 3. The grey area shows the span of the runoff between the different runs and the red line
shows runoff when the spring conditions of the specific year are used. Three outlet glaciers are shown,
Brúarjökull, due to its high sensitivity to spring conditions, Síðujökull, which has a slightly smaller
sensitivity, and Skaftá GWC, which has a low sensitivity. To get a range on the effect of the spring
conditions over the entire time series, the best conditions for runoff are chosen for every year, i.e.,
the years with the least spring snow, and the worst conditions for runoff are chosen for every year,
i.e., the years with the most spring snow. For Vatnajökull, the total runoff when the best conditions
are chosen is ∼19% higher than the runoff when the worst conditions are chosen. For Brúarjökull this
difference is ∼53%, for Síðujökull it is ∼27%, and for Skaftá GWC only ∼14%.

Table 3. The mean runoff of all the sensitivity runs (SR), the mean runoff when the maximum and
minimum runoff is chosen for the whole time series and the percentage increase in runoff between
the maximum and the minimum. σspring is the mean standard deviation in runoff when the spring
conditions are varied and σsummer is the mean standard deviation in runoff when the summer weather
is varied. The mean runoff of the thick snow (TS) run, and the difference in runoff between the original
simulation and the thick snow simulation are also given.

Mean SR Min SR Max SR SR Diff σspring σsummer
Mean TS TS Diff

(m w.eq.) (m w.eq.) (m w.eq.) (%) (m w.eq.) (%)

Vatnajökull 4.0 3.8 4.5 19.4 0.17 0.54 3.5 13.6
Bruárjökull 3.2 2.8 4.3 53.3 0.31 0.61 2.5 27.2
Siðujökull 4.0 3.7 4.7 26.8 0.23 0.70 3.6 11.8

Skaftá GWC 3.6 3.4 3.9 13.6 0.12 0.64 3.4 7.4

The black lines in Figure 8 show the simulated amount of runoff for each year if there is a thick
snow thickness that does not disappear during the summer. Comparing the thick snow run with the
original runoff simulations (1980–2015 with accurate spring snow thickness), there is a 14% increase in
runoff from Vatnajökull averaged over the entire period since 1980 when exposed ice is allowed, with
a maximum amount of 31% in 2005. Individual outlet glaciers have a larger sensitivity to the spring
conditions, as for Brúarjökull the simulations estimate that the runoff is increased with an average 27%
over the entire period when ice is exposed compared to the thick snow run, with a maximum amount
of 77% in 2005.

In addition to the sensitivity studies, the results of the experiment can be used as a statistical
method to estimate the most likely runoff from the modeled outlet glaciers. Since snow thickness
and summer weather from the last 36 years have been used, all these runs can provide an estimate
of the most likely values of runoff based on present climate. Probability distributions for the whole
ice cap and the three chosen outlet glaciers are shown in Figure 8b,d,f,h. These show the most likely
runoff from the glaciers based on the present climate, as well as the lowest and highest expected
values. However, it is important to note that the effect of volcanic eruptions and dust in the surface
from sources outside the glacier [62,63], as well as glacial runoff in the form of jökulhlaups, are not
considered with this evaluation. In these instances, the runoff can be much higher than the modeled
distributions. This method therefore works best for an estimation of the lowest runoff from a glacier
based on the current climate.

Another important aspect of hydrological monitoring is the timing and onset of melt. Figure 9
shows the percentage of the glacier area which is experiencing melt for the whole ice cap and the same
three outlets discussed previously. As an example, the earliest and latest date that 20% of the area
has experienced melt onset, defined as having experienced more than 0.1 mm w.eq. of melt over five
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consecutive days, is shown with a stippled black line. Figure 9a,c,e,g show the melt area when the
spring conditions are held constant using the simulated conditions from 2000, where the colored lines
are the results using 1980–2015 summer forcing. The difference between when 20% of the area has
experienced melt onset is 56–62 days depending on the outlet, and the difference in melt area between
the different summers can be up to 80–98% of the area, depending on the outlet.

Figure 9. Time series of melt area for (a,b) Vatnajökull; (c,d) Brúarjökul; (e,f) Skaftá GWC;
(g,h) Síðujökull. The four left figures show the melt area when the spring conditions are held constant,
using the conditions from April 2000. The right figures show all the simulated runs. The colored lines
are different summers from 1980 to 2015. The stippled lines show the earliest and latest day that 20% of
the area has had an onset in melt.

Figure 9b,d,f,h show the melt area of all the runs, i.e., with both changing summer forcing and
spring conditions. The changing spring conditions shift the dates when 20% melt onset occurs, but once
again the effect is not as large as that of changing summer forcing. The difference between when 20%
of the area has experienced melt onset is increased with 7–17 days, depending on the outlet.

To validate if the area of the ablation zone is accurate in the model and the variation in ELA
between the SR, we investigate how often each model point becomes snow-free. Figure 10 shows the
fraction of the 1296 runs in each grid point which becomes snow-free at some time over the summer.
The location of the ablation is realistic. The ablation zone points always become snow-free, while
around the equilibrium line it depends on the weather and initial conditions. The location of the
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equilibrium line is generally consistent with observations. This can e.g., be seen for Brúarjökull, where
the equilibrium line has been at approximately 1200 m since 1996 on the western part of the glacier,
whereas on the eastern part it has been at approximately 1100 m in the same period. The simulations
of the eastern part of Brúarjökull are consistent with this, while for about 60% of the model runs the
ELA is slightly lower than observed on the western part.
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Figure 10. The fraction of the 1295 model runs where the grid points have exposed ice at some time
during the summer.

Having determined that the location of the snow-free area is realistic, we also investigate how
much the varying spring conditions advanced or delayed the timing of exposure of ice in each grid
point. Figure 11 shows the mean spread (max-min) in the day when the ice surface is exposed when the
summer weather is held constant while the spring conditions are varied. The largest spread is found
in the lower part of Brúarjökull and Dyngjujökull, as well as the middle of Skeiðarárjökull. These areas
all become snow-free every year and have a large dependency on the spring snow thickness. There is a
fairly large average deviation between the first ice-free day when the spring conditions are varied, as
most points have an average spread of 1–3 months between the first day the surface becomes snow-free.
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Figure 11. The average spread (max-min) in DOY when each ice point becomes snow-free when the
summer weather is kept constant and the spring conditions are altered.

5. Discussion

5.1. Modelling of Runoff

While the simulated runoff from Skaftá GWC and Brúarjökull was captured well by the HIRHAM5
snow pack model in combination with HARMONIE-AROME meteorological forcing, with correlations
of 0.78 and 0.89 and RMSEs of 0.2 km3 and 0.7 km3 (Table 2), comparisons to observations on a daily
time scale yield larger deviations. The HIRHAM5 snow pack model is not a hydrological model,
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and therefore does not have any scheme for routing of runoff. The only delay taken into account by
the model is a runoff time scale based on the surface slope of the glacier. The structure of the path
of the melt water determines how efficiently the water is expelled from the glacier. There are many
processes which control the path, and the efficiency of water transport is very variable over the runoff
season. For example, water flow through snow is significantly slower than flow over bare ice, and
a thick snow pack therefore contributes to runoff delay (e.g., [64,65]). The presence and number of
moulins and crevasses to transport water to the glacier bed (e.g., [65,66]) and the timing and shape of
subglacial channels (e.g., [67]) also affect the timing of runoff to the rivers.

Since the runoff delay is not considered in the simulations, the daily runoff is more variable in the
simulation than in the observations. Figure 12a shows an example from 2012 of the daily modeled and
observed runoff. Compared to the seasonal means given in Table 2, the daily runoff has a much higher
RMSE compared to the mean and a lower correlation (Table 4). To investigate the runoff delay, a 1-day
shift in the observations was added to account for a runoff delay in the order of 12 h. This improved
both the correlation, RMSE and NSE for both glacial rivers. Smoothing the time series but using a
7-day mean is another way to account for the delay. As shown in Figure 12b, a 7-day average improves
the fit between observations and simulations. The Nash–Sutcliffe model efficiency coefficient (NSE)
is also improved. The better fit for the 7-day average is also clearly showcased in the boxplot of the
prediction error showed in Figure 12c. The 7-day average smoothes the time series which results in
fewer outliers from the distribution. The quantiles and the median are also closer to zero in the weekly
plot than in the daily.
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Figure 12. (a) Daily and (b) weekly mean observed and simulated runoff from Skaftá GWC; (c) Box
plots of the prediction error for daily and weekly comparisons for the entire time series.

106



Paper II

Atmosphere 2018, 9, 450 19 of 24

Table 4. Comparison statistics of the runoff (April–October) from Skaftá GWC into Skaftá river
and from Brúarjökull into Jökulsá á Dal river at Hjarðarhagi (1980–2007) and Hálslón reservoir
(2007–2015) according to observations and the simulation. The mean difference, RMSE, correlation,
and Nash–Sutcliffe model efficiency coefficient are given. The RMSE, correlation, and NSE are
calculated both for daily means, daily means with a model shift of one day, and weekly means.

Glacial Catchment Period Timescale Mean Obs Runoff Model-Obs RMSE r NSE
(m3/s) (m3/s) (m3/s)

Skaftá GWC 1986–2015
Daily

58.0 −4.1
41.1 0.75 0.44

1-day shift 38.9 0.78 0.50
Weekly 32.0 0.82 0.66

Brúarjökull 1980–2015
Daily

183.9 −83.4
144.9 0.73 0.42

1-day shift 137.6 0.77 0.51
Weekly 121.7 0.84 0.59

5.2. Sensitivity of Runoff to Winter Snow Cover

One of the aims of this study was to quantify the sensitivity of runoff to the spring snow thickness
for Vatnajökull and investigate whether the summer runoff could be inferred from the spring snow
thickness. As shown in Figures 7 and 8, the summer runoff does not have a high dependency on the
spring snow thickness, with the magnitude of the effect varying greatly between outlets. Although
a large snow thickness will of course lead to less runoff than a small snow thickness, the weather
conditions during the summer have a much larger effect on the runoff, as the effect of changing
spring snow thickness is on average 31% of the variation due to changing weather conditions during
the summer.

While the larger effect of changes in summer weather is not surprising, the advantage of the
method used in this study is that we can quantify the importance of the spring snow thickness, and how
much of the variability in runoff over the last 36 years is due to changes in summer conditions and
how much is due to changes in winter accumulation. A study like this using over a thousand potential
summer variations has not previously been done and provides a sound statistical background for
assessing the sensitivity. For the entire glacier, we could estimate the amount of runoff due to the
exposed dark ice (on average 14% for Vatnajökull since 1980) and how much of the runoff variability is
due to changes in summer climate and how much due to changes in winter accumulation. The model
runs also provide an estimate for individual outlet glaciers, as e.g., Brúarjökull has a large sensitivity
to changes in spring snow thickness. According to the simulations, an estimated average of 27% of the
runoff since 1980 is due to exposed dirty ice on Brúarjökull. In addition, the variation in runoff for
Brúarjökull due to changing spring conditions is 50% of that due to changing summer weather.

