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Abstract — The mass balance of Mýrdalsjökull, the fourth largest Icelandic ice cap (520 km2 in 2019), has
received less attention so far than the mass balance of the three largest ice caps, Vatnajökull, Hofsjökull
and Langjökull. Here, we used digital elevation models (DEMs) derived from the untapped SPOT5 archive
(2003−2014), lidar data (2010), Pléiades imagery (2014−2021), aerial photographs from 1999 and the Arc-
ticDEM dataset (2010−2018) to estimate the mass balance of Mýrdalsjökull. A pre-processing of the DEMs
was first performed: co-registration, filtering and void interpolation. Then, applying a Gaussian Process (GP)
regression, a spatially and temporally continuous elevation dataset was created, in 15×15 m resolution and
30-day increments over the time span 1999 to 2021. Volume and mass changes based on the GP-interpolated
elevation dataset were computed and analysed in 5- to 6-year intervals between 1999 and 2021. An average
mass balance of −1.23 ± 0.10 m w.e. a−1 was estimated for this time period, with a trend towards a less nega-
tive mass balance from −1.83 ± 0.13 m w.e. a−1 (1999−2005) to −0.41 ± 0.03 m w.e. a−1 (2016−2021). An
analysis of three climatically different catchments of Mýrdalsjökull showed a significant spatial variability in
the estimated mass balance but a similar temporal variation.

INTRODUCTION

Glaciers are retreating worldwide and mass-loss rates
have accelerated in response to global warming in re-
cent decades (IPCC 2019, 2021; Pörtner et al., 2019).
This evolution affects the environment in many ways,
such as raising global sea level or changing the hy-
drology of areas adjacent to glaciers. Lateral support
of adjacent hillsides may be reduced when glacier sur-
faces are lowered, leading to an increase in landslide
activity. Glacier downwasting may also increase nat-
ural hazards due to jökulhlaups from marginal lakes
because of changing conditions near the ice margin
where lakes can form at new locations. Between 2000
and 2019, the global glacier mass loss outside of the
polar ice sheets was estimated as 267 ± 16 Gt a−1,

which corresponds to 21 ± 3% of the observed sea-
level rise over the same time period (Hugonnet et
al., 2021). To investigate the relationship between
glacier changes and climate and better predict future
evolution, spatially and temporally detailed measure-
ments must be carried out. Thanks to remote sens-
ing methods developed over the last decades, com-
mon problems associated with mass-balance measure-
ments based on field observations (costs, accessibility,
spatial extent) have been overcome. DEMs created
from spaceborne and airborne platforms can now be
used to produce geodetic mass-balance estimates for
entire glaciers and enable the production of regional
and global estimates of glacier mass loss e.g., Berthier
et al. (2023); Hugonnet et al. (2021).
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Temperate glaciers cover 10% of the area of Ice-
land (Björnsson and Pálsson, 2008), and they con-
tained ∼3400 km3 of ice in 2019 (Aðalgeirsdóttir et
al., 2020) corresponding to a potential sea-level rise of
9 mm if melted. Icelandic ice caps are characterized
by a large variability on decadal time scales related to
climate variations and, to a lesser extent, to volcanic
activity (Björnsson and Pálsson, 2008). Despite in-
termittent periods of close to zero mass balance, such
as in the 1980s, Icelandic glaciers have mostly been
retreating since the end of the Little Ice Age, around
1890 (Hannesdóttir et al., 2020). The total mass loss
during the period ∼1890 to 2019 was estimated to
be −540 ± 130 Gt, half of which took place during
1994−2019 (Aðalgeirsdóttir et al., 2020). The accel-
erated retreat of Icelandic glaciers has already led to a
variety of impacts on water resources (Jóhannesson et
al., 2007), hydropower (Sveinsson et al., 2016), natu-
ral hazards and tourism (Björnsson et al., 2018).

The three largest ice caps in Iceland, Vatnajökull,
Hofsjökull and Langjökull, represent 90% of the to-
tal glacier area (Hannesdóttir et al., 2020). Con-
sequently, most glaciological studies have focused
on these glaciers. Glaciological mass-balance mea-
surements have been carried out seasonally for ∼30
years (Björnsson and Pálsson, 2008; Thorsteins-
son et al., 2017) on all three ice caps and numer-
ous remote-sensing studies of changes of Vatnajökull
(e.g., Hannesdóttir et al., 2015), Hofsjökull (e.g.,
Thorsteinsson et al., 2017) and Langjökull (e.g., Páls-
son, 2012) have been performed. Mass-balance sur-
veys have also been conducted annually on Mýrdals-
jökull, the fourth largest Icelandic ice cap, since 2007
at three to five locations, mainly in the accumula-
tion area (Ágústsson et al., 2013). In the ablation
area, the mass balance at ca. 1000 m a.s.l. of the N-
flowing outlet glacier Sléttjökull has been estimated
from horizontal displacement of the tephra layer from
the 1918 eruption of Katla (Mayer et al., 2017; Hagg
et al., 2023). However, it has not been possible to
derive glacier-wide mass balance for Mýrdalsjökull
as the measurement sites are few and not well dis-
tributed (locations shown in Ágústsson et al., 2013).
Digital elevation models created from spaceborne and
airborne platforms provide an opportunity to produce

a geodetic mass-balance estimate for Mýrdalsjökull
and to compare it with the other large Icelandic ice
caps. Belart et al. (2020) estimated the geodetic
mass balance of the ice cap from 1960 to 2010 over
decadal time spans. However, the temporal sampling
of remote-sensing data available before 2010 does
not allow capturing the variability at shorter temporal
scales. The untapped high-resolution SPOT5 (Korona
et al., 2009), Pléiades (Berthier et al., 2014) and Arc-
ticDEM (Porter et al., 2018) datasets cover Mýrdals-
jökull with almost annual temporal resolution over the
past two decades and offer an opportunity to analyse
the changes of the ice cap in much more detail than
previously possible.

The goal of this study is to process high-resolution
DEMs using state-of-the-art methods and produce
geodetic mass-balance estimates for Mýrdalsjökull in
the period 1999−2021. These results are then used to
quantify and analyse spatial and temporal trends, and
the variability of the mass balance.

