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The volume of glaciers in Iceland (~3,400 km?® in 2019) corresponds to about 9 mm of
potential global sea level rise. In this study, observations from 98.7% of glacier covered
areas in Iceland (in 2019) are used to construct a record of mass change of Icelandic
glaciers since the end of the 19th century i.e. the end of the Little Ice Age (LIA) in Iceland.
Glaciological (in situ) mass-balance measurements have been conducted on Vatnajokull,
Langjokull, and Hofsjokull since the glaciological years 1991/92, 1996/97, and 1987/88,
respectively. Geodetic mass balance for multiple glaciers and many periods has been
estimated from reconstructed surface maps, published maps, aerial photographs,
declassified spy satellite images, modern satellite stereo imagery, and airborne lidar. To
estimate the maximum glacier volume at the end of the LIA, a volume—-area scaling method
is used based on the observed area and volume from the three largest ice caps (over 90%
of total ice mass) at 5-7 different times each, in total 19 points. The combined record
shows a total mass change of -540 + 130 Gt (-4.2 + 1.0 Gta™" on average) during the
study period (1890/91 to 2018/19). This mass loss corresponds to 1.50 + 0.36 mm sea
level equivalent or 16 + 4% of mass stored in Icelandic glaciers around 1890. Almost half of
the total mass change occurred in 1994/95 to 2018/19, or —240 + 20 Gt (-9.6 + 0.8 Gta™
on average), with most rapid loss in 1994/95 to 2009/10 (mass change rate —11.6 +
0.8 Gta™"). During the relatively warm period 1930/31-1949/50, mass loss rates were
probably close to those observed since 1994, and in the colder period 1980/81-1993/94,
the glaciers gained mass at a rate of 1.5 + 1.0 Gta'. For other periods of this study, the
glaciers were either close to equilibrium or experienced mild loss rates. For the periods of
ARG IPCC, the mass change rates are -3.1 + 1.1 Gta™' for 1900/01-1989/90, -4.3 +
1.0Gta™' for 1970/71-2017/18, -8.3 + 0.8 Gta™'! for 1992/93-2017/18, and -7.6 +
0.8Gta™" for 2005/06-2017/18.
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1. INTRODUCTION

Glaciers in most areas of the world are losing mass as global
temperatures rise in response to increased greenhouse gas
concentrations in the atmosphere (e.g., Vaughan et al,, 2013;
Hock et al.,, 2019; Meredith et al., 2019; Zemp et al., 2019). In situ
mass-balance observations are sparse (e.g., Zemp et al., 2020a),
but with the aid of satellite and other remote-sensing data, an
increasingly clear picture of glacier mass loss around the world
has been appearing (e.g., Brun et al., 2017; Wouters et al., 2019;
Morris et al., 2020; Shean et al., 2020). Glacier mass loss is a global
phenomenon, and the rates in the early 21st century are
unprecedented for the observed period (Zemp et al, 2015).
Reconstructions of glacier mass-change rates for the 20th
century and the first decade of the 21st century show
substantial temporal and spatial variations, but a global mass
loss trend became clear toward the end of the 20th century
(Leclercq et al., 2011; Marzeion et al., 2015; Marzeion et al., 2012).

Iceland is located in a region of maritime climate in the middle
of the North Atlantic Ocean with relatively cool summers, mild
winters, and high precipitation. Glaciers in Iceland are all
temperate and cover about 10% of the area of the country
(Bjornsson and Palsson, 2008), with the largest ice cap
Vatnajokull (~7,700 km? ~2,870km’, in the year 2019)
located near the southeast coast, two smaller ice caps
Langjokull (~835km’ ~171km’> in the year 2019) and
Hofsjokull (~810km® ~170km’, in the year 2019) in the
central highlands [area estimates are from Hannesdottir et al.
(2020) and volumes are calculated in this study], and
Myrdalsjokull [~598 km?, ~140km®, in the year 1991
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(Bjornsson et al, 2000)], near the southern coast. Seven
additional glaciers in Iceland are larger than 10 km?, and there
are presently around 250 smaller glaciers, many of them in the
central north highlands (Trollaskagi (Tro) in Figure 1). The
inventory of Icelandic glaciers made around the year 2000
includes about 300 glaciers (Sigurdsson and Williams, 2008).
An update of this inventory in 2017 showed that some tens of
those had disappeared or were categorized as dead ice (Sigurdsson
et al.,, 2017). Several glaciers had, during their retreat, split into
two or more separate glaciers or ice patches. The area loss since
the end of the Little Ice Age (LIA) is ~2,200 km? and ~750 km?
since the year 2000, or about 40km? (or 0.4%) per year
(Hannesdottir et al., 2020).

Glaciers in Iceland have received much attention through the
centuries due to their proximity to inhabited regions (Figure 1).
The retreat of many glacier tongues was noticed in the early 20th
century and in 1930 a country-wide voluntary monitoring
program was initiated (Eyporsson, 1963; Sigurdsson, 2005).
This program was later continued by the Icelandic
Glaciological Society (founded in 1950) and continues to this
day (Bjornsson, 2017; Hannesdottir et al., 2020). Thirty to forty
terminus positions are measured annually and the observations
are posted on the website spordakost.jorfi.is. The surface and
bedrock topographies of the largest ice caps have been measured
in radio-echo sounding campaigns carried out since 1977. Radio-
echo sounding on the temperate ice caps in Iceland required a
much longer electromagnetic wavelength than had been used on
the cold polar ice caps (Bjornsson and Palsson, 2020). The
pioneering measurements resulted in a good knowledge of the
subglacial topography of the ice caps and their total volume

Elevation Snzfellsjokull’
(ma.s.l)