5.3. Error Sources

HARMONIE-AROME meteorological forcing was chosen to drive the HIRHAM5 snow pack
model to reduce the errors, but comparison with available AWS observations showed clear model
biases. The incoming shortwave radiation still has an average overestimation of 2.4 W m−2 when
compared to AWS observations, while the incoming longwave radiation and turbulent fluxes have
an average underestimation of −13 W m−2 and −8.9 W m−2, respectively. The outgoing longwave
simulated by the snow pack scheme has an average underestimation of −1.3 W m−2, while the
outgoing shortwave is overestimated by 10 W m−2. The deviation in outgoing shortwave radiation is
partly due to an overestimation of incoming shortwave and precipitation, and partly due to the albedo
scheme used in the snow pack model. The total deviation in energy available for melt is therefore
approximately −28 W m−2 when compared to available AWS observations from May to September.
This is equal to an underestimation in melt of approximately 0.7 cm/day. The meteorological input
contributes a larger error than the snow pack simulations.
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This general underestimation occurs even though the snow pack model and input data have been
tuned to try to best fit available observations, as they are introduced into the simulations e.g., due to
uncertainties in model structure, chosen parameters, and input data. One way we tried to correct the
input data was by precipitation scaling by assume that the precipitation bias is time-invariant, and the
scaling therefore can be applied to the entire time period. However, this assumption is only valid for
short-term simulations, and the correction should therefore not be used for model runs of longer time
scales. It is only applied to get the best possible simulation of the winter balance for the present day, so
that the simulated spring conditions are as realistic as possible. In the mid-1990s there was a shift in
the specific mass balance of Vatnajökull from positive to negative due to a rapid increase in the ocean
temperature south of Iceland [8]. Few measurements of the mass balance before 1996 are available,
and therefore the correction might not be applicable for the period before the shift. Nevertheless,
the runoff from Skaftá GWC shows an equally good fit between model and measurements for the
1984–1996 period as for the 1996–present period.

Another error source is in the model setup. While running the snow pack scheme offline is a
computationally cheap, fast, and flexible option, using this method ignores the feedbacks between the
glacier conditions and the atmospheric circulation, such as e.g., the albedo and temperature. When
forcing the snow pack scheme with HIRHAM5 incoming fluxes, the error due to neglected feedbacks
is expected to be small. This is because only the refreezing [51] and the albedo [10] schemes have been
altered from the online run, and changes in feedbacks due to these alterations should be small. On the
other hand, running the snow pack scheme with a completely different model could lead to larger
errors due to neglected feedbacks. For example, neither sublimation nor evaporation are calculated by
the snow pack scheme, which affect the total water balance. However, since Vatnajökull is a temperate
ice cap, sublimation and evaporation are generally assumed negligible.

6. Conclusions

In this study, we show that we can provide realistic estimates of the surface mass balance and
runoff from Vatnajökull by combining the snow pack scheme from HIRHAM5 with the meteorological
forcing from HARMONIE-AROME. HARMONIE-AROME was chosen as the forcing due to its
complex atmospheric model using hydrostatic physics and prognostic precipitation, which simulate
the incoming energy and mass fluxes needed to force the HIRHAM5 snow pack scheme better than
atmospheric model in HIRHAM5.

The combined model can be used to simulate runoff on seasonal timescales, with high correlation
(0.78 and 0.89) and small difference (16% and 29%) when compared to runoff observations from two
rivers with a large glacial component. For this study, we were mostly interested in the total runoff
from the glacier over the melt season and therefore not the routing of runoff. Coupling the snow pack
scheme to a hydrological model which includes routing of runoff would be the next step to improve
the comparison on short timescales. Additional work is also needed to simulate the runoff from ice-free
zones, which would also improve the comparison.

The sensitivity of runoff to the spring snow thickness is evaluated by running a set of SR, using
all the spring conditions from 1980 to 2015 as a starting point for runs over all the summers in the
same period. We find that the variability in summer weather has a larger effect on the runoff than the
variability in spring snow thickness, with an average variation in runoff due to changes in snow cover
equal to only 31% of the variation due to summer weather for the whole ice cap. However, the spring
snow thickness is still an important factor, especially for north-facing outlets, as e.g., Brúarjökull has
an average variation in runoff due to changes in snow cover equal to 51% of the variation due to
summer weather.

The range in values when the most extreme spring conditions are chosen are a good estimation of
the importance of the spring conditions. The total runoff from Vatnajökull when the thinnest snow is
chosen is ∼19% higher than the runoff when the thickest snow is chosen. For north-facing Brúarjökull
this difference is ∼53%, for south-facing Síðujökull it is ∼27%, and for south-facing Skaftá GWC only
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∼14%. Once again, we can conclude that while the spring snow cover is important for Brúarjökull, it is
a less important factor for the south-facing outlets.

An additional simulation was conducted using thick enough snow so that the underlying ice
surface is never exposed. This run was used to evaluate how much of the runoff from 1980 to 2015
was due to exposed dirty ice. We estimate that there was approximately a 14% increase in runoff from
Vatnajökull due to the exposure of dirty ice from 1980 to 2015, a 27% increase from Brúarjökull, a 12%
increase from Síðujökull, and a 7% increase from Skaftá GWC. As the climate warms and the dirty ice
in the ablation zone is exposed earlier in the melt season, the amount of melt due to exposed ice is
expected to increase. In these experiments, using only conditions simulated for the present climate,
a maximum of 31% increase in runoff from Vatnajökull due to the exposure of dirty ice was found,
while a maximum increase of 77% was simulated for Brúarjökull. The timing and duration of exposure
of dirty ice can therefore have a large contribution to the amount of melt, and further investigations
are needed to estimate the effect on the future mass balance. This could e.g., be done by using output
from CORDEX simulations of the future climate to force the snow pack scheme. However, forcing the
snow pack scheme with different models at lower resolution and not forced by reanalysis data will
lead to new and larger biases that will need to be investigated and corrected before the model can be
confidently applied.
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Abstract. Like most ice caps and glaciers worldwide, Icelandic glaciers are losing mass and retreating in a warming climate.

Here, the evolution of Vatnajökull ice cap, Iceland, from 1980-2300 is simulated by one-way coupling of Regional Climate

Models with the Parallel Ice Sheet Model (PISM). For climate simulations of the recent past, we use simulations derived from

the numerical weather prediction model HARMONIE-AROME forced by ERA-Interim global reanalysis dataset, which have

previously been evaluated over Vatnajökull. For future climate conditions we use simulations from HIRHAM5 forced by the5

GCM EC-EARTH. While PISM has been used for ice sheets on both Greenland and Antarctica, it has not previously been

used for Vatnajökull. The model is therefore first evaluated against surface velocity measurements from 1992-2016, in order

to determine the most appropriate glacier softness and sliding parameters. A model spin-up using the simulated 1980-1999

climate is performed in order for the modeled ice flow to be in equilibrium with the simulated climate forcing. The modeled

spin up ice cap is reasonably close to the observed Vatnajökull geometry during this period, with a volume and area that are10

within 3.5% and -2.5% of the present day values. Considering that most of the outlets of Vatnajökull are surge type glaciers,

these discrepancies are considered acceptable.

The glacier evolution is modeled using the representative concentration pathway (RCP) 4.5 scenario (assumes radiative

forcing stabilizes at 4.5 W/m2 by 2100) and the RCP 8.5 scenarios (assumes radiative forcing reaches 8.5 W/m2 by 2100 but

the forcing does not stabilize) until 2100. To extend the time series, the 2081-2100 climate forcing is repeated until 2300.15

Forced by simulations under the RCP 4.5 scenario the ice cap loses 44% of its volume and 23% of its area by 2300, whereas

when forced by simulations under the RCP 8.5 scenario it loses 85% of its volume and 65% of its area. These simulations are

one-way coupled, and therefore do not include any elevation feedback on the mass balance. In an attempt to estimate the likely

effect of the feedback on precipitation and the energy balance, precipitation and temperature lapse rates are included in some

of the simulations. By 2300, the lapse rate runs has a 9-14% smaller volume and a 9-20% smaller area than the runs without a20

lapse rate correction.

The model simulations were also conducted using available simulations from the Coordinated Regional Downscaling Exper-

iment (CORDEX) over Iceland at a 12 km resolution for the same RCP scenarios. When using CORDEX simulations to force

the ice flow model, a large span of area and volume changes is simulated due to differences in atmospheric physics between

the CORDEX models. The RCP 4.5 scenario leads to volume losses between 31 and 64% by 2300 and area losses between 1325

and 37%. For RCP 8.5 scenario, the volume decrease is between 51 and 94% by 2300 and the area decrease is between 24 and

80%.

Copyright statement.
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1 Introduction

As a response to a globally changing climate, glaciers and ice caps worldwide have been retreating with increasing speed (e.g.

IPCC, 2013; Barletta et al., 2013; Huss and Hock, 2018). Future climate change will likely have a significant impact on the

dimensions of existing glaciers, which will affect the sea level and climate throughout the world. On regional scales, glacier

retreat can affect hydropower production, freshwater availability, infrastructure, and wildlife (e.g. Xu et al., 2012; Kaser et al.,5

2010; Boberg et al., 2018). It is therefore important to investigate 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 Global Climate Models (GCMs) are used in-

ternationally to make past and future projections. The Coupled Model Intercomparison Project (CMIP) was initiated in 1995 to10

provide a framework for GCM validation and provide publicly available simulations from a large collection of models. Simu-

lations from phase 5 of the project (Taylor et al., 2012) have provided simulations spanning until at least 2100, and simulations

for the next phase of the project (Eyring et al., 2016) are currently in progress.

However, due to the high computational cost of GCMs, they run with a coarse (100-200 km) resolution which neither re-

solves smaller glaciers nor accounts for all significant surface processes. Dynamically downscaling climate projections from15

GCMs using Regional Climate Models (RCMs) is therefore a useful method to better resolve specific areas or investigate sur-

face processes not resolved in GCMs. RCMs have been used and evaluated in several studies of the surface mass balance of

glaciers in e.g. Greenland (e.g. Box and Rinke, 2003; Rae et al., 2012; Langen et al., 2017; Fettweis et al., 2017), Antarctica

(e.g. Lenaerts and Van Den Broeke, 2012; Agosta et al., 2015), and Iceland (e.g. Schmidt et al., 2017, 2018). To advance

and evaluate models used for regional downscaling through international cooperation, the Coordinated Regional Downscaling20

Experiment (CORDEX) was started in 2009 (Giorgi et al., 2009). Through this project, a collection of historical and future sim-

ulations with different RCMs, driving GCMs, domains, and initialization were made publicly available. The RCMs included in

the CORDEX project are forced by selected GCM simulations from CMIP Phase 5 at the vertical boundaries. Different RCMs

and GCMs can project a highly variable evolution of the cryosphere even when the same initial conditions and greenhouse gas

concentration scenarios are used. In order to have confidence in climate projections, it is therefore important to consider the25

output from several different models.

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 a flow model is therefore needed in order to simulate a dynamically evolving glacier

surface. One way coupling of RCMs to ice flow models have been attempted in a number of studies (e.g. Aðalgeirsdóttir et al.,30

2011; Gong et al., 2014; Aðalgeirsdóttir et al., 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 neglect-

ing these feedbacks can lead to a significant underestimation in sea level projections (Edwards et al., 2014; Schäfer et al., 2015).

However, as a two-way coupling of climate models with ice flow models present substantial computational challenges, fully

coupled simulations are rarely performed. Some studies have attempted to solve this issue by adding an elevation dependent35

correction to the simulated mass balance in order to estimate the effect of the feedback (e.g. Edwards et al., 2014; Schäfer

et al., 2015).

Like most glaciers worldwide, Icelandic glaciers have been loosing mass since the late 1990s. Glaciers currently cover about

10% of Iceland (Björnsson, 2017). Vatnajökull ice cap, the largest ice cap in Iceland and the focus of this study, experienced40

slightly positive mass balance in the 1980s, but mass balance shifted towards negative after the mid-1990s following a sud-
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den increase in sea-surface temperatures at the SE-coast (Björnsson et al., 2013). From the 1995-96 glaciological year until

2013-14, the ice cap had a negative mass balance of approximately -0.8 m water equivalent (w.eq.) pr year. In the 2014-15

glaciological year, the mass balance was positive, while in the 2016-17 and 2017-18 glaciological years the mass balance was

close to zero (e.g. Pálsson et al., 2015, 2017).