STUDY REGION AND DATASETS
In 2019, the area of Mýrdalsjökull was 520 km2

(Hannesdóttir et al., 2020). The total volume and
average ice thickness in 2000 were estimated as
∼140 km3 and ∼230 m, respectively (Björnsson et
al., 2000; Björnsson and Pálsson, 2008). Located
15 km from the south coast of Iceland, the glacier is
exposed to a maritime climate. Low-pressure systems
that recurrently hit the south coast make this region
the wettest in Iceland (Crochet, 2007).

The ice cap topography rises from 100 m a.s.l. at
the terminus of Sólheimajökull up to 1493 m a.s.l. at
Goðabunga (elevations measured in 2021, Figure 1a).
The largest part of the accumulation area is a gently
sloping plateau between 1300 and 1350 m a.s.l. It
is surrounded by a caldera rim with some nunataks
emerging 100 m to 200 m above the central zone. Sev-
eral outlet glaciers, including Entujökull, Sléttjökull
and Öldufellsjökull in the north, Sandfellsjökull in
the east, Kötlujökull in the southeast, Sólheimajökull
and Goðalandsjökull in the south and southwest, and
Tungnakvíslarjökull in the west, are fed by ice flow
from the accumulation area.
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Figure 1. Study site and average climatic conditions. (a) DEM of Mýrdalsjökull from ÍslandsDEMv1, https://dem.lmi.is and
the corresponding contour map (contour interval of 100 m in black, 20 m in grey). The names of the main outlets are indi-
cated in white. (b) Mýrdalsjökull glacier outlines in 1999 and 2019 and definition of the main ice-flow catchments (north,
south and Kötlujökull). The equilibrium-line altitude (ELA), which is approximated as the snowline derived from a 2004-
10-05 SPOT5 orthoimage (Belart et al. 2020), is indicated as a red dashed line. (c) Average climatic conditions between
1999 and 2019: mean summer temperature (computed as the mean for the period May 21st to September 30th each year) is
shown in the background. Total winter precipitation (calculated as the sum from October 1st of the previous year to May
20th each year) is displayed as contours in meters w.e. per year. The temperature dataset was extracted from Crochet et al.
(2011, updated) and the precipitation dataset comes from the HARMONIE numerical model (Nawri et al., 2017; Bengtson
et al. 2017). – Yfirlitskort af Mýrdalsjökli og veðurfarsskilyrðum. (a) Landlíkan úr ÍslandsDEMv1 https://dem.lmi.is með
hæðarlínum (100 m línur svartar, 20 m línur gráar). Nöfn helstu skriðjökla eru sýnd með hvítu letri. (b) Útlínur jökulsins
1999 og 2019 og helstu ísflæðisvið (norðurhluti, suðurhluti og Kötlujökull). Jafnvægislína (ELA) byggð á uppréttri SPOT5
gervitunglamynd frá 2004-10-05 er sýnd með slitinni rauðri línu. (c) Veðurfar tímabilsins 1999 til 2019: meðalhiti sumars
(meðaltal tímabilsins 21. maí til 30. sept. hvert ár) er sýndur í bakgrunni, og vatnsgildi vetrarúrkomu (summa frá 1. okt.
fyrra árs til 1. maí hvert ár) með jafngildislínum. Hitagögnin eru frá Crochet o.fl. (2011, uppfært) og úrkomugögnin eru
skv. niðurkvörðun með HARMONIE veðurlíkaninu (Nawri o.fl., 2017; Bengtson o.fl., 2017).
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The active subglacial volcano Katla is located un-
der Mýrdalsjökull. The caldera covers a roughly cir-
cular area of ∼100 km2 under the central part of the
glacier, with up to ∼750 m thick ice (Björnsson et
al., 2000; Magnússon et al., 2021). The eruption fre-
quency is estimated to be around once every 40 to 80
years (Gudmundsson et al., 2008). The last eruption
took place in 1918. However, the geothermal activ-
ity clearly manifests itself by the presence of surface
depressions referred to as “ice cauldrons” at many lo-
cations on the glacier. The geothermally induced ice
cauldrons are a source of jökulhlaups of variable size,
with the largest events during the twentieth century
occurring in 1955, 1999 and 2011. These jökulhlaups
probably exceed a peak discharge of 1000 m3 s−1

(Larsen et al., 2013), and some destroyed or damaged
bridges and roads along the south coast of Iceland.

Sources of elevation data
We used four main types of elevation data in this
study, the spatial and temporal characteristics of
which are summarized in Figure 2.
Optical stereo imagery: SPOT5 & Pléiades – The
13 SPOT5 stereopairs used in this study come from
the SPOT5 archive produced by the French Space
Agency (CNES). The dataset became publicly opened
in 2021 thanks to the CNES Spot World Heritage Pro-
gram, https://regards.cnes.fr/user/swh. The SPOT5
mission covered the time period from May 2002 to
March 2015 and the satellite had a repeat cycle of
26 days. SPOT5 HRS images from 2007 and after
were acquired as part of the SPIRIT (SPOT5 stereo-
scopic survey of Polar Ice: Reference Images and
Topographies) project in 2007−2009 (Korona et al.,
2009). Pléiades satellites have been in orbit since
2011 and a total of eight stereo images were collected
upon request as part of the Dinamis CNES program,
https://dinamis.data-terra.org/ and the CEOS Geo-
hazard Supersites, https://ceos.org/ourwork/working-
groups/disasters/gsnl/. The use of Pléiades stereo im-
ages for the study of glaciers is described by Berthier
et al. (2014).
Airborne lidar – The Icelandic Meteorological Office,
in collaboration with several Icelandic institutes and
agencies, organised airborne lidar mapping of glaciers

in Iceland in 2008–2012 (Jóhannesson et al., 2013).
The whole of Mýrdalsjökull was surveyed in August
2010 in three separate aerial campaigns.
ArcticDEM – The ArcticDEM digital elevation model
of the Arctic was produced by NGA−NSF (National
Geospatial Intelligence Agency and National Science
Foundation, USA) from the stereo satellites World-
View1, 2, 3 and GeoEye-1 (Porter et al., 2018). It
covers all territories north of 60◦N, including Iceland.
Over Mýrdalsjökull, it extends from 2010 to 2018
with a total of 90 DEM segments, acquired on 41 dif-
ferent dates.
Aerial photographs – A series of photographs of Mýr-
dalsjökull from 1999 provided by Loftmyndir were
processed by Belart et al. (2020) to produce a DEM,
following the processing guidelines described by Be-
lart et al. (2019).
ASTER−ArcticDEM elevation change maps – Ele-
vation change maps based on the Advanced Space-
borne Thermal Emission and Reflection Radiome-
ter (ASTER) and ArcticDEM data were obtained by
Hugonnet et al. (2021) and are publicly available
(https://doi.org/10.6096/13). To compare with the re-
sults of our study, maps of elevation difference for
Mýrdalsjökull over 5-year periods starting in 2000
were selected and analysed.