1600

| 1200
800
400

Eyjafjallajokull
Py

0

0 100 km

FIGURE 1 | Map of Iceland showing the glaciers considered in this study. The pie chart in the bottom right corner shows the relative sizes of the glaciers in 2017
(Hannesdottir et al., 2020) in percentage; Vatnajokull (V), Langjokull (L), Hofsjokull (H), and the smaller glaciers grouped as O, in pie chart: Drangajokull, Snaefellsjokull,
Eyjafiallajokull, Tindfjallajokull, Torfajokull, Myrdalsjékull, Prandarjékull, Hofsjokull eystri, Tungnafellsjokull, Hratfellsjokull, Eiriksjokull and Barkérdals- and
Tungnahryggsjokull, considered as one glacier unit on Tréllaskagi. Unmeasured glaciers (O,) corresponded to ~1.3% of the total area in 2019 (Hannesdottir et al.,
2020). The town Stykkishdlmur is shown with a purple dot, from which a temperature record exists since the middle of the 19th century.
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(Bjornsson, 1986; Bjornsson, 2017; Bjérnsson and Palsson, 2020).
Lidar measurements of the glacier surfaces were conducted in the
period 2008-2013 (Johannesson et al., 2013). Annual
glaciological mass-balance measurements started on Hofsjokull
in the glaciological year 1987/88 (Thorsteinsson et al., 2017), in
1991/92 on Vatnajokull, and 1996/97 on Langjokull (Bjornsson
et al., 1998; Bjornsson et al.,, 2002). Since 2001, mass-balance
measurements have also been carried out on an irregular basis on
Myrdalsjokull (Agustsson et al., 2013). Geodetic mass balance has
been estimated for several glaciers, with an increasing coverage in
recent years (Pdlsson et al., 2012; Johannesson et al, 2013;
Hannesdottir et al., 2015a; Magnusson et al., 2016; Belart et al.
, 2019; Belart et al.,, 2020). Mass changes of the Icelandic glaciers
have, furthermore, been estimated using ICESat (Nilsson et al.,
2015), CryoSat2 (Foresta et al., 2016), and the GRACE satellites
(von Hippel and Harig, 2019; Wouters et al., 2019; Ciraci et al.,
2020), and Serensen et al. (2017) showed that signal leakage due
to mass changes of the neighboring Greenland Ice Sheet and the
effect of glacial isostatic rebound need to be carefully taken into
account.

Mass loss from Icelandic glaciers in the years 1994/5-2009/10
was reported as 9.5 + 1.5Gta™! with a large interannual
variability (Bjornsson et al., 2013). In this article, we present
an updated and extended record for the hydrological years 1890/
91 to 2018/19. The main objective was to derive an estimate for
the mass-change history of Icelandic glaciers for the 20th
century and the first two decades of the 21st century. All
recent studies and measurements with various methods are
compiled and combined; a new estimate of the ~1890
volumes of the three largest ice caps is made using new data
on their area at that time (Hannesdottir et al., 2020) and
volume-area scaling (Bahr et al., 2015), and the recently
established non-surface mass balance of Icelandic glaciers,
that takes into account energy dissipation caused by the flow
of water and ice, geothermal melting, volcanic eruptions, and
calving (Johannesson et al., 2020), is included to improve the
estimate of the mass-balance history of all glaciers in Iceland
since the end of the LIA.

2. METHODS AND DATA

The time steps in this study correspond to the glaciological year
(Cogley et al., 2011) from autumn to autumn, using the floating-
date mass-balance system (@strem and Brugman, 1991;
Bjornsson et al., 2002; Cogley et al,, 2011), that is, the end of
the summer melt season marks the start of a new glaciological
year. To construct the mass-balance history of Icelandic glaciers
back to the year 1890/91 [assumed here to be the end of the LIA in
Iceland (Thorarinsson, 1943; Sigurdsson, 2005)], we compile and
combine different data sets and methods. These include the
following:

(1) Record of the annual surface mass balance obtained with the
glaciological method for the three largest ice caps,
Vatnajokull (glaciological years 1991/92 to 2018/19),
Hofsjokull (1987/88 to 2018/19), and Langjokull (1996/97

2

3)

()

®)

(6)

?)
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to 2018/19). The data records are shown in Figures 2
and 3A,B,C.

Simulation of the surface mass balance of Vatnajokull for the
years 1980/81 to 1991/92 from the HIRHAMS5 snowpack
model that uses MODIS albedo (Schmidt et al., 2017) and is
forced with a ERA-Interim downscaling using the
HARMONIE-AROME model at 25km resolution
(Schmidt et al,, 2019) (see shaded area in Figure 3A).
Data from automatic weather stations and glaciological
surface mass balance, and runoff measurements were used
to constrain the model (Schmidt et al., 2018).

The non-surface mass-balance estimates from Johannesson
et al. (2020) are taken into account and added to the
glaciological and modeled surface mass balance listed above.
Zero annual mass balance for Vatnajokull for the period
1970/71 to 1979/80 and for Hofsjokull from 1970/71 to 1986/
87 is assumed (green boxes in Figures 3A,B). This is
supported by the small area changes during these periods
(Hannesdottir et al., 2020), the relatively cold weather
conditions (Figure 3E), the observations of limited
terminus length changes (spordakostjorfiis), and the
near-zero geodetic mass balances of several of the smaller
glaciers in these periods (Figure 3D).

Geodetic mass-balance records for Langjokull (Palsson et al.,
2012), from 1937/38 to 1996/97 (red lines with uncertainties
in Figure 3B) and 12 smaller glaciers (Figure 3D) from 1945/
46 to 2016/17 (Belart et al., 2020) that cover 8.3% of the
glacier area in Iceland. The remaining 1.3% of glacier area
that is not observed is assumed to have the same mass loss
rate as the measured small glaciers. The geodetic results were
also used to scale (Johannesson et al., 2013) and validate
(Palsson et al., 2012) the glaciological measurements.
Estimates of the volumes of Vatnajokull and Hofsjokull in
1890 and 1945 as well as the volume of Langjokull in 1890
based on the volume-area scaling (Bahr et al., 1997; Bahr
et al, 2015) (Figure 4). The glacier areas are derived from
Hannesdéttir et al. (2020); we describe the method below and
the resulting mass change rates calculated from the area and
volume changes are shown with purple boxes in
Figures 3A,B,C.