For Vatnajökull, the RCM HIRHAM5 has been used for studies of the ice cap climate by Schmidt et al. (2017, 2018). Only5

reanalysis driven runs were used for these studies, and therefore only the reconstruction of the past climate was evaluated. The

simulations had a high correlation with observed specific mass balance observations back to 1992, but with an overestimation

of the precipitation in areas with high orographic forcing. Several other studies by e.g. Aðalgeirsdóttir et al. (2006, 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

temperature fields from the RCMs to simulate the ablation using a positive degree day model.10

In this study, the RCM HIRHAM5 forced by EC-EARTH at a 5.5 km resolution is evaluated and used to simulate the cli-

mate of Vatnajökull ice cap until 2100, thus expanding on the work of Schmidt et al. (2017). Two greenhouse gas concentration

scenarios are considered, Representative Concentration Pathways (RCP) 4.5 and 8.5. In the RCP 4.5 scenario (Thomson et al.,

2011), greenhouse gas concentration steadily increase until the radiative forcing stabilizes at 4.5 Wm−2 in 2100. At the end of15

the century, the average worldwide temperature increase is approximately 2.4 ◦C. The RCP 8.5 scenario (Riahi et al., 2011) is

the RCP scenario with the highest projected greenhouse gas concentration, as the concentration increases significantly during

the second half of the 21st century until the radiative forcing reaches 8.5 Wm−2 in 2100. The radiative forcing does not stabi-

lize in this scenario, and it leads to an average worldwide temperature increase of 4.7 ◦C. In order to investigate the range in

values for different simulations, available CORDEX simulations over Iceland at a 12 km resolution are used to get a range of20

projections. The HIRHAM5-ECEARTH simulations are also included within the CORDEX framework but at a lower spatial

resolution. The same two RCP scenarios are considered from the CORDEX simulations.

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. The optimal settings and flow parameters for simulations of Vatnajökull are investigated

by comparing the simulated surface velocities with available observations. PISM is one-way coupled to the RCMs, which25

means that important elevation feedback on the mass balance 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 surface mass balances from several RCMs to model the evolution of all of

Vatnajökull. However, modelling of the evolution of the whole ice cap or selected glacier outlets using flow models has been

done in studies by e.g. Björnsson et al. (2000), Aðalgeirsdóttir (2003); Aðalgeirsdóttir et al. (2005, 2006, 2011), Flowers et al.30

(2003, 2005) and Marshall et al. (2005). Aðalgeirsdóttir (2003) used a flow model with the shallow ice approximation (SIA), a

prescribed sliding, and a mass balance depending on the equilibrium line altitude (ELA) to try to model the present state of the

entire ice cap. They found that Vatnajökull is not close to a stable steady state at the present time, with simulated steady states

either smaller or much larger than the current ice cap. Flowers et al. (2003) modeled the whole ice cap with a glaciohydraulic

model, which was later coupled to an ice sheet model in Flowers et al. (2005) and Marshall et al. (2005). The coupled model35

included hydrological feedback on the basal sliding and was driven by climate change scenarios with an increased warming

of 0-4◦C. The mass balance was calculated using a positive degree day model. The authors were able to simulate a present

day, steady state ice cap that was within 3-4% of the observed volume and area. In addition, the simulations showed that

Vatnajökull is sensitive to modest warming, with a 2◦C warming leading to a 18-25% decrease in volume by 2100, and that

it can react rapidly to sustained changes in climate. Marshall et al. (2005) similarly found that an equilibrium state could be40

found for Vatnajökull which resembled the present day volume. However, the equilibrium configuration was very dependant on
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temperature, with even small changes in temperature leading to a much larger or much smaller ice cap. The authors concluded

that Vatnajökull is very sensitive to small, sustained shifts in temperature. The results of these studies will be discussed in the

context of the simulations presented in this paper.

2 Study area and Observations

2.1 Study Area5

Vatnajökull ice cap, currently ∼7800 km2, is the largest temperate ice cap in Europe. It has a surface elevation in the range

0–2110 m above sea level (a.s.l.) and is located close to the southeastern coast of Iceland (Figure 1). Annual average tempera-

tures on the ice cap are close to or below freezing. The summer balance has in recent years been negative for the entire ice cap,

but the central area occasionally turns slightly positive during repeated cold spells. At the highest areas of the glacier, there are

only 10-20 days a year with melting, while at lower elevation the ablation season generally lasts 3-4 months (Björnsson and10

Pálsson, 2008).

Vatnajökull lies partly within the active volcanic zone, and covers several of Iceland’s largest volcanoes where eruptions

are frequent (e.g. Björnsson and Einarsson, 1990; Gudmundsson et al., 2012). Western Vatnajökull mainly lies on porous lava

beds, while eastern Vatnajökull lies on impermeable unconsolidated till (e.g. Björnsson, 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 et al.,15

2016; Gascoin et al., 2017; Schmidt et al., 2017, 2018). Frequent dust storms also occur over the ice cap, darkening the surface

and increasing melt (e.g. Dragosics et al., 2016). In addition to surface melting, geothermal activity below the glacier provides

a small contribution to the total melt on average (Björnsson and Pálsson, 2008).

All the major outlets of Vatnajökull are surge-type glaciers, and about 75% of the ice cap area can be affected by surges

(Björnsson et al., 2003). Recorded surge histories suggest that some outlets surge at regular intervals, with e.g. north-facing20

Brúarjökull surging at 80-100 years intervals, while others surge at varying intervals, with e.g. south-east facing Breiðamerkur-

jökull surging at between 6 and 38 year intervals. In the 1990s, approximately 25% of the ice surplus in the accumulation area

of Vatnajökull was transported to the ablation area by surges (Björnsson et al., 2003).

2.2 Available observations

Automatic Weather Stations (AWSs) have been operated on Vatnajökull since 1994, with 1-13 stations measuring on the ice cap25

during the summer months (e.g. Oerlemans et al., 1999; de Ruyter de Wildt et al., 2003; Guðmundsson et al., 2006; Björnsson

et al., 2006). Radiation balance components have been measured since 1996, while the 2 m temperature, 2 m relative humidity,

4 m wind speed, and the 4 m wind direction have been measured for the entire period. Observations from five AWSs, three on

Brúarjökull and two on Tungnaárjökull (Figure 1), which have been operated at approximately the same locations since 2001,

are used to evaluate the simulated temperatures in the HIRHAM5-EC-EARTH simulations. ERA-Interim forced simulations30

from HIRHAM5 have previously been evaluated by Schmidt et al. (2017).

In situ mass balance and surface velocity measurements have been carried out twice a year every glaciological year since

1991-92 (Björnsson et al., 1998), with an average of 60 measured locations every year (Figure 1). The ablation has been

observed using stake measurements, and the location of the stakes has been measured by Global Position System (GPS) in

order to estimate the average seasonal velocity. The uncertainty in the mass balance measurements has been estimated to be35

±0.3 m water equivalent (w.eq.) (Björnsson et al., 1995, 2013). The observations are used to evaluate the mass balance in the

HIRHAM5-EC-EARTH runs and to determine the flow and sliding parameters used in the PISM simulations.
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Figure 1. Vatnajökull ice cap. Shown are the locations of AWS stations (black triangles) and surface mass balance/surface velocity sites

(black dots) used in this study. The red lines show the outlines of the ice divides.

The surface and bedrock topographies are needed as boundary conditions for PISM. For the surface topography, a surface

elevation 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 approximately 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 (Björnsson, 1986). Each pulse from5

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. Magnússon et al. (2016). 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

approximately ±15 m (Björnsson, 2000), but due to uncertainty in the interpolation between the survey lines, the uncertainty10

of the bedrock topography map is estimated to be 20-50 m.

3 Model description

3.1 Regional Climate Models

In this study, we mainly use the RCM HIRHAM5 for simulations of the mass balance. HIRHAM5 was developed by the

Danish Meteorological Institute, and is a hydrostatic RCM which combines the dynamical core of the HIRLAM7 numerical15

forecasting model (Eerola, 2006) and physics schemes from the ECHAM5 general circulation model (Roeckner et al., 2003).

A detailed description of the model configuration can be found in Christensen et al. (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 atmospheric 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 et al.,20

2008; Lucas-Picher et al., 2012; Langen et al., 2015; Rae et al., 2012; Langen et al., 2017) and Iceland (Schmidt et al., 2017)

using AWS and ice core data.

However, when the model is forced by ERA-Interim reanalysis data (Dee et al., 2011), which is a global atmospheric

reanalysis by ECMWF spanning back to 1979, Schmidt et al. (2017) found that there is an overestimation in the winter

accumulation over parts of Vatnajökull which e.g. affect the simulation of the albedo. Schmidt et al. (2018) found that by25
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using the well-evaluated snow pack scheme from HIRHAM5, but forcing it with incoming mass and energy-fluxes from the

numerical weather projection model (NWP) HARMONIE-AROME, a better agreement with mass balance observations could

be achieved.

HARMONIE-AROME is a non-hydrostatic, convection-permitting model (Bengtsson et al., 2017), which is based on the

AROME-France model (e.g. Seity et al., 2011), but now differs from the original model in various aspects (Bengtsson et al.,5

2017). Details on the model configuration are described in Bengtsson et al. (2017). In autumn 2015, the Icelandic Meteorolog-

ical Office started a reanalysis project for Iceland (ICRA) using the HARMONIE-AROME model (details on the model setup

can be found in Nawri et al. (2017)). ICRA currently spans from September 1st, 1979, until December 31st, 2017. It is run

over a domain containing only Iceland at a horizontal resolution of 0.025◦ x 0.025◦, corresponding to∼ 2.5 km. HARMONIE-

AROME is forced by ERA-Interim reanalysis data at the lateral boundaries at 6 hour intervals. Since HARMONIE-AROME10

is non-hydrostatic and calculates precipitation diagnostically, it provides a better representation of the accumulation in areas

with high orographic forcing than HIRHAM5 (Schmidt et al., 2018).

Due to the better agreement between mass balance observations and simulations when the snow pack scheme from HIRHAM5

is forced by HARMONIE-AROME meteorological forcing, the mass balance from these runs are used for simulations in the

reanalysis period (1980-present). In order to get a more accurate mass balance, the precipitation correction used by Schmidt15

et al. (2018) is also used in this study. The method is described in detail in Schmidt et al. (2018), and the details on the snow

pack scheme are described in Langen et al. (2017) and Schmidt et al. (2017).

For future simulations, we rely on HIRHAM5 forced by EC-EARTH (Hazeleger et al., 2012) at the lateral boundaries. EC-

EARTH is based on the operational seasonal forecast system of the European Centre for Medium-Range Weather Forecasts20

(ECMWF). It has a 2◦C cold bias over the Arctic (Koenigk et al., 2013), which leads to an overestimation of the sea ice extent,

but it performs well when simulating dynamic variables, which comparison with other coupled models of similar complexity

confirms (Hazeleger et al., 2012). HIRHAM5 was run at a 5.5 km resolution, with a domain containing Greenland and Iceland.

Two greenhouse gas concentration scenarios are considered, RCP 4.5 and 8.5. Due to the high computational cost of these

simulations, they are only available in three 20 year time slices: a historical period from 1991-2010 and two future periods25

from 2031-2050 and 2081-2100. The output from these runs was evaluated over Greenland by Boberg et al. (2018).

In order to present a larger number of projections, this study also considers available simulations within the CORDEX project

(Giorgi et al., 2009). Iceland is represented both in the Europe and Arctic domains, but the highest resolution simulation (12

km) can be found in the Europe domain. For the RCP 8.5 scenario, a total of 30 simulations are available at a 12 km resolution,30

but only 15 simulations provided the output parameters needed for this study and included an appropriate snow/ice mask over

Vatnajökull. Altogether, five different RCMs, eight GCMs, and three ensembles are represented by these simulations.