Most images were acquired either in June−July or
in September−October, corresponding to the start and
end of the summer period, respectively.

Outlines and equilibrium-line altitude
Delineation of glacier and catchment outlines is an
essential step in DEM analysis in order to differen-
tiate glacier areas from ice-free terrain. Outlines of
Mýrdalsjökull in 1999, 2003, 2010 and 2019 were
used in this study. The 1999 outline was extracted
from Belart et al. (2020) and the 2019 outline from
Hannesdóttir et al. (2020). We manually delineated
the 2003 and 2010 outlines on the SPOT5 orthoimage
from 2003-06-20 and on a shaded relief derived from
the 2010-08-09 lidar DEM, respectively. To investi-
gate changes at a local scale, we distinguished three
ice-flow catchments: a northern catchment, a southern
catchment and Kötlujökull. The ice-flow catchments
were defined using ice divides delineated on the 2010
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Figure 2. Spatial and temporal distribution of elevation data. Spatial extent of the studied scenes presented as the number of
observations per pixel or as the outline of the scene. (a), (b) and (c) show the number of SPOT5 DEMs, Pléiades DEMs and
ArcticDEM DEMs, respectively. The extent of the lidar DEM is indicated as a dashed line on (b) and the extent of the 1999
photogrammetric DEM from Belart et al. (2020) is shown as a dashed line on (c). The temporal distribution of all datasets is
presented on (d). – Dreifing hæðargagna í tíma og rúmi. Landfræðileg dreifing er sýnd sem fjöldi hæðarmælinga í hverjum
punkti eða með útlínu viðkomandi gagna. (a), (b) og (c) sýna fjölda mælinga á grundvelli SPOT5, Pléiades og ArcticDEM
landlíkana. Útlína landlíkana sem byggja á leysimælingu úr flugvél er sýnd með slitnum ferli á (b) og útlína landlíkans sem
unnið var með myndgreiningu loftmynda frá 1999 er sýnt með slitnum ferli á (c). Dreifing gagnanna í tíma er sýnd á (d).

lidar DEM and assumed not to vary with time. The
1999 and 2019 glacier outlines and the extents of the
glacierized catchments are shown in Figure 1b.

The equilibrium-line altitude (ELA), defined as
the elevation of the line separating the ablation area
and the accumulation area, comes from Belart et al.
(2020). It was obtained using the snowline at the end
of the summer season as a proxy, based on a SPOT5
orthoimage from October 5th 2004.

METHODS
DEM generation – First, DEMs were created from
the raw satellite stereo images (SPOT5, Pléiades) and
from the lidar point clouds, using the Ames Stereo

Pipeline (ASP) software (Beyer et al., 2018). The
lidar point clouds from 2010 were interpolated us-
ing ASP’s routine point2dem, into 2×2 m DEMs that
were then mosaicked into a single DEM using the rou-
tine dem_mosaic.

The Pléiades stereo images were processed using
the ASP tools, using the routines and set of parameters
indicated in Shean et al. (2021). The SPOT5 stereo
images were processed in a similar manner to the Pléi-
ades images, with the addition of the pre-processing
routine add_spot_rpc. To obtain a consistent dataset,
all DEMs were resampled to a 10×10 m pixel size.

DEM co-registration – Prior to volume and mass cal-
culations, potential biases in the DEMs have to be cor-
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rected. Using uncorrected DEMs can lead to inaccu-
rate estimates of glacier changes. These biases can
be horizontal, vertical, planar tilt, or non-linear (e.g.,
jittering) (Girod et al., 2017; Dehecq et al., 2020;
Hugonnet et al., 2022). Therefore, the first step in
the analysis consists of co-registering each DEM to
a common reference DEM. Nuth and Kääb (2011)
propose a robust co-registration method based on el-
evation difference and slope and aspect on stable ter-
rain surrounding the glacierized area. An automated
and iterative implementation of this algorithm is avail-
able on the github repository demcoreg (Shean et al.,
2016), https://doi.org/10.5281/zenodo.5733347. We
used the IslandsDEM, a seamless and bias-corrected
mosaic from ArcticDEM (Porter et al., 2018) and li-
dar (Jóhannesson et al., 2013) from the National Land
Survey of Iceland, https://dem.lmi.is as the reference
DEM as it offers complete coverage of a large area on
and around the glacier. The co-registration was ap-
plied to all DEMs derived from Pléiades, SPOT5 and
ArcticDEM.

Filtering – Depending on the imagery and sensor
characteristics, various artefacts can appear in the
DEMs. Outliers can be caused by clouds, saturation
in snow or dark areas, or errors at specific scan lines
in the case of the SPOT5 data. Therefore, two filtering
methods were combined and applied to all DEMs gen-
erated from SPOT5 and ArcticDEM datasets as well
as the 1999 DEM from aerial photographs.

Following Hugonnet et al. (2021), we applied a
spatial filter based on a comparison between the DEM
to be filtered and the mosaicked lidar DEM used
as a reference DEM. For each pixel, the maximum
hmax and minimum hmin elevation of the reference
DEM within a r radius area of 10 m were calculated.
Then, all pixels where the elevation is higher than
hmax +dhthresh or lower than hmin−dhthresh were
masked, with an elevation threshold dhthresh of 50 m.

Based on the statistical characteristics of the
dataset composed of all DEMs used in this study (i.e.
1999 airborne DEM, SPOT5, Pléiades, lidar and Arc-
ticDEM) we performed a median-NMAD filtering.
The normalized median absolute deviation (NMAD)
is a metric to evaluate data dispersion. It is less
sensitive to outliers than the standard deviation and

thus widely used to estimate DEM vertical precision
(Hohle et al., 2009). The NMAD is computed as fol-
lows:

NMAD = 1.4826 ·median(|hj −mh|)

where hj is the elevation of pixel j and mh is the me-
dian of all considered elevations. For each 10×10 m
pixel, a median and NMAD value of all available ele-
vations were calculated from the DEM dataset to ob-
tain the corresponding mosaics. Then, we used a mul-
tiplier K, adjusted to 10 in this study, so that for each
DEM analysed, a pixel would be considered an outlier
and eliminated from the respective DEM if its eleva-
tion was outside the interval median± (K ∗NMAD).