To include an estimate of mass change for other glaciers than
Vatnajokull, Langjokull, and Hofsjokull in the periods 1890/
91-1944/45 and 2017/18-2018/19, the net mass change of
those three is multiplied by F = 1.130, which is the ratio
between mass change of all glaciers in Iceland in 1945/
46-2016/17 and the mass change of the three large ice
caps in the same period. Values for the ratio F are
specifically calculated for the periods 1994/95-2003/04,
2004/5-2009/10, and 2010/11-2016/17 (1.176, 1.131, and
1.056, respectively), corresponding to the geodetic mass-
balance periods of Belart et al. (2020). After 1994/95, an
estimate of the annual variability of the mass change for other
glaciers than the three largest is included by calculating the
net mass change for each glaciological year, using the
corresponding F value for each period. The net mass
change during these periods, which is obtained with the
geodetic method, is not altered by this.
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The above records were combined to calculate the mass
balance of all Icelandic glaciers from 1890/91 to 2018/19. The
cumulative mass change of all the glaciers for each period was
computed as the sum of the total mass balance of the all glaciers
(the product of the specific mass balance and the time-dependent
glacier area). Below we discuss i) how the surface mass balance
from the glaciological method is combined with the non-surface
mass-balance estimates, ii) the application of the volume-area
scaling to estimate past volumes of the three largest ice caps, and
iii) the uncertainty of the obtained total mass balance of the
Icelandic glaciers.

2.1. Combining the Surface and
Non-Surface Mass-Balance Records

The surface mass balance from the glaciological method is
obtained by measuring the snow water equivalent (w.e.)
thickness of the snowpack above last summer’s surface in
spring, and the summer ablation at the end of the summer
melt season at ~60 survey sites on Vatnajokull and ~25 survey
sites on Hofsjokull and Langjokull. These measurements,
together with the HIRHAMS5 snowpack model simulations,
yield a detailed record of the winter, summer, and annual
surface mass balance during the last three to four decades for
these ice caps (Figure 2), constituting ~90% of the glacier area in
Iceland. These records show rather large annual variability and
the exceptional effect of the 2010 eruption in Eyjafjallajokull,
which doubled the summer melt due to the deposition of volcanic
tephra on the surface of the ice caps (Bjornsson et al., 2013).

The non-surface mass balance is known to be a non-negligible
component of the mass balance of glaciers in Iceland (e.g.,
Bjornsson et al., 2013) but has so far not been included in
mass-balance estimates. The previously published mass-
balance record for the Icelandic glaciers has now been revised
by including this component. The non-surface melting of glaciers
in Iceland for the period 1995-2019 estimated by Johannesson
et al. (2020) includes geothermal melting, energy dissipation
caused by the flow of water and ice, volcanic eruptions, and
calving.

For Hofsjokull and Langjokull, the non-surface mass balance
due to volcanic eruptions and calving is negligible, but not for
Vatnajokull. Rather than including the ice melt (~3.7 Gt) due to
the Gjalp eruption in October 1996 (Gudmundsson et al., 2004),
in the average rate over the period (1995/95-2018/19), it is
subtracted and then added to the glaciological year 1996/97.
This reduces the average mass balance due to geothermal
melting and volcanic eruptions on Vatnajokull presented by
Jéhannesson et al. (2020) from -0.075mw.e.a’! to
—0.055mw. e.a”}. The mass loss due to energy dissipation in
Vatnajokull, caused by the flow of water and ice as estimated by
Johannesson et al. (2020), is assumed constant for the whole
period: —0.085 m w.e.a™!.

Mass loss due to calving is negligible for all outlets except for
Breidamerkurjokull on the south side of Vatnajokull, which
calves into the terminal lake Jokulsdrlén. We apply a variable
calving rate as described by Johannesson et al. (2020) for the years
1996/97-2016/17, resulting in an average of —0.056 m w.e.a™.

Glacier Changes in Iceland

For the periods without observations, we assume a calving rate
that changes linearly from 0 in 1950/51 [start of significant
calving (Bjornsson et al., 2001)] to —0.029 mw.e.a™! in 1996/
97 and use —0.067 m w.e. a”! (value in 2016/17) for the last two
years of the record.

The average non-surface mass-balance values for Langjokull
and Hofsjokull, where calving is insignificant and no eruption has
taken place during our study period, are —0.055 m w.e.a™! and
—0.067 mw.e.a’}, respectively. In Figures 3A,B,C, the non-
surface mass-balance estimates have been added to the annual
surface mass-balance records.

Comparison of the glaciological surface mass-balance record
of Hofsjokull with results from geodetic mass balance, derived by
differencing digital elevation models (DEMs), revealed a bias
between the two data sets. This bias has been corrected in the
surface mass-balance record of Hofsjokull (Johannesson et al.,
2013; Thorsteinsson et al., 2017) shown in Figure 2, taking into
account the contribution of the non-surface mass balance.

2.2. Volume-Area Scaling
The volume of a glacier can be obtained by integrating the ice
thickness, calculated as the difference between surface and
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FIGURE 2 | Mean specific surface mass-balance records of the three
largest glaciers in Iceland obtained with glaciological method (in situ surveys).
The mass-balance measurements have been conducted at ~60, ~25, and
~25 locations since 1991/92, 1996/97, and 1987/88 for Vatnajokull,
Langjokull, and Hofsjokull, respectively. Measurements by Institute of Earth
Sciences, University of Iceland, and the National Power Company of Iceland
(Langjokull and Vatnajokull) and the Icelandic Meteorological Office

(Hofsjokull).
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FIGURE 3 | Left: The specific mass balance of glaciers in Iceland as observed, modeled, and estimated with various methods. The gray area in (A) indicates a
period of modeled surface mass balance for Vatnajokull (Schmidt et al., 2019), green boxes in (A) and (C) are estimates from various sources (see main text), red boxes in
(B) and lines in (D) are from geodetic mass balance (Palsson et al., 2012; Belart et al., 2020) (heights of the boxes indicate uncertainty of measurements), and purple
boxes in (A), (B), and (C) show estimated mass loss from volume-area scaling method (see. Figure 4). (E) The average summer (June through September)
temperature at the meteorological station in Stykkishdlmur (see Figure 1 for location); the thick line shows the 11-year running average with triangular weight, a 5-year
filter. Right: (F) Cumulative specific mass balance (m w.e.) for Vatnajokull (black), Langjokull (blue), and Hofsjokull (green). (G) Cumulative mass change (Gt) of the same
ice caps and the sum of other glaciers in Iceland assuming that the mass-balance records of the glaciers shown in (D) are representative for the unmeasured glaciers. The
red dotted line shows the extension of this record for the years 1890/91 to 1944/45 (see Section 2). [in (G) the mass change of Myrdalsjokull for the years 1945/
46-1959/60, not included in (Belart et al., 2020), is estimated from a linear fit (with R? = 0.98) between the mass balance of Myrdalsjékull and the average mass balance
of the neighboring glaciers, Eyjafiallajokull, Torfajokull, and Tindfjallajokull, during the other five periods shown in (D)].