Fewer simulations are available for the RCP 4.5 scenario, as only 19 simulations are available at a 12 km resolution. Of

these, 11 simulations provide the output parameters needed for this study. In total, four different RCMs, six GCMs, and three

ensembles are represented by these simulations. A list of the simulations used in this study is shown in Table 1.35

3.2 The Parallel Ice Sheet Model

The Parallel Ice Sheet Model (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 sheet (e.g. Winkelmann et al.,

2011; Aschwanden et al., 2013, 2016; Aðalgeirsdóttir et al., 2014). PISM numerically solves the shallow ice and shallow shelf

6
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RCM GCM Ensemble RCP 4.5 RCP 8.5 Reference

HIRHAM5

ICHEC-EC-EARTH r3i1p1 x x

Christensen et al. (2006)MOHC-HadGEM2-ES r1i1p1 x

NCC-NorESM1-M r1i1p1 x x

CCLM4-8-1
CCCma-CanESM2 r1i1p1 x

Rockel et al. (2008)
MIROC-MIROC5 r1i1p1 x

RACMO22E

ICHEC-EC-EARTH r12i1p1 x x

Van Meijgaard et al. (2008)ICHEC-EC-EARTH r1i1p1 x x

MOHC-HadGEM2-ES r1i1p1 x x

RCA4

ICHEC-EC-EARTH r12i1p1 x x

Samuelsson et al. (2011)

CNRM-CERFACS-CNRM-CM5 r1i1p1 x x

IPSL-IPSL-CM5A-MR r1i1p1 x x

MOHC-HadGEM2-ES r1i1p1 x x

MPI-M-MPI-ESM-LR r1i1p1 x x

NCC-NorESM1-M r1i1p1 x

WRF331F IPSL-IPSL-CM5A-MR r1i1p1 x x Hines et al. (2008)

Table 1. CORDEX simulations used in this study.

approximations (SIA and SSA) in parallel. The SIA is solved with a non-sliding base, and the SSA can be used as a sliding law

(Bueler and Brown, 2009). In this study, both the SIA and the combined SIA+SSA schemes are investigated for Vatnajökull.

Basal sliding can be estimated in PISM using a fully plastic or pseudo-plastic law. In the case of a pseudo-plastic power law,

it relates bed-parallel shear stress, τb, to the basal velocity ub

τb =−τc
ub

uqthreshold|ub|1−q
(1)5

where τc is the yield stress, which represents the strength of the glacier till, uthreshold is a threshold speed, and q 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 yield stress can either be considered constant or calculated dynamically by relating the till material properties, i.e.

the till friction angle φ, and the effective pressure on the till, Ntill, using the Mohr-Coulomb criterion:

τc = c0 + tanφ ·Ntill (2)10

where c0 is called the till cohesion and is generally set to zero. The effective pressure on the till is determined by

Ntill =min

{
Po,N0

(
δPo

N0

)Wtill/W
max
till

10(e0/Cc)(1−Wtill/W
max
till )

}
(3)

where Po is the ice overburden pressure, determined entirely by the ice thickness, density and the gravitational acceleration,

and Wtill is the effective thickness of water in the till computed in the model. The remaining variables are constants which

describe the till mechanics: N0 = 1000 Pa is the reference effective pressure of the till, δ is the effective fraction overburden,15

e0 = 0.69 is the reference void ratio, Cc = 0.12 is the compressibility coefficient, and Wmax
till = 2 m is the maximum water

thickness allowed in the till (Tulaczyk et al., 2000; Bueler and van Pelt, 2015).

While till deformation plays a major role in the ice flow of parts of Greenland and Antarctica, till deformation may not be the

main reason for basal sliding beneath Vatnajökull. We are therefore not claiming that the sliding model in PISM describe the

physics of basal sliding beneath Vatnajökull, but by tuning the parameters of the till model, basal sliding which are in accord20
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with observed total velocities may be simulated. On the other hand, the sliding model is forced by melt water, ice thickness,

and slope, which are realistic drivers of basal sliding of Vatnajökull.

Within the framework of PISM, there is a hierarchy of flow laws with different complexities. In this study, tests are conducted

using the isothermal Glen’s flow law, wherein the ice softness is fixed but can be determined manually, and the enthalpy-based5

Glen-Paterson-Budd-Lliboutry-Duval law (gpbld) (Lliboutry and Duval, 1985), which is the PISM default and the ice soft-

ness depends on both temperature and liquid water fraction. Aðalgeirsdóttir et al. (2005) found a good correlation between an

isothermal flow law with a softness of A=2·10−24 Pa s−1 and velocity measurements from Vatnajökull when additional sliding

is allowed. However, an enthalpy based scheme should perform better when simulating temperate ice as the latent heat of liquid

water within the ice is taken into account (Aschwanden et al., 2012), and energy conservation is therefore better simulated.10

Both the enthalpy and isothermal schemes are tested in this study.

PISM includes several calving parameterisations. In this study, the physically-based 2D eigen calving method (Levermann

et al., 2012) is used with a thickness threshold of 150 m. This parameterisation assumes that the average calving rates are

proportional to the product of principal strain rates, which are derived from SSA-velocities (Levermann et al., 2012).

The model parameters within PISM are highly customizable, and previous studies have determined what the optimal param-15

eters are for the ice sheets on Greenland (e.g. Aschwanden et al., 2013) and Antactica (e.g. Winkelmann et al., 2011). A similar

determination of parameters is conducted for Vatnajökull before the model is used for coupled simulations.

3.3 Model setup

3.3.1 RCM climatic mass balance

In this study, the snow pack scheme from HIRHAM5, which is run offline from the atmospheric component, is used to simulate20

the mass balance. The scheme has 25 subsurface layers, and includes a dynamic surface scheme that explicitly calculates

the surface mass budget, accounts for the melting of snow and bare ice, and resolves the retention and refreezing of liquid

water in the snow pack (Langen et al., 2015, 2017). This scheme only runs for designated glacier gridpoints, and it is run

offline forced by 6-hour surface energy (incoming shortwave (SW↓) and longwave (LW↓) radiation and turbulent fluxes) and

mass fluxes (snow, rain, evaporation, and sublimation) from a previous HIRHAM5 simulation. While a fully coupled, high-25

resolution HIRHAM5 run is computationally very expensive, this offline model offers a quicker alternative to test new model

implementations.

This snow pack scheme has previously been evaluated for Vatnajökull by Schmidt et al. (2017). The authors used an updated

snow albedo scheme, which was tuned to better fit with observations from AWSs operated on Vatnajökull. In addition, the

albedo of the ice that emerges as the snow melts away in the ablation zone, was improved by using a background map based30

on MODIS observations (Gascoin et al., 2017; Schmidt et al., 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 ad-

ditional missing feedbacks have to be taken into considerations. Schmidt et al. (2018) used the model forced with energy and

mass fluxes from the NWP HARMONIE-AROME, and achieved improved simulations of the mass balance compared to using

HIRHAM5 forcing. A similar approach will be used in this study, as the CORDEX simulations will all be used to force the35

snow pack scheme. This is done in order to get the most similar conditions for the climate runs, and the differences in mass

balance are not due to e.g. different complexities of the albedo parameterisation. The way the output from RCMs can be used

to force the HIRHAM5 snow pack scheme is described in detail in Schmidt et al. (2018).
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The calculated monthly mass balance fields are used to force the ice flow model PISM, 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-mass balance feedback is not taken into

account. As a way to test how much of an effect the elevation change has on the mass balance, a set of model runs where a

lapse-rate correction is added to the precipitation and temperature are also conducted. A lapse rate of δP/δhs = 0.00176 a−1

is used following Flowers et al. (2005), where P is the precipitation and hs is the surface elevation in metres, and a temperature5

lapse rate of δT/δhs = 0.006 K/m following Guðmundsson et al. (2006) is used to correct the incoming longwave radiation

and the sensible heat flux, as these fluxes can both be parameterised as a function of the air temperature. A schematic of how

the models are coupled for these runs is shown in Figure 2.

HIRHAM5 snow
pack scheme

Monthly mean
SMB

Bilinear inter-
polation

PISM simula-
tion

Precipitation
lapse rate

Surface ele-
vation

Volume/area

Bilinear inter-
polation

Sensible HF

Evaporation

Rainfall

Snowfall

Latent HF

RCM output

PISM state file

Temperature
correction

LW↓

SW↓

Figure 2. The setup of the model coupling. The precipitation and temperature lapse rate corrections are only added for the elevation feedback

experiments.

3.3.2 PISM initialization

To simulate the ice flow with PISM, the model needs the following boundary conditions; the bedrock elevation, an initial ice10

thickness estimate, a geothermal heat flux map, the monthly mean climatic mass balance, and the monthly mean ice surface

temperatures. The bed elevation and initial ice thickness fields are based on observations, and both maps have a resolution of

500x500 m.

An important source of meltwater beneath Vatnajökull is due to geothermal heat-flux melting the ice from below. The basal15

water computed in PISM is important e.g. for determining the saturation of the till. A NW-SE heat-flux gradient surrounds

Vatnajökull, with maximum heat fluxes of 0.25 W m−2 above the active rift zone (Flóvenz and Saemundsson, 1993). Some

central volcanoes have much higher localized values of up to 50 W m−2. In the absence of a map of geothermal heat-fluxes, the

method used by Flowers et al. (2003) is used to estimate the background fluxes. The eastern sector of Vatnajökull is assigned

a value of 0.18 W m−2, while the western sector is assigned no heat-flux since the subsurface hydrothermal circulation is as-20

sumed to be sufficiently strong to prevent heat from reaching the ice. Active geothermal areas beneath Vatnajökull are assigned

values following the suggestions of Björnsson (1988); 50 W m−2 at Grímsvötn and the Skaftá cauldrons.

When using a climatic mass balance to force PISM, the ice temperature, i.e. the temperature below snow and firn processes, is

required as input for the model. Icelandic glaciers are temperate (Björnsson and Pálsson, 2008), and while a winter cold wave is25
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observed in the glacier snow, it generally does not reach deep into the underlying ice. Using the HARMONIE-HIRHAM5 sim-

ulated ice temperatures and conduction a constant geometry spin up run for 1000 years with the the enthalpy based model, an

ice cap that is approximately 80% temperate ice is achieved, with e.g. the ablation zones of Brúarjökull and Dyngjujökull being

frozen to the bed in the simulation. Based on field observations, this is not a realistic result. In this study, the ice temperature is

instead forced to be 0◦C for the entire domain, in order to simulate a completely temperate ice cap.5

Several simulated climatic mass balance fields are used in this study, as described in Section 3.1. If the flow model is run at

the resolution of the RCMs, i.e. with a grid size of 2.5 km x 2.5 km, high velocity areas occur in some grid points due to the large

topographic gradients between grid points at this resolution. The climatic mass balance 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.10

3.3.3 Spin-up techniques

Before projections of the future evolution of Vatnajökull can be conducted, the coupled RCM-ice flow model needs to be

initialized to represent the present state of the glacier, as the initial model state strongly influences the initial trajectory of

projections (e.g. Aðalgeirsdóttir et al., 2014).

A common initialization method is to do a ’constant climate spin-up’. Here, the initial state of the surface is obtained by15

continuously using the present day climate forcing until the ice cap reaches an equilibrium. Using a forcing period where the

glacier has approximately a zero mass balance is preferable in order to obtain the most realistic geometry.

Another common procedure for Greenland and Antarctica is to do a ’paleo spin-up’; running the model for a full glacial

cycle by parameterizing changes in the climate forcing using climate records from ice cores (e.g. Aðalgeirsdóttir et al., 2005;

Nielsen et al., 2018). This method is expected to give a more accurate representation of the ice temperature and basal condi-20

tions, but often produces an ice sheet that differs in size and shape from present day (e.g. Aðalgeirsdóttir et al., 2014).