Void interpolation – Most of the DEMs used in this
study contain data gaps, mainly due to clouds, filter-
ing or partial coverage of the initial stereo images.
The amount of gaps also depends on the nature of the
sensor. For example, SPOT5 DEMs, often noisy, have
much much more voids than Pléiades or lidar DEMs.
Since complete elevation difference maps (dh maps)
are required to calculate volume and mass changes, a
void interpolation step is necessary. Following Mc-
Nabb et al. (2019), we first applied a spatial interpo-
lation with a maximum search distance of 100 m to
preserve gradual and continuous changes as much as
possible around the gaps. Then, we used a local hyp-
sometric interpolation based on the entire ice cap to
fill the larger remaining voids.%vspace0.3em

Pairwise co-registration – Independently of the GP
regression (see below), we also created dh maps from
pairs of DEMs. A total of eight DEM pairs were
highlighted as they fulfilled the two following crite-
ria: acquired at least two years apart (in order to get a
sufficiently large signal of volume change), and at the
same time of year (<1 month difference). Although
all DEMs were co-registered to a reference DEM,
some residual shifts could still remain and hamper the
analysis of the dh maps. A pairwise co-registration
was therefore performed for each DEM pair studied,
considering the older DEM as the reference DEM.
The amplitude of the horizontal and vertical remain-
ing shifts was systematically less than 1 m, i.e. one
order of magnitude lower than the shifts found in the
first co-registration.
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Gaussian Process regression – To compute volume
change and geodetic mass balance, dh maps from
DEMs of exact timestamps are commonly used. How-
ever, this method has some limitations. In particu-
lar, two DEMs acquired more than a few weeks apart
require a correction for their dh map to show eleva-
tion and volume changes that are not affected by sea-
sonal signals. DEMs can be seasonally corrected in-
dividually using surface mass-balance models forced
with climatic records as in Belart et al. (2019, 2020).
However, this process is time-consuming and com-
plicated to use when considering a large number of
DEMs. Consequently, alternative numerical meth-
ods have been developed to overcome these problems
and obtain temporally continuous datasets from scat-
tered observations in time. Considering all DEMs as a
time stack, a temporal regression can be computed for
each pixel to produce a gapless time series of eleva-
tion maps. Then, volume and mass-balance estimates
can be calculated in precise time windows, which is
convenient for glaciological analysis. Hugonnet et al.
(2021) introduced Gaussian Process (GP) regression
to temporal glacier-elevation analysis, a state-of-the-
art regression approach that is based on modelling of
the temporal covariance of glacier elevations. This
method is implemented in the Python package pyd-
dem (https://pypi.org/project/pyddem/). Using the co-
variance parameters optimized on 20 years of global
glacier elevation data (Hugonnet et al., 2021), we ran
the Gaussian Process regression on a time stack of 134
non-mosaicked DEMs. These DEMs, co-registered
to the IslandsDEM, are composed of 116 ArcticDEM
DEMs, 9 SPOT5 DEMs, 8 Pléiades DEMs and 1 air-
borne photogrammetric DEM. The lidar DEM was in-
tentionally not included in the stack for later valida-
tion of the GP results. Due to computing limitations,
the GP was run at a maximum spatial resolution of
15×15 m and a 30-day time step during the period
1999−2021. As a result, we obtained a monthly time
series with 264 time steps of interpolated elevation.

Mass-balance computation
Volume change and mass balance – In order to in-
vestigate glacier changes over time, several indicators
can be computed. First, using complete dh maps, we
calculated the total volume change during the corre-

sponding period as ∆V = ∆h · Aini, where ∆h (m)
is the mean elevation change andAini (m2) the area of
the glacier (in this case the spatial union of the glacier
extent at the two points in time). For the years 1999,
2003, 2010 and 2019, the area was directly extracted
from the outline. For other years, a linear interpola-
tion of the area was computed based on those four val-
ues. To be consistent with glaciological conventions,
hydrological years, defined as October 1st to Septem-
ber 30th, were taken as a reference period in all further
calculations.

The geodetic mass-balance rate Ḃ (m w.e. a−1)
over the observation period ∆t was obtained as fol-
lows:

Ḃ =
∆V · f∆V

A ·∆t

where f∆V (kg m−3) is the conversion factor from
volume to mass change and A = 1

2 · (Aini + Aend)
is the average area during the observation period. Fol-
lowing Huss (2013), f∆V was set to 850±60 kg m−3.
However, it is crucial to note that this value cannot
be used with high confidence for short periods (<4
years) because of potentially significant changes in
snow density from one year to another (Huss, 2013).

In order to study the local variability of mass
balance, we defined three subregions of the ice cap
(Figure 1b). As the northern and southern outlets
are exposed to different climatic regimes, two cor-
responding areas were delineated: Sléttjökull and
Öldufellsjökull outlets were included in the northern
catchment; Goðalandsjökull and Sólheimajökull out-
lets were encompassed in the southern one. Kötlu-
jökull was defined as a separate area. Mass balance
was calculated on the three catchments using the same
methodology as for the entire ice cap. We computed
the mass balance for periods of one and five hydro-
logical years between 1999 and 2019. For simplic-
ity, the uncertainties calculated on the stable terrain
around Mýrdalsjökull were used for the catchments’
mass-balance estimates.

Uncertainty – We used the method developed by
Hugonnet et al. (2022) to determine the uncertainty in
mean elevation difference σ∆h. This approach takes
into account two statistical effects that are often not
considered in elevation error estimates.
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DEMs present significant heteroscedasticity, i.e.
there is a precision variability in the elevation obser-
vations. To obtain an estimate of the elevation uncer-
tainty, we modelled the heteroscedasticity using two
explanatory variables: the terrain slope and curvature.