bedrock DEMs. Bedrock DEMs for the three largest ice caps have
been made from dense radio-echo sounding data (Bjornsson and
Palsson, 2020) and are assumed stable over time. Their volumes
have been calculated using the following surface DEMs: lidar
surface DEM of Hofsjokull from 2008 (Johannesson et al., 2013),
a SPOT5-HRS (Korona et al., 2009) surface DEM of Vatnajokull
from 2010, and a SPOT5 surface DEM of Langj6kull from 2004
(Korona et al., 2009; Pélsson et al., 2012). The areal extent at
several times for all the glaciers has been estimated based on a
data set of glacier outlines (Pélsson et al., 2012; Jéhannesson et al.,
2013; Hannesdottir et al.,, 2020). Ice-volume estimates at other
times can be calculated by multiplying the annual specific mass
balance (Figure 3) of each glacier by the corresponding glacier
area, linearly interpolated with time between dates of area
observations, converting the annual mass change into ice
volume [assuming the conversion factor 0.85 (Huss, 2013);
note that mass-balance records previously published that used
conversion factor 0.9 (Pélsson et al., 2012; Jéhannesson et al.,
2013) have been adjusted accordingly (Thorsteinsson et al.,
2017)] and integrating the volume change relative to the date
of the surface DEMs listed above. This calculation gives the area

and volume for several times back to 1970 for Hofsjokull and
Vatnajokull and to 1937 for Langj6kull. The results for the three
ice caps for dates of observed areas and corresponding glacier
volumes are shown with filled circles on the volume-area scatter
plot in Figure 4.

Volume-area scaling, as described by Bahr et al. (1997), Bahr
et al. (2015), gives an empirical relation between glacier volume
(V) and area (A) of the form:

V = cA". (1)

This relationship was already applied to estimate the ~1890
volume of Langjokull by Palsson et al. (2012). Here, we
assume that the relationship between area and volume is the
same for the three largest glaciers in Iceland, Vatnajokull,
Langjokull, and Hofsjokull, which is supported by the linear
relationship shown in Figure 4. The available area and volume
data for all of them are therefore combined to estimate the
parameters for the volume-area scaling equation. We subtract
the area of debris-covered moraines and dead-ice fields with little
surface-elevation change in the GLIMS glacier outlines
(Hannesdottir et al., 2020) (in total 27 km? in the year 2019),
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estimated from the deduced volume-area relation (dotted gray line). The 1890 values are obtained using area based on geomorphological evidence of the Little Ice Age
maximum extent (Hannesdottir et al., 2020). The 1890* and 1890** for Vatnajokull show the volume estimates with the reduced area to compensate for the large portion

in order to base our volume-area relationship on the area of the
active glacier where substantial ice-thickness changes take place
(these debris-covered areas are specified as polygons in our
GLIMS data set). Using the least-squares fitting method, we
found ¢ = 0.0379 and y = 1.25; the value of the exponent y is
the same as obtained independently by Bahr et al. (1997) for
ice caps.

Volume-area scaling has been widely used to estimate the
volume of glaciers with an unknown subglacial topography/ice
thickness (e.g., Radi¢ and Hock, 2010), and changes in ice volume
associated with variations in glacier extent when multi-temporal
DEMs of the glacier surface are not available (e.g., Palsson et al.,
2012). The method is found to be uncertain by tens of per cent, up
to even a factor 2-3, for estimating the volume of ice caps with an
unknown subglacial topography (Girtner-Roer et al., 2014), and
methods that include information on glacier mass balance and
glacier-surface geometry using ice-flow dynamics (Huss and
Farinotti, 2012; Farinotti et al, 2019) are preferred for this
purpose. Using volume-area scaling to estimate changes in the
volume of glaciers with a well-known subglacial topography, from
variations in glacier area over decadal time spans, may be
expected to be more accurate because this mainly relies on the
assumption that the glacier maintains a similar shape as it
responds to mass-balance variations with changes in its area

and volume. Timescales for redistribution of ice volume to
maintain the characteristic shape of a glacier are expected to
be much shorter than the response time of the glacier to mass-
balance changes (Johannesson et al., 1989; Harrison et al., 2001).
This approach has its limitations for surge-type glaciers but may
be expected to provide reasonable volume-change estimates over
long time periods with substantial changes in volume, even for ice
caps with many outlet glaciers that may surge at irregular
intervals. In case the glacier surface and subglacial
topographies are well known at one point in time, the
computation of volume changes can be based on an accurate
estimate of the glacier volume at that time and the method mainly
relies on the assumption that there is a statistical relationship
between volume and area changes (see Figure 4). Thus,
uncertainty about the overall magnitude of the volume of the
glacier in question does not affect the accuracy of the estimated
volume changes in this case. We note that over the time periods
considered in this article, repeated surface mapping and surface
reconstructions of the glaciers, where available, have shown
elevation changes that are small in the interior of the glacier
and amplified toward the ice margin, as expected if the glacier
maintains a geometrically similar shape as it adjusts toward a new
geometry during variations in the climate (Hannesdottir et al.,
2015b; Thorsteinsson et al., 2017).
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The volumes of Hofsjokull and Vatnajokull in 1945 and 1890
and for Langjokull in 1890 were calculated based on the derived
fit (shown with stars in Figure 4). The area of the glaciers in ~1890
is based on geomorphological evidence of the maximum LIA extent
in Iceland (Hannesdottir et al., 2020). About half of Vatnajokull’s
glacier margin is substantially affected by surges (Bjornsson et al,
2003). The geomorphological evidence indicating the maximum
LIA extent in front of these surge-type outlets is due to an advance
during a surge that increased the area of the glacier without much
effect on the glacier volume. Using this area as input for the
volume-area relationship (Eq. 1) is likely to result in an
overestimate of the glacier volume in ~1890 for two reasons.
First, Vatnajokull did not at any one time reach the determined
maximum LIA extent because the surges responsible for the
geomorphological evidence of maximum extent did not occur
simultaneously. Second, right after a surge, the glacier spreads
over a larger area than before without any increase in volume,
resulting in a thinner glacier with smaller volume than indicated by
the volume-—area relationship (Eq. 1). To take this into account, we
reduced the area so it represents the likely ice-cap area when the
surge-type outlets are on average near their mid-quiescent-period
size. This corresponds to ~500 m retreat from the determined LIA
extent of Vatnajokull’s surge-type outlets. Most of these advance
between a few hundred meters and several kilometers during surges
(Bjornsson et al., 2003), the average probably being close to 1 km.
The volume-area point marked 1890* for Vatnajokull in Figure 4

Glacier Changes in Iceland

includes an area correction that corresponds to a 500 m retreat (area
reduction by 100 km?), and the point marked 1890** includes
double this area correction (the point marked 1890 corresponds
to data that have not been adjusted to reflect the impact of the surges
on the area). The effect of surges on Hofsjokull and Langjokull is
much smaller than on Vatnajokull and therefore not taken into
account in this study.