Since Icelandic glaciers are temperate (Björnsson and Pálsson, 2008), a model spin-up is expected to be less important than for

e.g. Greenland. However, a spin-up is still needed for the model to be in balance with the reference climate forcing, to make

certain that the initial response of the ice cap is due to a changing climate and not a result of model adjustment to the reference25

forcing. In addition, uncertainties in the bedrock topography will affect the shape of the ice cap, and conducting a spin-up will

remove any model drift as a result of these uncertainties. Since the constant climate spin-up is expected to produce a more

accurate glacier geometry, this initialization method is chosen for this study. Vatnajökull was approximately in balance from

1980-1999, so this period is used for the spin up. After the spin-up, the model is forced until 2010 for comparisons with the

observed geometry of that year.30

It is important to note that Vatnajökull 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. Aðalgeirsdóttir et al., 2005;

Marshall et al., 2005). One of the explanations for a non-equilibrium ice cap is that most of the outlet glaciers of Vatnajökull are

surge-type. Surges have a major effect on the shape and mass balance of Icelandic glaciers, with about 25% of the surplus in the

accumulation area of Vatnajökull being transported down-glacier by surges in the 1990s (Björnsson et al., 2003). Performing35

a spin-up without surges is therefore expected to produce an ice cap with a too large volume and too small area. Since PISM

physics is not complex enough to capture surge dynamics, it is not possible to have dynamically occurring surges in the model.
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4 Results

4.1 Determining optimal flow law and sliding parameters in PISM

In order to determine the optimal parameters and flow laws to model the ice flow of Vatnajökull, a series of model runs are

performed to assess the different model options. First, a 1000 year fixed geometry spin-up is performed until both the glacier ice

and the glacier till are in equilibrium. Then, the model is run for 1 year while allowing the surface to change in order to slightly5

smooth the surface but still retain the present day geometry. This method has e.g. previously been used by Aðalgeirsdóttir et al.

(2005). The one year ice surface velocities are then compared to available observations.

Firstly, tests are conducted to investigate if the ice velocities can be simulated with only SIA and therefore no sliding. The

results using both the gpbld enthalpy based flow model and the isothermal Glen’s flow model using three different values of

the softness A are shown in Table 2.10

Flow law A [s−1Pa−3] rmse [m/yr]

W Brúar E Brúar Köldukvíslar Tungnaár Síðu Dyngju Breiðamerkur Eyjabakka

gpbld variable 11.9 26.4 82.9 28.4 11.1 69.9 231.2 42.1

Isothermal Glen’s

2.4·10−24 20.1 13.2 8.6 29.8 29.3 17.7 82.8 6.1

3.6·10−24 18.1 10.6 10.3 28.2 26.0 16.1 70.5 3.7

6.0·10−24 11.4 8.4 32.3 24.7 13.8 29.6 67.4 13.4

Table 2. Average root mean square error (rmse) between the simulations and the mean of the velocity observations. Gpbld is the enthalphy

based flow law. Surge velocities have been removed from the observation time series for the comparison.

The gpbld flow law produces the softest ice, and while the resulting simulated surface velocities provide a good fit compared

to observations for e.g. Tungnaárjökull and Síðujökull, for most of the outlets the modeled surface velocities are much higher

than observed. For this study, the isothermal Glen’s flow model will therefore be used. While the measured velocities can be

simulated well using a SIA model with no sliding, different ice viscosities are needed for each outlet. A better model choice

would therefore be to choose a softness that models the lowest measured velocities well and add sliding to the simulations.15

This is similar to the conclusions drawn by Aðalgeirsdóttir et al. (2005). We therefore chose to use the isothermal Glen’s flow

law with A equal to 2.4 · 10−24 s−1Pa−3, as it fits well with lowest observed velocities (Figure 3). In addition, it is the ice

viscosity suggested for temperate ice by Cuffey and Paterson (2011).

In PISM, the sliding law can be chosen to be purely plastic or pseudo-plastic. Both options were investigated for this study,20

and the pseudo plastic exponent q and the till friction angle φ were varied in order to obtain the best fit. We find that the best

fit with observations is obtained when a pseudo-plastic flow law with q = 0.5 and a till friction angle that varies linearly with

bed elevation is used. However, a velocity mismatch arises for points near the outlet terminus. These points generally have a

low observed velocity and can for several of the outlets be modeled without sliding. After the end of the constant geometry

spin-up, the glacier till is completely filled with water under the entire ice cap. The thin, low elevation outlet terminus of e.g.25

Brúarjökull will therefore start sliding resulting in a velocity much higher than observed, unless the till friction angle is made

sufficiently high. When this occurs, almost no sliding is allowed in the model in the higher elevation glacier points. A way to

counter this effect is to add a large till cohesion (see Equation 2). Using a till cohesion of 125 KPa in combination with a till

friction angle that is varied between 10◦ and 65◦ for bed elevations between 700 and 1000 m a.s.l. gives the best correlation

with the observations. The changes from the default PISM settings are summarized in Table 3.30
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Parameter value

Flow law isothermal Glen’s

Sliding law pseudo-plastic

A 2.4E-24

q 0.5

c0 125 kPa

bmin 700 m a.s.l.

bmax 1000 m a.s.l.

φmin 10◦

φmax 65◦

δ 0.05

Table 3. Model choices changed from the PISM default settings.

The simulated velocities when adding a SSA sliding with the parameter choices given in Table 3 are shown along eight flow

lines in Figure 3. The modeled velocities of Brúarjökull and Köldukvíslarjökull have the best fit with the average observations.

Breiðamerkurjökull has the largest deviation, but the simulated velocities are still mostly within the range of the observations.

Eyjabakkajökull is the only outlet which significantly deviates from the observations, which suggest that generally very little

sliding occurs along this outlet. Brúarjökull, Síðujökull, Breiðamerkurjökull, and part of Dyngjujökull, are most affected by5

sliding.

Since Breiðamerkurjökull and Skeiðarárjökull both will be affected by calving at some point during the future simulations,

due to an over-deepening of the bedrock beneath the glaciers, a calving parameterisation is added to the simulations. The eigen-

calving scheme (Levermann et al., 2012) and a thickness threshold of 150 m was used to simulate calving when proglacial lakes

are formed.10

4.2 Model spin-up using 1980-1999 climate

The results of the constant climate spin-up are shown in Figure 4. As expected, the equilibrium state has a smaller area (by

2.5%) and a larger volume (by 3.5%) compared to the present day reference geometry. This can partly be attributed to the

lack of surges in the model. Dyngjujökull has the largest thickness deviation from the observed, which could be due to the

short surge cycle of this outlet. The mass balance in the upper part of the outlet is much higher than that needed to sustain the15

current thickness, which causes the outlet to surges approximately every 20 years. For Brúarjökull, on the other hand, there is

only a small difference between the mass balance needed to sustain the current thickness and the actual mass balance, and it

therefore has a long surge cycle of 80 years. The simulated outlet is still thicker than observed and is shorter than the current

extent, but the thickness of most of the outlet is overestimated by less than 50 m, whereas Dyngjujökull is overestimated by

between 50 and 150 m. The thickness of the south-facing outlets is underestimated in the ablation zone and overestimated in20

the accumulation zone, which could once again 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, another important factor is that the present day ice cap is most likely not in equilibrium with the

current climate, so an equilibrium ice cap will not capture the present day geometry even if surge dynamics were included. A

non-equilibrium present day geometry e.g. explains the thin ice at the terminus of several outlets which disappear during the25

constant climate spin-up. Errors in the reanalysis forcing and uncertainties in the bedrock topography also affect the spin-up

geometry.
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Figure 3. Comparison of flow velocities after one year with measured velocities at the mass balance stakes (Figure 1) for a) western Brúar-

jökull, b) eastern Brúarjökull, c) Köldukvíslarjökull, d) Síðujökull, e) Tungnaárjökull, f) Dyngjujökull, g) Breiðamerkurjökull, and h) Ey-

jabakkajökull. The horizontal axis is the distance from the ice divide. The red line shows the simulated velocities using only SIA with

A=2.4·10−24 s−1Pa−3, and the blue lines shows SSA+SIA velocities when the options in Table 3 are used. Solid black line shows the

average over the observation period, while stippled black lines show the maximum and minimum observation.

Figure 4. a) The elevation difference between the reference ice surface and the model after the constant climate spin-up. b) The ice thickness

and extent after the constant climate spin-up. The black line shows the current extent of the ice cap.

Figure 5 shows the profiles of six outlet glaciers along a flowline both for the observed 2010 geometry and for the simulated

geometry. As previously mentioned, Brúarjökull and Dyngjujökull are the outlets with the largest differences between the spin

up geometry and the observed geometry. After the spin-up, Brúarjökull is shorter by ∼7.5 km in the simulation. Therefore it is

the outlet whose extent is the furthest from the observed. The simulated Dyngjujökull is shorter by 2 km, while the simulated

Skeiðarárjökull and Tungnaárjökull are shorter by approximately 3 km. Hoffellsjökull and Breiðamerkurjökull have the same5

extent in the simulations as observed.
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Figure 5. The spin-up profiles compared to observed 2010 profiles from six outlet glaciers. Profiles are shown in black in the top figure.

Due to these changes in area and thickness, the simulated velocities for this geometry do not fit as well with the observations

as in the one 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 4. The main reason for the bigger errors is that the edges of the ice cap have

become thicker and steeper compared to the one year run, hence the velocities become much higher near the outlet terminus.

Especially Dyngjujökull, which has the highest deviation in thickness in the steady state simulations, reaches velocities much5

higher than those simulated with the current geometry.

Bruw Brue Kol Tun Siðu Dyng Bre Eyja

1 yr [m/yr] 7.7 6.2 7.9 21.2 9.6 8.8 55.0 19.0

CC spin-up [m/yr] 9.0 18.3 25.9 19.8 30.0 44.5 78.9 52.9

Table 4. The mean rmse between average surface velocity observations and the simulated surface velocities for all sites. The 1 year velocities

are modeled using the same shape of the outlet glaciers as observed, while CC spin-up velocities are taken at the end of a constant climate

spin-up.

4.3 Reanalysis simulations from 1980-2016

The simulated changes in mass balance, volume, and area of Vatnajökull during the period 1980-2016 are shown in Figure

6. The measured change in volume from the 1991-92 glaciological year until 2014-15 is approximately 3%. In the model
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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 Figure 6a), 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 occurring in 1996, 1998, 2004, 2010, and 2011. The facts

that parts of the ablation zone melted away during spin-up, and that surges occurred in 1991, 1994, and 2000 in western and

north-western outlet glaciers, which transported additional mass down to the ablation zone, also contribute to the difference in5

volume loss.

The simulated change in area is also shown in Figure 6c. 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 to 1999 climate, and

that the thinnest parts of the ablation zone melted away during the model spin-up.
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Figure 6. a) HARMONIE-HIRHAM5 reconstructed summer (red), winter (blue), and net (green) mass balance compared with observations

(black). b) volume and c) area change in simulation from 1980-2015.

Since the ice cap is temperate both in reality and in the simulations, the spin-up of the ice cap should not be as important as10

for example for Greenland. If only a constant geometry spin-up had been conducted before using the reanalysis, so the ice cap

started from the 2010 shape, then the results would be significantly different. In that case, only a slightly higher volume loss of

2.1% is simulated since 1991-92, but a significantly higher area loss of 3.0% is simulated for the same period. This is closer to

the observed values, but since the ice cap is not in balance with the reference forcing, some of this signal could be due to the

ice cap adjusting to the reference forcing. As mentioned in the previous section, the spin-up is important to adjust the ice cap15

shape to the forcing, which does have some significant biases (Schmidt et al., 2018), as well as smoothing any drift that results

from uncertainties in the bedrock topography. However, as can be seen from the reanalysis results, this leads to a slower than

observed outlet retreat in the beginning of the run.
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4.4 HIRHAM5-EC-Earth 5.5 km simulations

4.4.1 Evaluation

The output from HIRHAM5 with the same setup as the simulations used in this study was previously evaluated by Schmidt

et al. (2017), but in that study ERA-Interim reanalysis was used to force the model at the lateral boundaries and not a GCM.