Elevation errors are spatially correlated (e.g., Rol-
stad et al., 2009; Magnússon et al., 2016). In other
words, the elevation errors of two neighboring pix-
els cannot be considered independent. This spa-
tial correlation can occur over different ranges: a
short-range (related to the DEM resolution) and a
long-range (linked to instrument noise and imperfec-
tions). We used robust variograms estimation and
modelling to describe these spatial correlations in
our elevation-uncertainty analysis (Figure 3), with
the tools implemented in the Python package xDEM
(https://doi.org/10.5281/zenodo.4809698).

The uncertainty in volume change was estimated
assuming that the uncertainties in glacier area and
mean-elevation difference were not correlated:

σ2
∆V = (∆h · σA)2 + (A · σ∆h)2

Then, the uncertainty σm in the geodetic mass
balance was derived, assuming uncorrelated error
sources from density conversion, glacier area and vol-
ume change:

σ2
m = (

∂Ḃ

∂∆V
· σ∆V )2 + (

∂Ḃ

∂f∆V
· σf∆V )2 + (

∂Ḃ

∂A
· σA)2

where σf∆V
= 60 kg m−3 is the conversion factor

uncertainty and σA is the area uncertainty calculated
as 2% for the average area A. This area uncertainty
is somewhat lower than the 5% area uncertainty used
by Raup et al. (2014) and Hugonnet et al. (2021) due
to the large size of Mýrdalsjökull ice cap and its ap-
proximately circular shape, which may be assumed to
lead to a comparatively low value for the relative area
uncertainty. The variations in the area of Mýrdals-
jökull in the past two decades also show an internal
agreement between years that indicates a relative ac-
curacy substantially better than 5% (Hannesdóttir et
al., 2020). The overall uncertainty of the mass bal-
ance is insensitive to the value chosen for the area un-
certainty so the choice of 2% rather than 5% for the
area uncertainty has negligible impact on our results.

RESULTS
Elevation time series
As a result of the GP regression, a time series of ele-
vation with a time step of 30 days was generated for
each 15×15 m pixel of Mýrdalsjökull. To illustrate
the variety of patterns that are captured by the GP
regression, we selected three pixels from diverse lo-
cations: one from the accumulation area, one from
the ablation area and one from a cauldron (Figure 4).
The characteristics of the elevation variations in the
period 1999−2021 differ greatly depending on the lo-
cation. Differences in the amplitude of the seasonal
signal are also noticeable. The elevation time series
from the accumulation area is steady over the two
decades, slightly decreasing from 1999 to 2012 and
then gently increasing until 2016 before leveling off.
The seasonal variation, around ∼5 m, is quite large.
In the ablation area, the expected lowering of the el-
evation is remarkably clear, reaching almost 50 m in
20 years (Figure 5) with an attenuated seasonal sig-
nal. Last, the elevation time series at the cauldron
is erratic: periods of thickening and thinning alter-
nate with no clearly identified frequency. The sea-
sonal variation is substantial. In all three locations,
the non-uniform temporal distribution of DEMs leads
to substantial differences in the dh uncertainty values.
The 2-sigma interval is smaller as the number of data
available is larger.

Validation and evaluation
Comparison with the lidar DEM – We performed a
comparison between the lidar DEM from 2010-08-
09 and the closest GP-interpolated DEM (2010-08-
01). We found a NMAD of elevation differences of
3.33 m. Using the co-registration tools without mask-
ing the glacier, a shift of +1.66 m (x), +6.74 m (y)
and +0.58 m (z) between the two DEMs was obtained.
These results are comparable to the shifts obtained
with the pairwise co-registration.

Comparison on survey dates – First, mass-balance
values Ḃdh map were calculated using the eight dh
maps previously selected (see Section 3.1). The cor-
responding mass-balance ranges between −0.27 ±
0.01 m w.e. a−1 (2010-10-19 to 2014-10-09) and
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Figure 3. Variogram obtained on stable terrain from the dh map between 2003-07-16 and 2008-07-09 SPOT5 DEMs using
xDEM. A short-range correlation (up to ∼100 m) and a long-range correlation (from ∼1000 m) can be identified. The
double-range spherical function used to model the variogram accounts for both correlation ranges. The sample count shows
the amount of measurement pairs used to compute each value of the variogram. – Tölfræðileg dreifing hæðarmismunar
á jökullausu landi milli SPOT5 landlíkana frá 2003-07-16 og 2008-07-09 reiknuð með xDEM. Sjá má mismunandi mikla
fylgni yfir stuttar (allt að ∼100 m) og langar (lengri en ∼1000 m) vegalengdir. Sívalningssamhverft fall sem notað er til
þess að lýsa breytingu fylgninnar með fjarlægð tekur tillit til þessa mismunar. Súlurit sýnir punktafjölda sem notaður er til
þess að meta hvert fylgnigildi í dreififallinu.

−2.82±0.12 m w.e. a−1 (2008-07-09 to 2010-08-09),
with a large decrease in 2010 followed by less nega-
tive values during the past decade.

Secondly, the geodetic mass balance was also esti-
mated using the GP-interpolated DEMs (ḂGP ). In or-
der to evaluate the results obtained with the Gaussian
Process regression, a comparison with the original dh
maps was performed. For each survey date, the tem-
porally closest GP-interpolated DEM was extracted to
compute the GP dhmap equivalent to the map directly
derived from the original DEMs. Mass balance using
both methods was compared for the eight different pe-
riods (Figure 6).

Overall, the GP-interpolated DEMs lead to sim-
ilar mass-balance values to those from the origi-
nal DEMs. The GP and original estimates over-
lap within 2-sigma uncertainties except in two cases