From the estimated ~1890 volume for the three ice caps and
the 1945 volume for Vatnajokull and Hofsjokull, it is possible to
estimate the mean specific mass balance for the periods between the
volume estimates. The determined values for mean specific mass
balance for two periods for Hofsjokull and Vatnajokull (1890/91 to
1944/45 and 1945/46 to 1969/70) and one period for Langjokull
(1890/91 to 1936/37) are shown with purple lines in Figures 3A,B,C.
They are computed to be the value which, multiplied by glacier area
(linearly interpolated in time), converted to ice volumes [again
assuming a conversion factor of 0.85 based on Huss (2013)] and
summed over the periods, results in the volume determined with the
volume-area scaling shown with stars in Figure 4.

2.3. Uncertainties of the Presented
Mass-Balance Records

It is not straightforward to estimate the uncertainty of the mass-
balance estimates derived from the different observations and
methods described above. A thorough consideration results in an
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uncertainty of 0.10 m w.e. a”! for Vatnajokull and 0.07 m w.e.a™!

for Hofsjokull and Langjokull, during the periods of observed/
modeled surface mass balance and for the mean values obtained
with volume-area scaling (see below for a justification of these
values). For the periods of assumed zero mass balance of
Vatnajokull in 1970/71 to 1979/80 and Hofsjokull in 1970/71
to 1986/87, the assigned uncertainty is 0.20 m w.e.a™!. The
uncertainty of the geodetic results of Langjokull in 1937/38 to
1996/97 varies between 0.10 and 0.50 m w.e.a™! (Palsson et al.,
2012). A single value of 0.10 m w.e. a™! is adopted for the smaller
glaciers in 1945/46 to 2016/17. This corresponds to uncertainty
values typically given for 10-20 year periods (Belart et al., 2020),
while for periods exceeding 30 years, the uncertainty estimates are
typically on the order of a few cm w.e. a™'. The above uncertainties
should be considered as possible biases and applicable for longer
periods, exceeding decades. They neither reflect random annual
errors in those records, nor annual deviation from long-term
means for the geodetic and volume-area scaling results. When
calculating the uncertainty of each time series shown in Figure 3G,
the uncertainty for each contribution aCy, ACy, ACy, and aCp
(corresponding to Vatnajokull, Langjokull, Hofsjokull, and
“others”, respectively) is derived by cumulating the assigned
annual uncertainties. When calculating the uncertainty of the
mass change of all Icelandic glaciers for the four IPCC periods
(shown as horizontal lines in Figure 5), the uncertainties of the
different contributions are considered independent. The
uncertainty of the total mass change for 1970/71 to 2017/18,
1992/93 to 2017/18, and 2005/06 to 2017/18 is therefore

ACyiii0 = \AC} + AC} + ACh + AC), @)
For 1900/01 to 1989/90, the total uncertainty is

ACyiso = F\JAC3 + AC? + ACY, 3)

due to how Cy is calculated in 1890/91 to 1944/45 with the ratio F
(as described above). Below we justify the above uncertainties and
this approach.

In previous studies, we have assumed the uncertainty for a point
measurement of the surface mass balance to be ~0.30 m w.e, while
the uncertainty of the specific annual mass-balance values is
expected to be smaller due to the good coverage of the survey
sites and the number of measurement stakes (Bjornsson et al., 2013).
The surface mass-balance record obtained with the glaciological
method for Langjokull (in 1997/98-2003/04) has been compared
with volume changes derived from geodetic mass-balance estimates
(Pélsson et al., 2012). This comparison revealed ~0.05 m w.e. a™!
higher mass loss from the glaciological method compared with the
geodetic method. When adding the non-surface mass-balance
component from Jéhannesson et al. (2020) of 0.055mw.e.a™},
the difference becomes ~0.10 mw.e.a™!. It is unfortunate that
the more recent DEM [from 2004 used in Palsson et al. (2012)]
was obtained in mid-August so the surface melting until the end of
the melt season (late September) was not accounted for. Therefore,
the observed difference may partly be due to the lack of seasonal
correction (that could be 5-20% of typical summer melt) when
estimating the geodetic mass balance.

Glacier Changes in Iceland

Thorough validation of the glaciological mass-balance record
for Vatnajokull has not yet been carried out, but comparison
between geodetic and glaciological surface mass balance for
limited periods and areas has suggested differences that are
comparable to the non-surface melt included here (Zamolo,
2019). Based on these comparsions, the uncertainties for the
decadal averages for specific mass balance of Vatnajokull during
the observed and modeled periods is determined to be
0.1 mw.e.a™!, while the corresponding number for Hofsjokull
and Langjokull is determined to be 0.07 m w.e. a™!. These values
are supposed to reflect the uncertainty of the average mass-
balance rate over a decade or longer period. For individual
years, the uncertainty is assumed to be double this value, due
to errors changing randomly from year to year.

The uncertainty of 0.1 m w.e. a™! for the long periods obtained
with volume-area scaling is supported by Figure 4. This value
includes both the uncertainty of the volume used as input for the
volume-area scaling and the uncertainty of the output values
(shown with stars in Figure 4). This specific mass-balance
uncertainty results in volume uncertainty of 127km® and
72km?® for the Vatnajokull volumes in 1890 and 1945,
respectively, when the uncertainties are cumulated from the
date of the surface DEM (autumn 2010) used to calculate the
volume (see Section 2.2). The corresponding minimum and
maximum volume estimates for Vatnajokull in 1945 and 1890
(shown with error bars in Figure 4) are larger than the volumes
estimated for the LIA maximum area (1890 star in Figure 4) and
the doubled area correction due to surges (1890 star in
Figure 4). We therefore consider the uncertainties of the
specific mass balance for the period of volume-area scaling as
a generous estimate. The same applies for the uncertainty of the
specific mass balance for Hofsjokull and Langjokull.