The biases in the simulations used in this study are therefore larger. The climate of EC-EARTH has (as any freely running5

GCM) a variability that is out of phase with reality, and comparison with observations is therefore best done using a statistical

method. Boberg et al. (2018) analyzed the HIRHAM5-EC-EARTH simulations over Greenland in a similar way, and found

that the temperature was simulated equally well with HIRHAM5 forced by ERA-Interim and EC-EARTH, but the ablation and

runoff was underestimated by the EC-EARTH forced simulations.
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Figure 7. Quantile-Quantile plots of the monthly mean temperatures from five AWSs compared to a) EC-EARTH forced simulations and b)

ERA-Interim forced simulations. Red line shows the straight line the quantiles follow and the black line shows a one-to-one line

Figure 7 shows quantile-quantile plots of the modeled and observed monthly mean temperatures. Both the EC-EARTH and10

ERA-Interim forced simulations are compared to the temperatures measured at five AWSs from 2001-2010. 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 temperatures. However, there is a clear temperature

bias in the EC-EARTH runs, which is apparent when comparing the quantile-quantile plots to the one-to-one line. EC-EARTH

has a 1.9 ◦C cold bias over Vatnajökull, which is consistent with the general 2 ◦C cold bias found over the Arctic in EC-EARTH15

(Koenigk et al., 2013), whereas the ERA-Interim forced simulations only have a cold bias of 0.4 ◦C over Vatnajökull (Schmidt

et al., 2017).

A comparison of the simulated and observed specific summer, winter, and net mass balance for the period 1991-2010 is

shown in Figure 8. The simulations have a clear overestimation in both the summer, winter, and net balance, simulating a net

mass balance that is positive for the whole historical period, whereas the observations show that the mass balance has been20

negative since the mid-1990s. Over the entire period, the average overestimation of the winter mass balance is 1.0 m w.eq., the

overestimation of the summer balance is 0.9 m w.eq., and the overestimation of the total balance is therefore 1.9 m w.eq. For

the ERA-Interim forced runs, the winter balance was overestimated by 0.5 m w.eq., the summer balance by only 0.06 m w.eq.,

and the net balance was therefore overestimated by∼0.6 m w.eq. The biases in the EC-EARTH forced simulation are therefore

much larger than in the ERA-Interim forced simulation, in part due to the larger temperature bias.25

Figure 8 shows the evolution of the mass balance until 2100 for the two RCP scenarios used in this study. Both runs have

approximately the same temperature increase until 2050 (1.5◦C increase relative to the 1991-2010 average for RCP 4.5 and
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1.4◦C increase for RCP 8.5), and the mass balance change is therefore almost equal in the first time slice. However, as can be

seen from the plots, the net mass balance does not reach negative values until after 2030. For the last time slice the net mass

balance is mostly negative in both scenarios, and in this period there is a significant acceleration of the warming over Iceland

in the RCP 8.5 scenario, as temperatures have increased with 4.7◦C relative to the 1991-2010 average. The temperature has

increased with 3◦C in the RCP 4.5 scenario.5
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Figure 8. The simulated summer (red), winter (blue), and annual (green) mass balance by HIRHAM5-EC-EARTH using the a) RCP 4.5

scenario and b) RCP 8.5 scenario. Black lines with coloured dots show the observations.

If the mass balance fields from these simulations are used directly to force the flow model, significant mass balance biases

would be introduced into the projections. Instead of using the absolute values computed by the offline model, the flow model

is therefore forced with mass balance anomaly fields. These are computed by subtracting the projections for each year from

the mean of the historical period. The anomaly is then added to the average HARMONIE-HIRHAM5 simulated mass balance

from 1991-2010.10

4.4.2 Step-wise climate response

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 time slices. Starting from the spin-up state, the model is run for 2000 years recycling the anomaly of the forcing

from 2031-2050 and 2081-2100 for the RCP 4.5 scenario, and 2081-2100 for the RCP 8.5 scenario. This corresponds to a

sudden temperature change of 1.5◦C, 3.0◦C, and 4.7◦C. The resulting changes in area and volume are shown in Figure 9a-c.15

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% smaller area. For the last scenario, 2081-2100 RCP 8.5 with 4.7◦C warming, only the highest points of the ice cap (for

example Öræfajökull and Bárðarbunga) stay glacierized. Here, 97% of the volume and 92% of the area has disappeared. The20

current glaciation limit for southern Iceland is 1100 m (Björnsson and Pálsson, 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 1980-1999 in these simulations.

When adding precipitation and temperature lapse rates to the forcing, to estimate the effect of elevation feedback on the

mass balance, the response of the ice cap is slightly faster (Figures 9d-f). After 200 years, the lapse rate runs have volumes25

and areas that are 5-11% and 3-18% smaller than the runs without a lapse rate correction, respectively. Initially, the RCP 8.5

run has the largest sensitivity to the lapse rate correction, as the ice cap melts the fastest during this run. However, since the ice

cap almost completely disappears even in the run without the lapse rate correction, there is not a large difference between the
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Figure 9. Changes in ice cap volume and area with step-wise climate forcing. Figures (a)-(c) do not take elevation feedback into account,

while Figures (d)-(e) use a lapse rate correction. Figures (a) and (d) show the volume change relative to the reference ice cap, (b) and (e) show

the area change relative to the reference ice cap, and (c) and (f) show the steady-state area, with the different colors showing the different

scenarios at the end of the simulations.

simulations at the end of the run. Once the ice cap reaches a steady state, the lapse rate simulation project a volume and area

that are only 2% and 4% smaller than the simulations without the correction.

The two more moderate warming scenarios (1.5◦C and 3.0◦C warming) are more sensitive to the elevation-dependent feed-

back. 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 area5

that is 46% and 36% smaller than the no feedback simulations, while the 3◦C temperature increase has a volume and area that

is 24% and 35% smaller than the no feedback simulations.

4.4.3 Continous climate response

For these simulations, the ERA-Interim forced HARMONIE-HIRHAM5 output is used for the period 1980-2016, after which

the mass balance anomalies between the future and reference period in the EC-EARTH forced HIRHAM5 simulations are used.10

In between the time slices, the mass balance is simulated by adding a linear trend between the time slices with the variability

from the previous period added to the trend. After 2100, the climate from 2081-2100 is repeated for another 200 years.

The results from these simulations are shown in Figure 10. The volume loss happens more rapidly than the area loss in both

scenarios. Without any precipitation and temperature lapse rate, the ice cap volume decreases by 17% for RCP 4.5 and 34% for
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Figure 10. (a-b) Changes in ice cap volume and area, compared with the reference ice cap, with varying forcing from 1980-2100 for RCP

4.5 and RCP 8.5 scenarios, and continued until 2300 using repeated 2081-2100 forcing. (c-d) The areal extent of the ice cap at 100 year time

intervals for (c) RCP 4.5 and (d) RCP 8.5 scenarios.

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 10 also shows the response of the glacier outlets to the different climate scenarios. The low elevation southern outlets

Skeiðarárjökull and Breiðamerkurjökull are the most sensitive to an increase in warming. To estimate the effect of climate

warming on specific outlets, the elevation change along flow lines is investigated for six outlets: south-facing, low elevation5

Breiðamerkurjökull and Skeiðarárjökull, south-west facing Tungnaárjökull, the north-facing Brúarjökull and Dyngjujökull,

and the south-east facing, small and steep Hoffellsjökull. Figure 11 shows the retreat for the RCP 8.5 scenario, while Table 5

gives the retreat along the flowlines for both scenarios.

Breiðamerkurjökull, Skeiðarárjökull, and Hoffellsjökull are the most sensitive to even the lower emission scenario, retreating

with 2.5-4.5 km by 2100. Dyngjujökull has the smallest retreat in both scenarios for all investigated periods. The retreat of10

most of the outlets significantly speeds up between 2100-2200, which is due to the increased ablation imposed in this period

by repeating the high forcing from 2081-2100. 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. Hoffellsjökull). In the RCP 8.5 scenario, outlet retreat continues

rapidly except in cases where the outlet has almost disappeared by 2200 (Hoffellsjökull). Especially Tungnaárjökull has a

rapid increase in outlet retreat between 2200 and 2300.15

The retreat shown in Table 5 are relative to the spin-up geometry, which is significantly different from the current geometry

(Figure 4). The retreat of both Brúarjökull and Dyngjujökull may therefore be underestimated in these simulations, as the

spin-up areas of these outlets are smaller than present day (especially Brúarjökull, which retreated with 7.5 km during spin-up)

while the simulated ice thickness is larger (especially for Dyngjujökull).

20

One of the reasons for the differences between the spin-up geometry and the present day geometry is that surges are not
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Outlet Scenario 0-100 years 0-200 years 0-300 years

Brúarjökull
RCP 4.5 1.5 km / 5% 5.0 km / 20% 8.5 km / 30%

RCP 8.5 3.0 km / 10% 14.0 km / 50% 24.0 km / 90%

Dyngjujökull
RCP 4.5 1.0 km / 5% 3.0 km / 10% 3.5 km / 15%

RCP 8.5 2.0 km / 5% 6.5 km / 20% 12.0 km / 40%

Tungnaárjökull
RCP 4.5 2.0 km / 5% 4.5 km / 10% 5.0 km / 15%

RCP 8.5 3.5 km / 10% 10.5 km / 30% 35.5 km / 100%

Skeiðarárjökull

RCP 4.5 3.5 km / 10% 8.0 km / 20% 13.5 km / 35%

RCP 8.5 4.0 km / 10% 23.0 km / 55% 31.0 km / 75%

no calving
RCP 4.5 3.5 km / 10% 5.0 km / 10% 12.0 km / 30%

RCP 8.5 4.0 km / 10% 23.0 km / 55% 31.0 km / 75%

Breiðamerkurjökull

RCP 4.5 4.5 km / 10% 11.0 km / 30% 13.0 km / 35%

RCP 8.5 6.5 km / 20% 24.0 km / 65% 36.0 km / 100%

no calving
RCP 4.5 3.5 km / 10% 9.0 km / 25% 11.0 km / 30%

RCP 8.5 5.5 km / 15% 24.0 km / 65% 36.0 km / 100%

Hoffelsjökull
RCP 4.5 2.5 km / 15% 5.5 km / 30% 5.5 km / 30%

RCP 8.5 5.5 km / 30% 16.0 km / 90% 17.5 km / 100%

Table 5. The amount of retreat of select outlet glaciers in km / percentage along the flowlines shown in Figure 5 in scenarios conducted with

EC-EARTH forced climate. Distances have been rounded to the nearest 0.5 km and the nearest 5%. The retreat under the RCP 8.5 scenario

is also shown in Figure 11.

taken into account in the flow model. Surges make it difficult to relate the simulated retreat with the 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 the fact that the spin-up volume

and area are fairly close to the current geometry even without surges suggests that there may be an overestimation in the ve-

locities. This is partly due to the thickening of the outlet during spin-up. The simulated outlet retreat is therefore probably too5

slow during normal flow periods and too fast during surges.

Effect of calving

Another 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 Skeiðarárjökull and Breiðamerkurjökull, which both terminate into a proglacial10

lake for parts of the runs due to an over-deepening of the bedrock. However, only Breiðamerkurjökull is calving at the start

of the run, which is known to have a big effect on its mass loss: currently, about 1/3 of the mass loss from this outlet is due

to calving. To investigate how much calving contributes to the retreat of Skeiðarárjökull and Breiðamerkurjökull, simulations

without calving are conducted and compared to the previous simulations where calving is included.

For the RCP 4.5 scenario, the simulation without calving has the same amount of retreat for Skeiðarárjökull as the one15

with calving in 2100, but the calving simulation speeds up the retreat after 2100 due to the creation of a proglacial lake. By

2200, the outlet has retreated 5.0 km without calving and 8.0 km with calving compared to the simulated 1980 extent. Calving

therefore is responsible for more than 50% of the simulated retreat from 2100-2200. By 2300, the difference between the runs

has decreased as the outlet has moved above the proglacial lake, and the simulation without calving has retreated 12 km (13.5

km with calving). For Breiðamerkurjökull, the simulation without calving retreated 3.5 km by 2100, so 1 km less than in the20
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Figure 11. Profiles of six outlets showing the thickness and extent for the RCP 8.5 scenario in 1980, 2100, 2200, and 2300. Locations of the

flowlines are shown in Figure 5

calving simulation, and thus calving contributed ∼20% to the retreat. By 2200, the difference between the simulations is 1.5

km, and by 2300 the difference is 2 km.