(October 2004 to October 2010 and August 2010
to August 2014). It should be noted that when
the original dh map includes at least one Pléiades
or lidar DEM, the two estimates show good agree-
ment. For example, the Ḃdh map between 2008-
07-09 SPOT5 DEM and 2010-08-09 lidar DEM is
−2.82 ± 0.12 m w.e. a−1, compared to the ḂGP of
−2.68 ± 0.20 m w.e. a−1 computed between 2008-
07-01 and 2010-08-01. However, when two SPOT5
DEMs or one SPOT5 DEM and the airborne pho-
togrammetry DEM are involved, the agreement is
worse. First, the Ḃdh map uncertainties are larger than
those of ḂGP . Then, ḂGP overlap only at the ex-
tremity of the uncertainty bar, with both less negative
(August 1999 to July 2003, July 2003 to July 2008,
October 2004 to October 2010) and more negative
(October 2010 to October 2014) values than Ḃdh map.
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Figure 4. Elevation time series obtained
from GP regression for pixels from differ-
ent locations on Mýrdalsjökull. (a) Accu-
mulation area, (b) Ablation area, (c) Caul-
dron. The blue line corresponds to the
GP regression time series. The associated
1σ interval is indicated with a blue en-
velope. Elevations extracted from prepro-
cessed DEMs and their 2σ uncertainty are
shown as black dots and vertical lines.–
Tímaraðir GP-brúaðrar yfirborðshæðar á
nokkrum stöðum á Mýrdalsjökli. (a) Stað-
ur á ákomusvæði, (b) á leysingarsvæði, (c)
í jarðhitakatli. 1σ óvissubil er sýnt með
blárri skyggingu. Hæð skv. landlíkönum og
2σ óvissubil er sýnd með svörtum punktum
og lóðréttum línum.
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Figure 5. Elevation difference maps computed with GP-interpolated DEMs. Elevation differences (a) over the entire period
1999−2019 and (b), (c), (d), (e) on periods of 5 hydrological years (October 1st to September 30th) starting in 1999. The
1999 outline is shown in black. – Hæðarmunur reiknaður með GP-brúuðum landlíkönum. (a) Allt tímabilið 1999−2019.
(b), (c), (d), (e) Fimm vatnsára tímabil (1. okt. til 30. sept.) frá 1999. Jökuljaðarinn árið 1999 er sýndur með svörtum lit.

Figure 6. GP-based mass-balance
evaluation. Mass balance computed
on survey dates (eight original dh
maps). Values and 2-sigma un-
certainties obtained with the orig-
inal elevation difference maps are
shown in blue and GP results in
orange. – Landlíkanafkoma reikn-
uð milli mælidaga (blár litur) (átta
landlikön) og með tölfræðilegri GP-
brúun (appelsínugulur litur). 2σ
óvissa er sýnd með skyggingu.

Those discrepancies might be explained by the higher
level of noise of the SPOT5 and airborne photogram-
metric DEMs and the general smoothing of the GP re-
gression. It is interesting that the mass balance com-

puted from the GP-interpolated DEMs is systemati-
cally less negative than the mass balance derived from
the original DEMs for the entire period 1999–2010 by
ca. 0.2–0.5 m w.e. a−1.
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Figure 7. Mass balance overview from 1960 to 2021. Previous results from Belart et al. (2020) are shown in
grey, GP mass balance on 11-hydrological-year periods are indicated in orange with a 2-sigma uncertainty.
Comparison between mass balance obtained with the elevation-change maps from Hugonnet et al. (2021)
(green) and GP results of this study (blue). For consistency with the results of Hugonnet et al. (2021), this
comparison was done using this study’s GP DEMs created from January 1st to December 31st for 5-year
periods starting in 2000. – Yfirlit um afkomu Mýrdalsjökuls á tímabilinu 1960 til 2021. Fyrri niðurstöður
Belarts o.fl. (2020) eru sýndar með gráum lit og niðurstöður tölfræðilegrar GP-brúunar yfir 11 vatnsára
tímabil með appelsínugulum lit. 2σ óvissubil er sýnt með skyggingu. Einnig er sýndur samanburður á
niðurstöðum Hugonnet o.fl. (2021) (grænn litur) og niðurstöðum þessarar greinar (blár litur). Til samræmis er
landlíkanafkoman reiknuð yfir fimm almanaksár með upphafi árið 2000 í þeim samanburði.

Table 1. Mass balance from 1960 to 2021 on Mýrdalsjökull and on three catchment areas. –
Landlíkanafkoma Mýrdalsjökuls í heild og þriggja ísflæðisviða á tímabilinu 1960 til 2021.

Mýrdalsjökull Northern catchment Southern catchment Kötlujökull

Period Ḃ (m w.e. a−1) ḂN (m w.e. a−1) ḂS (m w.e. a−1) Ḃk (m w.e. a−1)

1960−1980 −0.04± 0.06
1980−1984 −0.57± 0.36
1984−1999 −0.10± 0.10
1999−2005 −1.83± 0.13 −2.22± 0.13 −1.52± 0.13 −1.64± 0.13
2005−2010 −1.45± 0.11 −1.93± 0.11 −1.24± 0.11 −1.21± 0.11
2010−2016 −0.64± 0.05 −0.90± 0.05 −0.42± 0.05 −0.71± 0.05
2016−2021 −0.41± 0.03 −0.57± 0.03 −0.24± 0.03 −0.40± 0.03

Geodetic mass-balance
Ice cap mass balance – The mass balance from 1960
to 2021 based on results from this study and from Be-
lart et al. (2019) are presented on Figure 7.
Catchment scale analysis – The observed general
variations of the mass balance are the same for the
three catchments areas as for Mýrdalsjökull ice cap

as a whole (Table 1, Figure 8a). During the past two
decades, mass balance becomes slowly less negative
and almost reaches positive values over the period
2014−2019. The last period is affected by the years
2014 and 2015 being exceptionally wet and cold (e.g.,
Aðalgeirsdóttir et al. 2020), which explains the near-
zero observed mass balance.
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Figure 8. Mass-balance comparisons. (a) Mass balance of ice-flow catchments obtained from the GP-
interpolated elevation dataset. Dashed lines represent annual mass balance computed on hydrological years. 5-
or 6-hydrological-year mass balance and the corresponding 2-sigma uncertainties are indicated with horizontal
solid lines with shaded bars. (b) Comparison between glaciological mass balance (surface and non-surface
mass balance) of the three largest Icelandic ice caps and geodetic annual mass balance of Mýrdalsjökull. – Af-
komusamanburður. (a) Afkoma ísflæðisviða á Mýrdalsjökli reiknuð með tölfræðilegri GP-brúun. Slitnar línur
sýna afkomu vatnsára (1. okt. til 30. sept.). Afkoma 5 og 6 ára tímabila með 2σ óvissu er sýnd með heildregnum
línum og skyggðum borðum. (b) Samanburður á jöklafræðilegri afkomu þriggja stærstu jöklanna, sem leiðrétt
hefur verið fyrir innri leysingu og leysingu við botn, og landlíkanafkomu Mýrdalsjökuls.