The choice of the year 1890 as the time of maximum LIA
extent of glaciers in Iceland for our analysis leads to some
uncertainty in the mass-balance estimate for the first period
after 1890, as the glaciers in fact reached the LIA maximum
extent at different times. Most glaciers in Iceland reached their
greatest historical extent during the LIA, with a maximum
recorded in the late 19th century, although some glaciers
reached a similar extent already during the 18th century (e.g.,
Thorarinsson, 1943; Geirsdéttir et al., 2009; Bjornsson, 2017;
Hannesdottir et al., 2020, and references therein). Many glaciers
started retreating from an advanced position near their LIA
terminal moraines in the last decades of the 19th century,
even if they reached the absolute maximum extent somewhat
earlier. The volume of the glaciers will therefore have been close
to the LIA maximum near the end of the 19th century, which we
choose to represent with the year 1890, even for glaciers that
reached their maximum earlier. We do not quantify the
contribution of this uncertainty about the timing of the LIA
maximum to the uncertainty of our mass-balance estimates as
this can only be done on a glacier-by-glacier basis.

The mass change record of each glacier is constructed from
three to four methods. Each method may have a constant bias, of
a similar magnitude to the estimated uncertainties; the
probability of the minimum mass change occurring for all
periods (or alternatively maximum mass change for all
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periods) is, however, smaller. By cumulating the uncertainties
independent of the method, we assume this is possible. This
generous uncertainty estimate is applied because of the partial
dependency between methods, for example, the input data for the
volume-area scaling is from both geodetic and glaciological data.
Treating the methods as independent would therefore lead to
underestimation of the uncertainties. The uncertainties for each
of the contributions, ACy, ACy, ACy, and ACy, are assumed to be
independent and therefore ACy o is calculated as the square
root of a quadratic sum (Eqs 2 and 3). The more unrealistic
assumption of full dependence between uncertainties, which
would yield a direct sum of the uncertainties instead, would
result in only ~25% higher uncertainties. This is because ACy is by
far the largest single contributor to the total uncertainty.

3. RESULTS

The mass change record of all glaciers in Iceland is shown in
Figure 5. Before the glaciological year 1980/81, the observations
do not allow the estimation of annual or decadal variability. The
glaciological observations started on Hofsjokull in 1987/88 and
annual variabilty in the period 1980/81 to 1987/88 is obtained
from simulations from the HIRHAMS5 snowpack model (Schmidt
et al., 2019, see the Section 2). The annual variability is large: for
the Vatnajokull record, the standard deviation of the observations
is 075mw.e.a’ and for Langjokull and Hofsjokull
0.85mw.e.a”! and 0.78 mw.e.a”!, respectively, during the
period of glaciological observations on each glacier (see Figure 2).

Average mass change rates are computed for several selected
periods (the reporting periods of the forthcoming IPCC AR6
assessment; see colored horizontal lines in Figure 5): 1900/
01-1989/90: -3.1 + 1.1Gta!, 1970/71-2017/18: -4.3 =+
1.0Gta™!, 1992/93-2017/18: -8.3 + 0.8Gta™!, and 2005/
06-2017/18: -7.6 + 0.8Gta'. The rate in the rapid
downwasting period 1994/95-2018/19 is -9.6 + 0.8 Gta™!. For
the whole 129-year period, 1890-2019, we estimate the average
rate of mass change to be —4.2+1.0 Gta™'. Cumulating the
specific mass-balance values for this period (Figure 3F) shows
that Vatnajokull has lost about 45 m w.e. from 1890 to 2019, and
Langjokull and Hofsjokull 66 m w.e. and 56 m w.e, respectively.
Figure 3F shows that the cumulative mass change is primarily
from Vatnajokull (365 + 115Gt) and that Langjokull and
Hofsjokull have lost 63 + 17 and 51 + 13 Gt, respectively.

In the cold period 1980-1994 (see Figure 3E), 9 out of the
14 years show mass gain, but only 1 year after that (the mass-
balance year 2014/15). The high mass losses of 1996/97 and 2009/
10 are conspicuous. The large mass loss in 1996/97 is due to the
melting of ~3.7 Gt of ice due to the subglacial Gjalp volcanic
eruption in October 1996 (Gudmundsson et al., 2004), followed
by a warm and sunny summer with low surface albedo due to dust
precipitating onto the glacier surface. Both tephra and dust blown
onto the surface of the glaciers enhance the surface melt due to
lowering of the albedo (e.g., Moller et al., 2016; Wittmann et al.,
2017). In the summer of 2010, a thin layer of volcanic tephra was
distributed onto almost all Icelandic glaciers in the final phase of
the Eyjafjallajokull eruption in April-May 2010 (Gudmundsson

Glacier Changes in Iceland

et al,, 2012; Gascoin et al., 2017; Moller et al., 2019). Followed by
an unusually warm and sunny summer, the tephra greatly
enhanced melting (Bjornsson et al.,, 2013; Belart et al., 2019),
especially in the accumulation zones of the glaciers, except on
Eyjafjallajokull and large portions of Myrdalsjokull, where the
tephra layer became thick enough to insulate the snow and ice,
reducing the melt rates (Dragosics et al., 2016).

The mass balance year 2014/15 was characterized by a long
sequence of low-pressure systems arriving one after another
through the winter, bringing large amounts of precipitation,
followed by a cool summer with little melt, resulting in
positive mass balance on all the glaciers. In the following three
years, the mass loss rate was less negative than in the previous
years, but the glaciological year 2018/19 was one of the most
negative mass-balance years on record, due to the persistence of
anticyclonic conditions during the summer of 2019 (Tedesco and
Fettweis, 2020), which resulted in warm and sunny conditions
from early spring. This led to early melting of a relatively thin
winter snow layer, which in turn led to early exposure of low-
albedo regions in the ablation areas (Gunnarsson et al., 2020).