For the RCP 8.5 scenario, there is no difference in the retreat of Skeiðarárjökull, most likely because the strong forcing

causes the outlet to retreat quickly even without calving. For Breiðamerkurjökull, the outlet retreat starts accelerating in 2030,

and in 2080 the outlet has retreated 3.5 km with calving and 2.5 km without. Calving has therefore contributed ∼ 30% to5

the retreat in the first 100 years of the run. From 2080-2100 the difference between the two runs becomes smaller, and there

continues to be a 1 km difference between the simulation with and without calving. In 2100, the simulation without calving has

retreated 5.5 km, and calving has therefore contributed 15% to the retreat since 1980 compared to the spin-up geometry. By

2200, both simulations have the same amount of retreat, as the outlet has moved above the proglacial lake. Calving therefore

has the most effect during moderate warming in these simulations.10

Effects 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 faster. By 2300, the volume is 9-14% smaller than in the runs with no feedback, while the area

is 9-20% smaller. Especially the retreat of Brúarjökull and Dyngjujökull are affected by the precipitation changes. In the RCP15

4.5 scenario, Dyngjujökull has retreated 7.5 km by 2300, and has therefore retreated by twice the distance of the no feedback
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simulation. Brúarjökull has retreated 15.0 km by 2300, approximately 75% further than in the no feedback simulation. In the

RCP 8.5 simulation, a similar trend is observed, with Brúarjökull completely disappearing by 2300 and Dyngjujökull retreating

by 27 km, equivalent to a 125% increase compared to the runs with no elevation feedback, by 2300.

Looking at the changes in mass balance due to the elevation feedback, we found that for the RCP 4.5 scenario, the mass

balance decreased by an additional 9% in 2100 and by 15% in 2200 and 2300 compared to the simulation without feedback.5

Edwards et al. (2014) investigated the elevation feedback of the Greenland ice sheet under the A1B scenario, which has a

similar amount of warming as RCP 4.5, and found that elevation feedback from the Greenland ice sheet contributed an extra

4.3% to the runoff by 2100, and an extra 9.6% by 2200. The simulated elevation feedback for Vatnajökull is therefore stronger

than for the Greenland ice sheet. The RCP 8.5 is more sensitive to the elevation feedback, as the mass balance decreased by an

additional 9% in 2100, by 21% in 2200, and by 28% in 2300 compared to the simulation without feedback.10

Peak runoff

An important estimation from future simulations is when peak runoff (Huss and Hock, 2018) is reached for Vatnajökull and its

outlets. For both investigated RCP scenarios, the ice cap does not reach peak runoff by 2100. The two scenarios are equal until

2060, but from 2081-2100 the RCP 8.5 has a larger increase in runoff due to the accelerated temperature increase during the15

second half of the century. Since the forcing is kept constant for the remaining 200 years but the area steadily decreases, the

runoff amount decreases from 2100-2300 in these simulations. The runoff is approximately constant from 2100-2200 in the

RCP 4.5 scenario, and for the last 100 years it decreases slightly. The RCP 8.5 simulation has a faster area retreat and therefore

the runoff steadily decreases after 2100. If the climate had continued to warm, the runoff peak may have occurred later in both

scenarios, and we therefore cannot give an estimate of the peak runoff.20

4.4.4 Effect of glacier flow

In order to estimate how much of the volume change is due to ice flow and how much is due to changes in surface mass balance,

the rate of mass loss due to flow is investigated for the two 1980-2300 runs. Figure 12 shows the rate of mass loss due to glacier

flow in Gt/month for the RCP 4.5 and RCP 8.5 runs from 1980-2300. The ice flow contributes the largest mass loss when the ice

cap has the largest accumulation area, and the ice flow aids melting by transporting ice into low elevation areas. As temperature25

rises and the size of the accumulation area decreases, so does the rate of mass loss due to ice flow. For the RCP 4.5 scenario,

mass loss due to ice flow steadily decreases until 2100 as the temperature rises, and then remains approximately constant for

the rest of the run. For the RCP 8.5 scenario, there is a fast drop in mass loss after 2050, which is when the scenario has the

highest increase in temperature. After 2150, the mass loss is constant for the rest of the run, but at a much lower value than for

the RCP 4.5 scenario. These figures clearly show that the importance of ice flow steadily decrease as the temperature rises, as30

the accumulation zone becomes smaller and the mass loss due to ice transport from the accumulation area to the ablation area

thus becomes smaller. It does not seem to be much affected by volume and area changes, as even when the two scenarios have

the same area they do not have similar mass loss rates due to ice flow.

4.4.5 Ice cap regeneration

During the current climate, the glaciation limit for the southern part of Iceland is 1100 m (Björnsson and Pálsson, 2008). Only35

20% of the bedrock of Vatnajökull is above this limit. Here, a test is conducted to investigate if the ice cap could be rebuilt

if the climate is returned to the simulated climate from 1980-1999 after the ice cap has disappeared. The precipitation and

temperature lapse rates are used in these runs, and the model is run for 2000 years. At the end of the run, the ice cap has

stabilized at a volume and area approximately 55% and 80% of the spin-up values. Figure 13 shows the rebuilding of the ice
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Figure 12. Mass loss due to ice flow from 1980-2300 for a) RCP 4.5 scenario, and b) RCP 8.5 scenario.

cap at different time intervals. The ice cap first builds up in areas with high elevation and high orographic precipitation. As the

ice starts to flow downslope, it increases the surface elevation and as a result the precipitation increases and the temperature

decreses. Almost the entire area of the ice cap is rebuilt, except for the low-elevation Breiðamerkurjökull and Skeiðarárjökull

and the north-facing Brúarjökull and Dyngjujökull.

Figure 13. (top) Ice cap regeneration using elevation-corrected 1980-2000 forcing. (bottom) response of ice cap area and volume to sudden

shifts in climate. Before year zero in the Figure show the time slice runs from Figure 9, and afterwards the ice cap is rebuilt using simulated,

elevation corrected 1980-1999 climate.

The response time, i.e. the time it takes the ice cap to adjust all but 1/e from one steady state to another steady state, of5

the ice cap to the 1980-1999 forcing is generally longer than for the warming scenarios. Figure 13 shows the results of the

step-wise climate runs with the precipitation and temperature lapse rates presented above (see Section 4.4.5) and how long it
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would take to reach a new steady state if the climate is returned to the simulated, elevation corrected 1980-1999 climate. The

response time of the reference steady state ice cap to the 4.7◦C climate forcing is 150 years, whereas the response time of the

steady state ice cap under the 4.7◦C forcing to the 1980-1999 climate is 520 years. The response times for the 3.0◦C climate

forcing is 340 years (warming) and 540 years (rebuilding), while for the 1.5◦C climate forcing the response time is 690 years

(warming) and 500 years (rebuilding).5

4.5 CORDEX simulations

Until now, we have only focused on simulations forced by the output from one RCM (HIRHAM5) forced by one GCM (EC-

EARTH). In order to get a wider range of possible climate scenarios, the flow model is also forced with output from available

CORDEX simulations over Iceland.

Figures 14a-d show the changes in temperature and precipitation over Iceland for the CORDEX models used in this study10

(see Table 1). The average temperature change by 2100 compared to a 1991-2010 reference period is 2.4◦C for the RCP 4.5

scenario and 3.5◦C for the RCP 8.5 scenario. The minimum change in temperature for the RCP 4.5 and RCP 8.5 CORDEX

simulations is 1.3◦C and 2.7◦C, respectively, while the maximum change is 3.5◦C and 5.1◦C. The HIRHAM5-EC-EARTH

simulations are therefore some of the simulations with the highest temperature increase in this sample.
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Figure 14. The change in (a-b) temperature, (c-d) precipitation, and (e-f) SMB compared to 1991-2010 average in the CORDEX simulations.

RCP 4.5 scenario is shown in left panels and RCP 8.5 scenario is shown in right panels.

The models do not show a consistent trend in the change of precipitation; some models project a decrease, although most15

simulations project an increase. In the RCP 4.5 simulations, the precipitation change by the end of the century is 0.5-14.5%,

with an average of 6.8%. For the RCP 8.5 simulations, the precipitation change is -2.5-16.8%, with an average of 6.4%. In the

HIRHAM5-EC-EARTH simulations, precipitation increases by 8.3% in the RCP 4.5 scenario and by 12.8% in the RCP 8.5

scenario. The HIRHAM5-EC-EARTH runs therefore also project one of the highest increases in precipitation. A comparison

of the average CORDEX temperature and precipitation with those in the HIRHAM5-EC-EARTH simulation is shown in Table20
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6.

Scenario period ∆T HIRHAM5 [K] mean ∆T CORDEX [K] ∆P HIRHAM5 [%] mean ∆P CORDEX [%]

RCP 4.5
2031-2050 1.5 1.0 6.0 3.9

2081-2100 3.0 2.3 8.3 6.8

RCP 8.5
2031-2050 1.4 1.4 1.0 2.6

2081-2100 4.7 3.5 12.8 6.4

Table 6. The change in temperature and precipitation between the reference period (1991-2010) and the future time slices in the 5.5 km

HIRHAM5 simulations, and the mean temperature and precipitation increase of the CORDEX runs for the same periods.

The meteorological parameters from the CORDEX runs (daily values of incoming radiation, turbulent fluxes, and incoming

mass fluxes) are used to force the HIRHAM5 subsurface scheme. The CORDEX simulations provide continuous forcing for

the period 1991-2100. The changes in simulated surface mass balance (SMB) between the reference period and 2081-2100 are5

very variable for each of the models (Figure 14e-f). The change in SMB in the RCP 4.5 scenario simulations compared to the

reference period ranges from -0.5 to -2.7 m w.eq. with a median decrease in SMB of -1.5 m w.eq.. The RCM RACMO forced

by EC-EARTH gives the largest changes in SMB while the RCM RCA4 forced by CNRM-CM5 gives the smallest change.

For the RCP 8.5 scenario, the maximum change in SMB is simulated by the RCM HIRHAM5 forced by EC-EARTH

(∆SMB=-3.8 m w.eq.) while the minimum change is simulated using the RCM RCA4 forced by CNRM-CERFACS-CNRM-10

CM5 (∆SMB=-1.5 m w.eq.). The median decrease in SMB is -2.2 m w.eq..

Figure 15. Results of CORDEX forced PISM runs for RCP 4.5 (a-c) and RCP 8.5 (d-f). a+d) volume change, b+e) area change, and c+f) the

reference area (black), the largest simulated 2300 area (red) and the smallest simulated 2300 area (yellow).
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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 (Figure 15). 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 in5

volume is 46%.

For the RCP 8.5 scenario, the largest change in area and volume 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 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%.10

Using HIRHAM5-EC-EARTH at a 5.5 km resolution for RCP 8.5, 65% and 85% area and volume changes were simulated,

respectively (Figure 10). When comparing to the retreat using HIRHAM5-EC-EARTH at a 12 km resolution, very similar

results are found: 64% area and 83% volume reduction. The bilinearly interpolated 12 km forcing provides as accurate simula-

tions as the 5.5 km runs, at least when no elevation feedback is taken into account. Only two of the CORDEX models project

a faster retreat than HIRHAM5-EC-EARTH.15

5 Discussion

5.1 Simulation of the glacier till

As previously mentioned, till deformation may not be the main reason for basal sliding below Vatnajökull. 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 over20

the ablation season, and most of the outlets of Vatnajökull therefore do not experience 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 Vatnajökull. For example, in these simulations a low till friction angle of 10◦ is used

for Breiðamerkurjökull. However, Breiðamerkurjökull has been observed to have much higher till friction angles of 27-48◦

(Derbyshire et al., 1981; Cuffey and Paterson, 2011). The used till friction angle therefore does not reflect the actual properties25

of the till, but is determined in order to provide the best fit with available velocity measurements.