The trend after 2017 is in line with other glaciers,
Vatnajökull, Langjökull and Hofsjökull, based on
their records of glaciological measurements (Páls-
son et al., 2022a, 2022b; https://icelandicglaciers.is).

The northern catchment has the most negative
mass balance and the southern catchment the least
negative mass balance. Kötlujökull and the entirety of
Mýrdalsjökull have similar mass-balance values that
differ at most by 0.31 m w.e. a−1.
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Despite climatic contrasts between the northern
and southern catchments of Mýrdalsjökull, no signif-
icant differences in terms of temporal variability ap-
pear between the catchments (Figure 8). Exposed to
a more inland and less fluctuating climate, the north-
ern catchment could have been expected to experience
less temporal variability than the southern catchment
(Hock et al., 2009). This was not the case, at least not
for the 20-year period studied here.

DISCUSSION
Analysis of multitemporal DEMs
Hugonnet et al. (2021) introduced a new method in
multi-temporal DEM processing that improves some
aspects of DEM analysis and geodetic mass-balance
computations. It can be used through automated com-
mands with tools implemented in the Python package
pyddem.

Pyddem solves the problem with incomplete spa-
tial and temporal coverage common in geodetic mass-
balance studies (e.g., Fischer et al., 2015; Andreassen
et al., 2016) caused by multiple factors such as cloud
cover, sensor characteristics and data accessibility.
GP produces a temporally and spatially continuous
elevation dataset which enables internally consistent
mass-balance computations over precise areas and
time periods.

Another advantage of this method is its robust-
ness. The GP regression has been validated through
a comparison between ICESat data using DEMs gen-
erated from ASTER or retrieved from the ArcticDEM
archive (Hugonnet et al., 2021). In our study, the com-
parison between a GP-interpolated DEM and the lidar
DEM also shows good agreement.

The data filtering included in the GP implemen-
tation in pyddem leads to much smoother maps and
lower uncertainties in subsequent calculations (Fig-
ures 5 and 7). The method, initially designed for
processing ASTER and Arctic DEM data as part of a
global analysis of glacier mass loss includes efficient
steps of filtering and weighting. Our study shows
that other data, such as Pléiades- and SPOT5-based
DEMs, can be added as part of the temporal DEM
stack.

Although it provides substantial improvements in
DEM treatment, the GP method has some limitations.
First, the GP regression does not fully capture annual
and seasonal trends. This is shown from the eleva-
tion time series extracted at specific locations on the
glacier from Figure 4, as the 1–σ interval remains
large around seasonal variations.

Furthermore, the GP regression produces a gen-
eral smoothing of elevation changes, especially when
data are missing. For example, the elevation drop
in 2010 related to the Eyjafjallajökull eruption is ac-
curately reproduced (Figure 8). However, the Gaus-
sian Process analysis extrapolates the low mass bal-
ance observed in 2010 to the year 2009 as no DEM
from that year is available to constrain the GP regres-
sion (cf. the temporal distribution depicted in Figure
2d). Such a negative mass balance is not expected for
2009 as no particular climatic or volcanic event was
observed in that year.

An adaptation of the kernels used in the GP could
have been considered to better account for the condi-
tions of Mýrdalsjökull. For example, the model of
temporal covariance could be changed to more ac-
curately take into account the exceptional melting in
summer 2010 following the Eyjafjallajökull eruption.
However a more sensitive kernel could also affect and
overfit the beginning and end of the elevation time se-
ries where data are scarce.

Mass balance
To obtain a longer perspective of mass balance over
the past decades, estimates for the period 1960−1999
were extracted from (Belart et al. (2020) (Figure 7,
Table 1). During the second half of the twentieth cen-
tury, Ḃ was rather stable and close to 0 m w.e. a−1.
Then, the annual mass balance dropped in the late
1990s or early 2000s to −1.82 ± 0.16 m w.e. a−1 be-
fore becoming gradually less negative.

Comparison with Hugonnet et al. (2021)
We performed another comparison with the mass bal-
ance ḂHug computed with the elevation change maps
from Hugonnet et al. (2021). These were obtained by
applying the same GP method to ASTER and Arc-
ticDEM elevation datasets. As elevation data were
only available for January 1st to December 31st, we
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adapted the ḂGPJan
calculation to this period for con-

sistency (see Figure 7). Mass balance from that study
tends to be less negative than those obtained here.
Nevertheless, our study shows overall agreement with
Hugonnet et al. (2021).

Annual mass balance and conversion factor
Annual mass-balance values were computed in this
study. They are useful to derive a temporally detailed
dataset, for example to compare with in situ observa-
tions (Figure 8b) and climatological data. Neverthe-
less, the limited amount of data leads to large uncer-
tainties, and it is not possible to calculate precise an-
nual mass-balance values. (Huss, 2013) investigated
the robustness of the conversion factor f∆V . As the
firn density profile continually evolves with accumu-
lation and melting events, the assumption of a con-
stant value for density conversion inescapably leads
to large uncertainties, especially for short periods (<4
years).

Although the density conversion factor may be ex-
pected to vary for short time periods, estimating an-
nual mass balance from a continuous time series still
helps to identify short-term variations and patterns.
For longer study periods, trends become more robust
at the cost of smoothing short-term variability. In ad-
dition, there are several ways to address the limita-
tions of the conversion-factor estimate. One possi-
bility is to adapt density conversion uncertainties for
short periods. Another possibility is to use in situ den-
sity measurement (Ágústsson et al., 2013) to adapt the
conversion factor f∆V .

Comparison with glaciological mass balance from
other Icelandic ice caps
Mean specific surface mass-balance records were ex-
tracted from Aðalgeirsdóttir et al. (2020) for the three
largest Icelandic ice caps. Winter and summer mass
balance has been measured in in situ surveys ev-
ery year since 1991/92, 1987/88, 1996/97 for Vatna-
jökull (∼60 locations), Hofsjökull (∼25 locations)
and Langjökull (∼25 locations), respectively. The an-
nual specific surface mass balance derived from those
datasets was corrected following Jóhannesson et al.
(2020) to include the non-surface mass-balance com-
ponents (internal and basal melting and calving).