4. DISCUSSION

Although the glaciers in Iceland are located in a highly active
volcanic region, they are useful monitors of climate variations.
The detailed mass-balance record presented here is combined
from glaciological observations, geodetic ~measurements,
simulation with the HIRHAMS5 snowpack model, estimates of
non-surface mass balance, and results from an empirical
volume-area scaling that are used to extend the record back to
the time of maximum LIA extent of the glaciers as recorded by
geomorphological evidence. The record spans 129 years, although
the annual variability is not available until the last two decades of
the 20th century. The record shows variability on decadal
timescales with a period of near-zero mass balance in the
1980s and early 1990s before the onset of consistently negative
mass balance on the order of -1 ma™! that has prevailed since
then. Close to half (=240 + 20 Gt) of the total mass change
(—540 + 130 Gt) during the 129-year period occurred in 1994/
95-2018/19, reflecting higher temperatures in this period (see
Figure 3E) and is synchronous with glacier decline elsewhere in
the world (Zemp et al.,, 2015). The record is valuable for studies of
climate-glacier interactions and can be useful for validation of
mass-balance models used to study glacier changes in other areas
of the world where less data are available.

In the light of the limited geodetic observations (Figures
3B,D) (Palsson et al, 2012; Belart et al., 2020), the length-
change observations back to 1930 (Eypodrsson, 1963;
Sigurdsson et al., 2005), the glaciological measurements carried
out on southeast outlets of Vatnajokull in the 1930s
(Thorarinsson, 1940; Bjornsson et al., 2013), modeling of the
Vatnajokull SE outlet glacier Hoffellsjokull (Adalgeirsdottir et al.,
2011), and the temperature evolution in Iceland during our study
period (Figure 3E), it is likely that a large proportion of the 20th-
century mass loss occurred during the ~30 year period from the
late 1920s to the late 1950s. For other time periods of the 20th
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2020

century, Icelandic glaciers were probably close to equilibrium on a
decadal timescale. On those timescales, this study does not clearly
indicate periods of substantially positive mass balance. In the
period 1980/81-1993/94, which is probably the period with the
most positive mass balance since the early 1920s, given the
temperature history (Figure 3E), the average mass gain only
corresponds to 0.23+0.1 mw.e.a”! for Vatnajékull, which is
responsible for most of the 1.5 + 1.0Gta™' mass gain of
Icelandic glaciers during that period.

Mass change records for Icelandic glaciers have been made
from the glaciological observations provided to the World Glacier
Monitoring Service (WGMS) database (Zemp et al., 2019) (a
subset of the observations presented in Figure 3), from ICESat
data (Nilsson et al, 2015) (=10 + 3 Gta™! for 2003-2009),
CryoSat2 data (Foresta et al, 2016) (-5.8 + 0.7Gta™! for
October 2010-September 2015), and the GRACE observations
(von Hippel and Harig, 2019; Wouters et al., 2019; Ciraci et al.,
2020). The results of von Hippel and Harig (2019) are not
corrected for isostatic rebound and the mass loss rate of Ciraci
et al. (2020) (-15.9 + 4 Gta™! for 2002-2019) is almost twice as
large as our estimate, possibly due to signal leakage from mass
changes of the neighboring Greenland Ice Sheet or an
overcompensation for the effect of glacial isostatic rebound
(e.g., Sorensen et al., 2017). A comparison of our results to the
annual mass change rates of Zemp et al. (2019) and Wouters et al.
(2019) is shown in Figure 6. This comparison shows that the
interannual variability is generally well captured by both data sets,
but some details are not; for example, the large ice melt due to the
Gjalp eruption in October 1996 and the non-surface mass balance
are not included by Zemp et al. (2019). The GRACE record
(Wouters et al., 2019) has some years (e.g., 2006/07 and 2010/11)
with more negative mass change, and others (e.g., 2005/06, 2011/
12, and 2013/14) are less negative than our estimates, although

the data points from our record are within the large uncertainty
range of the GRACE values.

As discussed above, annual mass-balance data are not
available prior to 1980/81, so we have used geodetic
observations and the volume-area scaling to extend the record
to the end of the 19th century. Zemp et al. (2019) extend the
record for Icelandic glaciers back to 1950 using mass-balance
observations from Storglacidren in Sweden and Storbreen in
Norway. The obtained mass change rate for the period
1950-1990 in their record is about double the rate that we
find here (-4.0 vs. —1.7 Gta™'). Looking at decadal averages
within this period, it appears that the difference is greatest in
the period during which we assume near-zero balance, based on
the temperature record (Figure 3E), glacier length observations,
and geodetic observations of the smaller glaciers (Belart et al.,
2020). Our study thus shows that Scandinavian glaciers are not
representative of glacier mass change in Iceland. Our results
emphasize the importance of direct observations from glaciers
located in Iceland for evaluation of global glacier variations.

The mass-balance record presented here includes the non-
surface mass balance due to geothermal melting, energy
dissipation in the flow of water and ice, volcanic eruptions,
and calving from the study of Jéhannesson et al. (2020). The
previously estimated mass change rate of —9.5 + 1.5 Gta™! for the
period 1994/95-2009/10 (Bjornsson et al., 2013), which included
0.5 Gta™! from geothermal melting (~3% of typical ablation of
the survey period), is less negative than the current estimate for
the same period: —11.6 + 0.8 Gta™!, now including the recent
improved estimate of the contribution from other glaciers than
the three largest, the non-surface melt, and calving in Jokulsarlon.
As a fraction of the typical magnitude of the surface mass balance
(~—1m w.e.a™! on average for the glaciers in Iceland since 1995),
the non-surface mass balance ranges from 5 to 38%, largest for
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Myrdalsjokull (31%) and the southern part of Vatnajokull (38%),
and is therefore a non-negligible component of the mass balance.
Assuming that the geothermal melting and energy dissipation of
water and ice flow were constant during the entire study period,
the non-surface mass balance, excluding volcanic eruptions,
contributed 1.5 Gta™' on average to glacier runoff during the
period 1890/91 to 1994/95 and increased to 2.0 Gta™! on average
after that (2.1 Gta™' if the Gjélp eruption in October 1996 is
included). The time-averaged non-surface mass balance,
therefore, explains ~40% of the mass loss during the entire
study period and ~20% of the mass loss after 1994/95.