In this study, the till friction angle used in the sliding law (Equation 1) 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 Greenland (Aschwanden

et al., 2013), Antarctica (Winkelmann et al., 2011), and now Vatnajökull. For Greenland and Antarctica, the reasoning behind

using this elevation dependence is that bedrock with a marine history is expected to be weak. The reason why this assumption30

of a elevation dependent till friction angle works is also because of the hydrological properties of the bedrock, but not because

of till deformation. The bedrock with low elevation and low till friction angle in the simulations coincide well with areas with

older, impermeable bedrock where water is more likely to pool beneath the glacier, causing it to slide more readily. The bedrock

under e.g. Brúarjökull, Skeiðarárjökull, and Breiðamerkurjökull is impermeable, and hydrological modelling of Vatnajökull by

Flowers et al. (2003) showed that the ice cap is most likely to slide in these areas. The high-elevation bedrock areas which are35

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.
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5.2 Elevation feedback

Previous studies of the flow of Vatnajökull have shown that there is a strong coupling between the mass balance and the ice

elevation. Aðalgeirsdóttir et al. (2005) used an empirical parameterisation to model the present mass balance distribution; it

had a piece wise linear elevation dependant mass balance 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 mass balance parameterization. Instead it either was5

considerable smaller or expanded well beyond the current margins of Vatnajökull due to a strong feedback between elevation

and mass balance. Similar results were found by Hubbard (2006).

As previously mentioned, PISM has not been two-way coupled with HIRHAM5 in this study. In order to estimate the effect

of elevation changes on the ice cap response time, precipitation and temperature lapse rates were added to some of the simula-

tions. This model is up to eight times more computationally expensive than the ones without feedback, as the meteorological10

parameters have to be corrected and created every year, and therefore not all experiments have been conducted using this

method. This is a simple way to estimate the effect of elevation feedback, but the simulations demonstrate the importance of

including the feedback.

North-facing Brúarjökull and Dyngjujökull are especially sensitive to the lapse rate correction. This is in agreement with15

the findings by Schmidt et al. (2018), who found that the mass balance of these two outlets is especially sensitive to variations

in snow thickness. In addition, Brúarjökull often experiences snowfall during the summer, which raises the albedo and there-

fore decreases the melt. A decrease in the amount of summer snow as the surface elevation decreases therefore also contributes

to this sensitivity.

20

The lapse rate correction applied here only gives an estimate of the possible precipitation and temperature elevation feed-

back, and in order to more accurately investigate the effects of the elevation changes, a fully coupled simulation is needed. The

lapse rate may change during the run or not be applicable for the entire ice cap. In addition, the increase in temperature when

the ice disappears in a grid cell, as there is no melting surface to dampen the temperature, is e.g. not taken into account by the

lapse rate correction. Including this effect could decrease the amount of snowfall and increase the amount of rain.25

As the precipitation is overestimated by the EC-EARTH simulations, some of the albedo feedback due to a decrease in

precipitation may also not have been captured in these simulations. This would most likely remain an issue even in coupled

simulations.

5.3 Comparison to previous studies

One important distinction between this study and previous studies of Vatnajökull is that an realistic present day spin-up of the30

ice cap is achieved using the climatic conditions from the end of the 20th century. Using simulations of the present day climatic

mass balance, Aðalgeirsdóttir et al. (2005) found that the ice cap either reached a size that was either smaller or grew much

beyond the reference ice cap, while Marshall et al. (2005) and Flowers et al. (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 underestimated extent of the ablation area. Unlike this study, all these previous studies used an empirical model35

to estimate the mass balance. The mass balance in Aðalgeirsdóttir et al. (2005) is simulated as a piece wise linear elevation

dependent mass balance, and in the other two studies a positive degree day model was used. The reason a steady-state ice cap

similar to the present day state is simulated in this study could therefore be because a distributed surface mass balance is used

based on physical simulations of the atmosphere and the cryosphere. On the other hand, steady state ice caps for neighbouring
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Hofsjökull and Langjökull have been simulated using a positive degree day model for the 1981-1999 climate (Guðmundsson

et al., 2009). The steady state configurations were close to the present day observed geometries, except for outlets with complex

dynamic properties like the surging outlets of southern Langjökull. The steady state configuration could therefore also indicate

that the PISM ice flow model is more capable of capturing the complex dynamic properties of Vatnajökull than the models

used in previous studies.5

The computed steady state configuration could also be due to an overestimation in the mass balance in the HARMONIE

simulations. However, the mass balance is well validated over Vatnajökull, both spatially and temporally (Schmidt et al., 2018),

and precipitation and temperature corrections were added to achieve the most accurate representation of the present climate,

which gives confidence in the presented results. However, the most important contributing factor to the steady-state ice cap is

that no elevation feedback is included in the spin-up, which would affect the steady state geometry. Both Marshall et al. (2005)10

and Hubbard (2006) also did not include the feedback between elevation and precipitation, and a steady state ice cap was still

not reached in these studies, but they both had a strong temperature-elevation feedback.

Marshall et al. (2005) and Flowers et al. (2005) managed to achieve a steady state ice cap which was close to the current

geometry by lowering the 1961-1990 temperature by 1.5◦C. The geometry is comparable to the one found in this study, with

an areal extent approximately ±3% smaller than observed and a volume approximately 3% larger. However, the deviations15

in ice thickness compared to observed are spatially different from this study. Dyngjujökull has the most overestimated ice

thickness and the thickness in the ablation zones of Skeiðarárjökull and Breiðarmerkurjökull are underestimated (Figure 5a),

whereas Flowers et al. (2005) simulated a steady state ice cap which has the most accurate ice thickness across Dyngjujökull

and is overestimated for the low-elevation southern outlets. These differences are most likely a result of the different mass

balance schemes used in the models. Flowers et al. (2005) also found that the ice cap geometry could be better simulated by a20

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 et al. (2005), who simulated a faster re-

sponse 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 approximately 30% of its volume and 20% of its25

area after 100 years. For the RCP 4.5 scenario in our study, the ice cap looses 17% of its area and 9% of its volume. 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

loose approximately 45% of its volume and 25% of its area after 100 years. In our study, the volume decreases by 34% and the

area decrease by 17% for a 4.7◦C warming. Several factors probably contribute to this difference, most importantly the differ-

ent approaches in calculating the mass balance. Differences in the rate of change of temperature and precipitation, the chosen30

flow parameters, and the model spin-up all contribute to the differences. When adding the temperature and precipitation lapse

rate to the simulations, the decrease in volume and area is only 1-3% by 2100, and therefore neglected temperature feedbacks

do not appear to be the source of the difference.

The response of Hoffellsjökull, a southeastern flowing outlet glacier, to an approximately 2◦C warming by 2100 was in-35

vestigated by (Aðalgeirsdóttir et al., 2011) using the temperature and precipitation from several RCMs. The authors found that

the outlet would almost completely disappear by 2100, and therefore it retreats much quicker than in our results. One reason

for this could be that the outlet is not very well resolved by the 2.5 km and 5.5 km resolution, and the mass balance for this

outlet is therefore overestimated.
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6 Conclusions

By one-way coupling an ice flow model with several regional climate models, projections for the future evolution of Vatnajökull

ice cap are simulated. The flow model is tuned by comparing simulated surface velocities for the current ice cap geometry to

available velocity observations, and the optimal flow parameters are determined for simulations of the flow of Vatnajökull.

To force the model, we use 2.5 km resolution climatic mass balance simulated by HARMONIE-HIRHAM5 forced by ERA-5

Interim reanalysis (described in Schmidt et al. (2018)) from 1980-2016, and for the future climate projections we use 5.5 km

resolution simulations by HIRHAM5 forced by EC-EARTH at the model boundaries. These future projections are compared

to 12 km resolution CORDEX projections for the same period and RCP scenarios.

To initialize the coupled simulations, a steady state ice cap in balance with the reference forcing is achieved by repeating the

model climate from 1980-1999 for 1000 years. The deviation between the spin-up state and the current geometry is approx-10

imately 3% for both area and volume. Previous studies by e.g. Aðalgeirsdóttir et al. (2005) and Marshall et al. (2005) could

not simulate a realistic steady state ice cap using the present climate. The reason it is successful in this study may be that no

elevation feedbacks were included in the spin-up.

The future evolution of the ice cap geometry is simulated under the RCP 4.5 and RCP 8.5 scenarios by forcing PISM with the

output from HIRHAM5 simulations. The time series was expanded by continuing the run until 2300 by recycling the 2081-15

2100 forcing for 200 years. By 2300, the ice cap loses 44% of its volume and 23% of its area under the RCP 4.5 scenario,

equivalent to a ∼3.0◦C warming over Iceland. In the RCP 8.5 scenario, equivalent to an approximately 4.7◦C warming over

Iceland, the ice cap loses 85% of its volume and 65% of its area by 2300.

These simulations are performed with a one way coupling of HIRHAM5 with PISM, and therefore do not include elevation

feedback on the climatic mass balance. To determine the effect of elevation changes on the mass balance, precipitation and20

temperature lapse rates are included in some of the simulations. By 2300, the area is 9-20% smaller than in the runs with

no feedback, and the volume is 9-14% smaller. Brúarjökull and Dyngjujökull on the north side of Vatnajökull are found to

be especially sensitive to changes in precipitation, in agreement with the findings of Schmidt et al. (2018). An experiment

is conducted to determine if the ice cap will be able to rebuild if the climate is brought back to that of 1980-1999, and it is

found that ∼80% of the ice cap area and ∼55% of the ice cap volume would grow back (except low-elevation Skeiðarárjökull25

and Breiðamerkurjökull and north-facing Brúarjökull and Dyngjujökull) but it would take about 1500 years to reach a steady

state for the present climate. The reason that Skeiðarárjökull and Breiðamerkurjökull do not grow back could be that they

currently lie in valleys with bedrock over deepening. During the growth of the glaciers during the little ice age, these valleys

were sediment filled, and the outlets were therefore lying on higher-elevation bedrock.

Using a lapse rate correction is the only available solution for testing the elevation feedback within the scope of this study,30

but it would be interesting to test alternative methods. While a two-way coupling would of course be preferable, determining

a SMB lapse rate by running HIRHAM5 online for a limited period with different elevations, similar to the method used for

Greenland and the RCM MAR by Edwards et al. (2014), may provide a better estimate of the elevation feedback. Adding the

lapse rate to the SMB field instead of the precipitation and energy balance components would also significantly reduce the

simulation time, as new mass balance fields do not have to be created.35

Finally, available CORDEX simulations over Iceland at a 12 km resolution are used to estimate the change in SMB until

2100. For the RCP 4.5 scenario, 11 simulations are used and for the RCP 8.5 scenario 15 simulations are used. A wide range of

temperature increases and possible future ice cap geometries are found. A temperature increase of 1.3-3.5◦C by 2100 compared

to the 1991-2010 average is found for the RCP 4.5 scenario and an increase of 2.7-5.1◦C is found for the RCP 8.5 scenario.

This translates into volume losses between 31 and 64 % and area losses between 13 and 37% for the RCP 4.5 scenario in40

2300. For the RCP 8.5 scenario, volume losses between 51% and 94% and area losses between 24% and 80% are simulated
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by 2300. The large span in model results shows the importance of investigating several different models and initialization for

future projections.

Code and data availability. HIRHAM5 output is freely accessible from http: //prudence.dmi.dk/data/temp/RUM/HIRHAM/GL2/. Measure-

ments from automatic weather stations and from in situ mass balance surveys are partially owned by the National Power Company of Iceland

and are therefore not publicly available at this time. PISM code is available at http://www.pism-docs.org.5
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