Figure 8b shows the annual geodetic mass bal-
ance of Mýrdalsjökull (from GP-based DEMs) and
the corrected glaciological mass balance (based on the
in situ observations) of Vatnajökull, Hofsjökull and
Langjökull (Aðalgeirsdóttir et al., 2020; Thorsteins-
son et al., 2017; Pálsson et al., 2021a,b). The gen-
eral mass-balance trend is similar for all four glaciers.
First, there is a gradual decrease in mass loss during
one and a half decades starting in the late 1990s and
early 2000s. This tendency comes to an end in 2015,
when the mass balance reaches a positive value. After
2015, an increasing trend of mass loss is observed un-
til the end of the records. Over the study period, the
annual geodetic mass balance of Mýrdalsjökull fluc-
tuates from −2.64 to +0.68 m w.e. a−1. It varies over
the same range as for the other ice caps, for which
the mass-balance rate varies from −2.01 to +0.78 m
w.e. a−1 for Vatnajökull, from −3.10 to +0.84 m w.e.
a−1 for Hofsjökull and –3.80 to +0.41 m w.e. a−1 for
Langjökull.

The four ice caps are generally similar in terms
of temporal variability. One-time events induce com-
parable fluctuations in the mass balance of them
all. The Eyjafjallajökull eruption in 2010 leads
to extremely negative mass balance for Vatnajökull
(−2.01 m w.e. a−1), Hofsjökull (−3.10 m w.e. a−1)
and Langjökull (−3.80 m w.e. a−1). This effect is also
clearly visible on Mýrdalsjökull in 2010 (−2.06 m
w.e. a−1) although the strongly negative value leaks
into the year 2009 (−2.07 m w.e. a−1), as previously
mentioned, due to the lack of data to constrain the GP
regression. Likewise, the four ice caps all have pos-
itive annual mass balance in 2014−2015 related to a
climatic anomaly, also observed by Aðalgeirsdóttir et
al. (2020) and Noël et al. (2022).

Mass balance for ice-flow catchments
Because of climatic disparities between the north-
ern and southern outlets of Mýrdalsjökull, differences
in mass-balance variability can be expected. As the
south area receives a large amount of precipitation,
it could be more sensitive to snowfall and rainfall
fluctuations and therefore show more variation with
time (Björnsson and Pálsson, 2008; Crochet (2007).
This was observed by Belart et al. (2020) when com-
paring mass-balance rates between decades for the
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small glaciers and ice caps in Iceland. The southern
catchment of Mýrdalsjökull showed significant mass
gain between 1960 and 1984 followed by a strong re-
treat from 1984 to 2010. Conversely, northern outlets
experienced an overall declining trend over the five
decades. However, in our study, focusing on a short
time period of two decades, larger variability is not
observed in the southern catchment (Figure 5). In the
past two decades, the northern and southern halves of
Mýrdalsjökull have shown similar mass-balance vari-
ations since 2000. The variability related to climate of
South Mýrdalsjökull may require a longer study pe-
riod to be observed. In other words, longer periods of
climate variation could be needed to detect different
statistical characteristics of the southern and northern
ice-flow basins.

CONCLUSIONS
This study presents geodetic mass-balance estimates
for the Mýrdalsjökull ice cap over the past two
decades, 1999−2021, based on Pléiades, SPOT5, li-
dar, aerial photographs and ArcticDEM DEMs. A
Gaussian Process regression was applied to generate
a temporally continuous dataset of surface elevation
with a spatial resolution of 15×15 m and temporal res-
olution of 30 days. The latter was thereafter used for
geodetic mass-balance computations for hydrological
years (October 1st−September 31st) over four con-
secutive 5- and 6-year periods in 1999–2021. The ob-
tained mass balance becomes progressively less neg-
ative over the analysis period, from −1.83 ± 0.13 m
w.e. a−1 (1999−2005) to −0.41 ± 0.03 m w.e. a−1

(2016−2021).
Three catchments were delineated and analysed to

identify local patterns of mass balance. The northern
catchment has the highest mass loss, whereas Kötlu-
jökull behaves in a similar manner to the entire ice
cap. No difference in mass-balance variability was
observed between the three catchments over the two
decades.

Although the data and methods presented in this
study do not fully resolve for seasonal or annual vari-
ability of mass balance, our study highlights the use-
fulness of mapping of glaciers with multi-temporal
DEMs using robust statistics as Gaussian Process.

The Gaussian Process brings useful insights in glacier
mass balance, particularly at multi-annual time scales.
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Landlíkanafkoma Mýrdalsjökuls 1999–2021 Af-
komu Mýrdalsjökuls, fjórða stærsta jökuls landsins
(520 km2 árið 2019), hefur verið minni gaumur gef-
inn en afkomu þriggja stærstu jöklanna, Vatnajökuls,
Hofsjökuls og Langjökuls. Hér notum við hæðar-
líkön byggð á SPOT5 gervihnattaljósmyndum (2003–
2017), leysimælingum úr flugvél (lidar, 2010), Pléia-
des gervihnattaljósmyndum (2014–2021) og loft-
myndum frá 1999, og ArcticDEM landlíkanasafnið
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(2010–2018) til þess að meta afkomu Mýrdalsjök-
uls. Frumúrvinnsla hæðarlíkananna fólst í láréttri og
lóðréttri samstillingu, síun og fyllingu í eyður. Síðan
var svokallaðri Gaussian tölfræðigreiningu (Gaussian
Process, GP) beitt til þess að reikna samfellda tímaröð
landlíkana með 15×15 m lárétta upplausn og 30 daga
millibili fyrir tímabilið 1999 til 2021. Breytingar í
rúmmáli og afkoma voru reiknaðar yfir 5 og 6 ára
tímabil og þær túlkaðar með samanburði við mæl-
ingar á afkomu Vatnajökuls, Hofsjökuls og Langjök-
uls. Meðalafkoma Mýrdalsjökuls á tímabilinu 1999–
2021 er áætluð −1,23±0,10 m vatnsgildis á ári, og
hefur farið lækkandi að tölugildi frá −1,83±0,13 m
vatnsgildis á ári (1999–2005) til −0,41±0,03 m vatns-
gildis á ári (2016–2021). Greining afkomu fyrir þrjú
mismunandi ísflæðisvið á Mýrdalsjökli (norðurhluti
jökulsins, suðurhluti jökulsins og Kötlujökull) sýnir
nokkurn mun milli svæðanna en svipaðar breytingar
með tíma.
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