There are strong similarities in the response of glaciers around
the North Atlantic Ocean to atmospheric conditions, in particular
at a multi-decadal time scale. This is illustrated by strongly
negative mass balances and considerable retreat of glaciers in
the 1930-1950s in Iceland (this study), on the east coast of
Greenland (Bjork et al.,, 2012), in Svalbard (Moller and Kohler,
2018) and for Hardangerjokulen in Norway (Weber et al.,, 2019).
More recently, the ocean around Iceland warmed after 1995
which correlates with the enhanced mass loss after 1995 in
Iceland (Bjornsson et al, 2013, this study) and Norway
(Andreassen et al., 2020). The glaciers in Svalbard also shifted
from a positive to a negative regime around 1990 (Ostby et al,
2017; Schuler et al., 2020). The cooler oceanic conditions after
2010 (ICES, 2018) cooled the atmosphere and thereby reduced
the mass loss in Iceland and Norway, and in Greenland the mass
loss slowed down after a record mass-loss year in 2012 (Shepherd
etal., 2019; Velicogna et al., 2020). The glaciological year 2018/19
shows one of the largest annual mass losses in our record. The
Greenland Ice Sheet experienced a record mass loss in the same
year (Sasgen et al., 2020) due to the persistence of anticyclonic
conditions during the summer of 2019 (Tedesco and Fettweis,
2020).

With increased global temperatures, the summers in Iceland
are warmer, resulting in longer ablation seasons, and in winter
less precipitation falls as snow. With less snowfall on the glaciers,
dirty ice appears earlier from beneath the snow in spring, which
enhances the glacier ablation (Bjornsson et al., 2013; Gunnarsson
et al., 2020). There is, however, a large variability in the melting
due to several factors. In some years, the spring is cool, so glacier
ice appears later from beneath the snow. There can be snowfall on
glaciers during the summer months that rapidly raises albedo and
reduces melt. Dust and tephra from volcanic eruptions are blown
around in the highlands in dry periods and are often deposited on
the glaciers, enhancing the melt (Wittmann et al., 2017).

With more detailed information about the past mass changes
of Icelandic glaciers, models for projecting their future evolution
can be improved. The mass loss from glaciers in Iceland has been
projected to continue in the coming decades (Flowers et al., 2005;
Marshall et al., 2005; Adalgeirsdéttir et al., 2006; Gudmundsson
et al., 2009; Adalgeirsdottir et al., 2011; Schmidt et al., 2019).
Mass-balance models have been coupled with ice-flow models,
and scenarios for future climate have been applied to simulate
past and future mass changes. Hofsjokull and Langjokull, which
currently have more negative specific mass balance than
Vatnajokull and are both smaller in area and with less ice
thickness, are likely to lose about 60 and 80% of their mass,
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respectively, until the year 2100 (Gudmundsson et al, 2009;
Thorsteinsson et al., 2013). The larger ice cap Vatnajokull will
survive longer; it is projected to lose 20-30% of its mass until the
end of the century. Its future after that will depend on how much
warming will be realized (Schmidt et al., 2019). These studies are
based on mass-balance models that do not take non-surface mass
balance into account and they therefore have a tendency to
underestimate the future glacier decline. The projected mass
losses toward the end of the 21st century are more rapid and
persistent than the observations presented here. In the period
1890-2019, Vatnajokull, Langjokull, and Hofsjokull lost 12 + 4,
29 + 8, and 25 + 6%, respectively, relative to their estimated mass
in 1890. The future mass loss will both be due to the already
realized temperature increase (Mernild et al, 2013; Vaughan
et al., 2013; Marzeion et al., 2018) and the projected continued
warming. The glaciers are now in disequilibrium with the already
realized warming (Christian et al., 2018), because of their several-
decades-long response times (Johannesson et al., 1989; Harrison
etal., 2001), and would continue to lose mass even if temperatures
could be stabilized in the near future. The continued mass loss is
dependent on future greenhouse gas emissions and whether, and
if so how rapidly, they will be reduced.

5. CONCLUSION

Glaciers in Iceland are useful indicators of climate conditions in
the middle of the North Atlantic Ocean. The results presented
here add valuable information to global estimates of the response
of glaciers to climate change in the past several decades. The study
shows a total mass change of =540 + 130 Gt (—4.2 + 1.0 Gta™! on
average) since the end of the LIA (~1890), which corresponds to a
16 + 4% loss of the LIA maximum ice mass. Almost half of the
total mass loss has occurred since 1994/95 (240 + 20 Gt,
corresponding to 9.6 + 0.8 Gta™' on average). The most rapid
loss is observed in the period 1994/95 to 2009/10 (mass change
rate —11.6 + 0.8 Gta™!). Since 2010, the mass loss rate has on
average been ~50% lower, with the exception of 2018/19, when
one of the highest annual mass losses was observed (mass change
rate —15.0 + 1.6 Gta™"). In 1930/31 to 1949/50, the average loss
rates were probably close to the ones observed since 1994, while in
1980/81-1993/94, Icelandic glaciers had a period of small but
significant surplus (1.5 + 1.0 Gta™). For other periods of the
study, the glaciers were either close to equilibrium or
experiencing mild loss rates. This pattern of glacier evolution
is similar across the North Atlantic region as shown by records
from glaciers in Greenland (Bjork et al., 2012), Svalbard (Moller
and Kohler, 2018), and Norway (Weber et al., 2019; Andreassen
et al., 2020).

After 1995, we have detailed glaciological observations, made
on ~60 survey sites on Vatnajokull and ~25 survey sites on each of
Hofsjokull and Langjokull, which show mass loss every year until
2014. In 2014/15, high winter precipitation and reduced melt
during a short and cold summer caused a single anomalous year
with positive mass balance. There is large interannual variability
that often is impacted by volcanic eruptions enhancing the melt
and dust or volcanic tephra blown onto the glacier surface from
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their sediment-rich vicinity. The glaciological year 2018/19 was
among the most negative mass-balance years that were not
significantly impacted by volcanic eruptions but by dust blown
onto the glacier surface.

The non-surface mass balance of glaciers in Iceland, as
estimated by Johannesson et al. (2020), is non-negligible,
accounting for about one-fifth of the mass loss since 1994. A
part of this non-surface mass balance is caused by calving activity,
which was insignificant in the first half of the 20th century, but
has been gradually increasing with the ongoing retreat of the
outlet glaciers located in over-deepened troughs (Gudmundsson
et al,, 2019). The calving will continue to increase as the glaciers
retreat, and should, along with other non-surface mass-balance
components, be taken into account in future projections of mass
loss of glaciers in Iceland.
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